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ABSTRACT 
The Blair River inlier of northern Cape Breton Island, Nova Scotia includes four major Proterozoic 

units. The protolith of the tonalitic to dioritic Saüor Brook orthogneiss is no younger than 1217 Ma and 

rnetamorphic zircon associated with granulite-facies metamorphism of this unit crystaiiised at 1035 +1% 

10 Ma. Igneous zircon in the Lowland Brook Syenite crystallised at 1080 +Sb3 Ma, but this unit was not 

signincantly affecteci by Proterozoic metamorphism and deformation. The Red River Anorthosite Suite is 

a Proterozoic massif-type anorthosite t h t  contains a central a r e  of massive anorthosite and grades 

outward, through leucogabbro and layered mafic rocks, to rare pyroxenite. Hi&-temperature, relatively 

low-pressure rnetamorphisrn of the suite occurred at 996 +6/-5 Ma, but its effects are rarely 

distinguishable due to a strong amphiiiite-facies overprint and intense alteration. Chamockitic rocks are 

Lithologically and chemically gradational with the layered unit, possibly due to contact metamorphism and 

metasornatism of the anorthosite suite during intrusion of the charnoclcite. The biotite-rich, garnet- 

bearing, granitoid Otter Brook gneiss yieIded an igneous age of 978 +6/-5 Ma- 

Silurian thermal activity in the Blair River inlier is recorded by magmatism associatd with the 

undeformed Sammys Bamn granite at 435 +7/-3 Ma and by rnetamorphic mineral ages. U-Pb analysis of 

rnetamorphic titanite fiom amphihlite-facies overprint assemblages in the Sailor Brook gneiss, Lowland 

Brook Syenite, Red River Anorthosite Suite, a gneissic anorthosite, and the Otter Brook gneiss, dong with 

igneous titanite fiom the Red River syenite and Fox Back Ridge diorite/granodiorite, al1 yield coating ages 

of ca. 425 Ma. Lower-temperature coolïng ages are provided by hornblende fiom the Fox Back Ridge unit 

(4 17 A 6 Ma), rutile fkom the Red River Anorthosite Suite (4 10 * 2 Ma), muscovite from the Meat Cove 

maibte (428 * 7 Ma), and phIogopite from a calc-silicate Iens in the ûtter Brook gneiss (410 * 6 Ma). 

The Blair River inlier is interpreted to be a fragment of Grenvillian basement derived fiom a 

promontory on the proto-Atlantic continental margin of North Amenca. Its tectonostratigraphic position 

at the western margin of a condensed section of the Appalachian orogen in Cape Breton Island is 

confïnned by a host of geophysical data Simiiarities in rock types, ages, and isotopic characteristics with 

the Grenville Province support a cratonic Laurentian origin for the Blair River inlier and these features 

contrat sharply with accreted te rnes  of the Appalachian orogen. The Blair River inlier preserves no 

indication of Taconian (Ordovician) events, and Acadian @evonian) or Alleghanian (Carboniferous) 

events appear to be limited to high-level faulting associated with the amalgamation of the neighbouring 

Aspy terrane. Widespread Silurian metamorphism and localiseci magmatism of this inlier identicai in age 

to similar events recognised etsewhere in the northem Appalachian orogen, and indicates involvement of 

the Blair River iniier in the Silurian culmination of Appalachian orogenesis. 
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C W T E R  I - Introduction 

1.1 Introduction 

From the Middle Proterozoic to the mid-Pdeomic, the eastern margin of ancient North 

America (Laufentia) was subjected to extremes of tectonic processes; two major orogenic episodes, 

both culminating in continentantinent coilision, were separated in time by the development of a 

passive continental marpin. The most extensive record of this period of geologicai activity is 

preserved in a band of basement inliers and their sedimenîary cover sequences tbat e n d  

discontinuously h m  Alabama to Newfoundland (Figure 1.1) dong the western flank of the 

Appaiachian orogen. The iniiers expose Middle to Late Proterozoic rocks derived nom the 

cratonic basement of eastemmost Laurentia (Hatcher, 1984; Bartholornew and Lewis, 1992; 

Rodgers, 1995), which is otherwise buried beneath Paieozoic sedimentary rocks of the Appalachian 

foreland basin. East of the band of inliers are outboard terranes accreted to Laurentia during 

Laurentian basement inliers in the Appalachian orogen contain distinctive tithologies 

including granulite-kies gneiss, anorthosite, charnoclcite, and mangerite (Bartholomew, 1984 and 

papers therein; Owen and Erdmer, 1990). These rock types are cornmon in the Grenville Proviace, 

but are Iargely absent fiom the Appdachian outboard terranes. Their ages, where hown or 

inferred, are comparable to the characteristic ages of plutonism and metamorphkm in the 

Graivillian orogen (ca. 1200-960 Ma; e.g., Owen and Erdmer, 1989; 1990; Karabinos and 

AIeinikoe 1990; Currie et al., 199 1, Rankin et al., 1989). 

The Blair River inlier (fonnerly Blair River Complex of Barr and Raeside, 1989) of 

northwestern Cape Breton Island (Figure 1.1) lies withui the Appalachian geological province but 



Mid-Proterozoic inliers 
in Appalachian orogen 

anorthosite-mangerite- 
charnockite suites 

Figure 1. f - Distniution of Middle Proterozoic rocks in the Appalachian orogen. Modifieci after Rankin 
(1976) and Bartholomew and Lewis (1992). SLP = St. Lawrence promontory, QR = Quebec re-entrant. 
The inferred eastem huit of Lawentia is the positive gravity a n o d y  (after Rdgers, 1995; Rankin et al., 
1989) 
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includes granulite-kies gneiss, an anorthosite suite, charnockite, and pyroxene-bearing syeaite. 

These rocks are distinct fiom the Appalachian outboard terranes io Cape Breton Island (Barr and 

Raeside, 1986; 1989), but similar to rock types in the Grende  Province and in Grenviiiian 

basement inliea in the Humber Zone of western NdoundIand (e.g., Owen and Erdrner, 1990). 

The Blair River f i e r  bas the characteristics of GrenviIlian basement to the Appdachian orogen, 

and has the potential of preservuig a long record of the geological history of eh-rn Laurentia. 

1.2 Tectonic zones in the Appalachian orogen 

On a broad scaie, the northem and Newfoundiand Appalachian orogen comprises three 

principal components: 1) remnants of the Laurentian continental margin, including Grenvilhan 

basement rmks overlain by rifi-drift-passive margin sedimentary sequences, 2) the Central Mobile 

k i t ,  a variety of oceanic remuants including terranes associated wiîh the lapetus Ocean, oceanic 

arc complexes, and possible microcontinents, and 3) remaants of Gondwana and peri-Gondwaoan 

arcs. The latter two major components are the generalised "Appalachian outboard terranes" with 

origins outside of, though not necessarily distant fiom, Laurentia. These cmstal Çagments form a 

variety of lithoteztonicaily discrete terranes and zones (Williams, 1979; Williams and Hatcher, 

1982; Horton et al., 1989; W'rlliat~l~ et al., 1988; Barr and Raeside, 1989; van Staal and FyfSe, 

199 1; Colman-Sadd et al., 1992; Keppie, 1993). The deformed Laurentian margin is terrned the 

Humber Zone in the northem (Canadian) Appalachian orogen, makes up part of the 'Taconid  

zone in the centrai Appalactiian orogen (Maine to New Jersey), and in the southem Appalachians 

(Pennsylvania to Alabama) its remnants occupy the Blue Ridge Province in the Cumberland urne 

of Hibbard and Samson (I995), and Humber Zone equivaients in the subsudàce beneath the huer 

Piedmont. 
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The Appalachian orogen is classically divided in time and, less discnteiy, in space (genedy 

younging outward fiom the craton) into large-scde orogenic bands designateci the Taconian 

(Middle and Late Ordovician), Acadian (Late Silurian-Middle Devonian), and iüieghanian 

(Carboniférous-Early Pennian) orogenies (Rodgers, 1 970; Williams and Hatcher, 1 9 82; Bradley, 

1983). Detailed studies that integrate precise geochronology with structural and petrologic data, 

demonstrate that this paradigm is overly simplistic. Current evidence suggests considerable 

diachroneity in the timing, style, and intensity of the once-presumed laterally equivaient tectonic 

episodes in difEerent parts of the Appalachian orogen, (e.g., Rodgers, 1970; Dunning et al., 1 WOa; 

Keppie, 1993; Sevïgny and Hanson, 1993; Wintsch et al., 1993). Furthemore, considerable 

debate exists as to the tectonic significance of the orogenic events. 

1.3 Histoncal perspectives of the relationship between northern Appalachian 
tectonic zones and the Blair River inlier 

Early workers proposeci a fithologic correlation between gneissic and meta-igneous r& in 

northem Cape Breton Island (now separated as the Blair River iniier) and basement rocks of 

western Nevvfoundland (now the Humber Zone; e-g., Neale 1963; 1964; Neale and Kennedy 1965; 

Cameron, 1966; Je- 1966; S m  1973; Currie 1975; Macdonald and Smith 1979; Smith and 

Macdonald, 1983; Dupuy et al., 1986). However, the tecbnic signüjcance of the cornkition was 

Despite the IithoIogic correlation with Lautentian mcks in western Newfoundland, eady teaaiic 

toae models considered ai i  of Cape Breton islaad to be part of the Gotidwanan-afEdy Avalon tenane. 

"ihese models necessbkd a Meciion in the strike of terrane boudaries h m  Newfhdhd  through 

the Cabot Stxait aod mrth of Cap  Breton I s M  Figure 1.2a; Williams, 1978; Williams a d  lddcher, 

1982; 1983; Nance, 1986; Keppie and Daiûneyer, 1989). The position ofthe other terrane boundaries in 

the Cabot Strait and Gulfof St. Lawrence was a topic mat received M e  discussion. This interprdation 



Figure 1.2 - E.,uamples of historical dinerences in northem Appaiachian tectonic zones. (a) Early 
interpretations of the tectonic zones in the northem Appaiachian orogen that considered Cape Breton 
Island part of the Avalon tenane. Zones are after Williams and Hatcher (1983) and Avalon-Gander 
tenane boundaries are after authors noted on the figure. (b) Later tectotiic zones (fiom Barr and Raeside, 
1986; 1989) that were corroborated, in part, by geophysical data pubiished in the late 1980's. 



autochthonous Lauredm mûon (e.g., HZiîcher and Zeiîq 1980), the locaîbns of terraiie btmdaries in 

tbe Guif of S t  Lawrence (d., Figure 1 .îa) implied that Greaiillian 
. . 

basanentdidnotextedhewwigh 

bto the omgea to provide an Unrlerlying source region fbr tbe Blair River rmier. 

A variety of geophysicai data became available in the late 1980's thaî helped to support a 

correlation betweai the Blair River inlier and tbe Humber Zone in western Newfoundlaod Deep seisnic 

profiles fian Lithoprobe East tmsects mbioed wGth mdustrial sbaüow seismic data (L.oncarevic et ai., 

1989; Marillier et al., 1989; hirling and Marillier, 1990; Stodairil et al., 1990; Langdan and Eh& 

1994) shoued that autochthmous Laurentian lower aust extemis, at depth, much fàrther udo tbe Gulfof 

Island (Figure 1 -3). Furdiemore, Iuiear gravity and magmetic a n d e s ,  which reflect major lower and 

upper ausEiI structures such as terrane boundaries and teaoaic zones (e.g., Loncarevic et al., 1989; 

Marillier et ai., 1989; M W e r  and Ve- 1989; Millery lm), clearly sûïice fbm southem 

Newfoundland ibrough the Cabot Strait and into, rather than arouad, Cape Breton Islaod (Figure 1.4). 

Based primariiy on geoiogïd considerations, Barr a d  Raeside (1 986; 1989) aod Barr et al. 

(1987a; 1987b) revived the correlation ofthe B k  River inlier with the Humber Zcme as part of tbeir 

redefinition of tectonic unies in the norttiem Appahchian orojp and defined more cleariy the tedonic 

signiscance of the comlation. Their interpretation has since been used in tectonic modeis (Stockmal et 

ai., 1987; 1990, Lin et al., 1994). nie repositioned tedmic mies (Figure 1.2b). as 0 0 ~  partiy 

by the geophysicai data, r e q u h  that Cape Breton Island cootam a oondensed sechcm of the Appaladiian 

o q a i  (e.g., Barr and Raeside, 1986; 1989) bebwem the M a n  Blair River inlier and the Avalonian 

Mira terrane, as opposed to tbe Appaladiian zmes meaodenng awkwardy and ahitmdy mrth of the 





Figure 1.4 - Geophysical data that suggest structural continuity between Cape Breton Island and 
southern Newfoundland. (a) Total-field magnetic anomaly map nom Loncarevic et al. (1989). (b) Bouguer 
a n o d y  map fiom Loncarevic et ai. (1989). 



* afnnayaodlortheLaurenrian islanii. H~wever, some authors have net accepted the Grenvillran 

panmbge ofthe Blair RNer idkr, based partly on the impticaîions fbr the relatiuns of the &r 

Appakdiian terranes in Cape Bre$on isiand (e.g., Murphy et ai., 1989; Keppie et al., 1992; Keppie, 

1993; Lin, 1993; Chen a al., 1995; Lyech, 1996). Sane of these workers d e  to include the Blair 

River inlier in the Avalon terrane or in a composite thnist terraue in the Cerdrai Mobile BeIt of the 

Appakchian oroga~ whereas others de- the -graphie relatidps behveai the Aspy, 

B m  d' Or, and Mira ta~anes in Cape Breton Island (Figure 1.2). 

1.4 Grenvillian basement exposures in the Appdachian orogen 

Middle Proterozoic basement rocks and late Proterozoic to rnid-Paleozoic volcanic and 

sedimentary cover rocks in the Appalachian orogen preserve an extensive record of geological 

activity dong the eastern rnargin of ancient North America. These rocks record the di of 

Grenvillian orogenesis on the North Amerifan craton, break-up ofa Proterozoic supercontinent 

(Hofnnan, 199 l), development of a passive margin, and Appalachian orogenais on the eastem 

Exposures of Grenviilian basement rocks in the Appaiachian orogen fom a discontinuous 

band of iEiuit- or unconforxnity-bounded inlien between Alabama and Newfoundland (Figure 1.1). 

The band of inliers in the northem and central Appaiachian orogen coincides closely with a 

prominent regional positive gravity gradient (Figure 1.1; Hatcher and Zeitz, 1980; Cook and 

Oliver, 198 1; Haworth et al., 198 1; Rodgers, 1995) located near the core of the Appaiachian 

orogen. The Blue Ridge anticlinorium is displaceci to the no& and west of the gravity gradient but 

the, probably more closely autochthonous Pine Mountain block is adjacent to the gradient. Only 
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the, controversially Lzturentian, Goor;hland terrane ( F m ,  1984; Rankui et al., 1993; E-Iibbard and 

Samson, 1995) is scposed east of the gravity gradient. 

The gravity gradient is thought to mark the ea~fem extent of the Laurentian cratou ben& 

the Appalachian orogen @litcher and Zietz, 1980) and its sinuous trend rdects the shape of iate 

Proterozoic to early Paleozoic continental break-up, p e h p s  dong zona of extension linking hot- 

spot generated triple jUflCti0n.s (Burke and Dewey, 1973; Raakin, 1976). The trend o f  the gravity 

gradient outlines a series of promontories and re-entrants in the buried edge of Laurentia (Thomas, 

1977; Rankin, 1976). The northem, central, and southem segments of the Appaiachian orogeu 

each contain a major promontorylre+ntrant pair. The northem Appalachian orogen contains the 

iargest pair, the St. Lawrence promontory and the Quebec re-entrant (Figure 1.1). The Blair River 

inlier is exposeci at the apex of the promontory. 

Oroclinal bends in the trend of the band of Grenvillian basement ùiliers broadly coincide 

with the promontories and reentrants, although the curvature is somewhat muted compared to that 

of the gravity gradient (Figure 1.1). These observations are widely interpreted to indicate that the 

shape ofthe inherïted Laurentian continentai ma@ had a strong duence on the geomeby and 

deveiopment of Paleozoic orogenic events, including emplacement of basement inlien (Hibbard, 

1982; Hatcher, 1984; Bartholomew and Lewis, 1988; Rodgers, 1995). But oniy the southem Blue 

Ridge Province was thnist a large distance (>100; Hatcher, 1978; Bartholomew, 1983) over the 

cratonic edge during the Paleozoic. 

The Blair River inlier has ail the necessary characteristics to be included in the band of 

inliers. The inlier contains Grendian rock types, it lies near the western flank of the Appalachian 

orogen adjacent to the positive gravity gradient that marks the eastem extent of Laurentia, and to 
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the south and east are accreted Appalachian outboard terranes. The BIair River inlier is unique, 

however, in that it directly overlies the apex of the largest and sharpest promontory ofthe buried 

Laurentian cratonic edge. 

1.5 Research justification and purpose of study 

The Grenville orogen in eastem North America is nearly twice as long and half-agah as 

wide as its exposure in the Grenville Province; most of the orogen is buried beneath Paleozoic 

Sedimentary rocks or the Appaiachian orogen (Figure 1.1). The basement inliers in the 

Appalachian orogen, therefore, provide important constraints on the pre-Paieozoic shape oc  and a 

broader understanding of the ages and compositions of the rocks that comprwd, a large area 

eastem Laurentia. For example, the primarily orthogneissic uiliers in the Blue Ridge Province are 

probably not an extemion of the Central Grandite Belt ofthe Grenville Province7 but rnay 

comprise a previously unrecognised Graivüiian subdivision (Radin et al., 1993). The basement 

inliers in New Engiand may be a continuation of the Adirondack Mountains (part of the Central 

Granulite Belt) but lack distinctive ignews rocks like anorthosite and cIianiockitc. The lithologies, 

aga, and metamorphic conditions in the Long Range M e r  correspond closely to the Gren- 

rocks in eastern Labrador and northem Quebec (Owen and Erdrner, 1989; 1990; Owen, 1991). 

Moore (1986) suggested that the recognition of oceanic rocks and suture zones between the 

ailochthonous t e m e s  and parts of the opposing continent could resolve the debate (at that tirne) 

over the continent-continent coliision versus intracratonic nature of the Grenviliïan orogeny. He 

M e r  specuiated that the suture zone might be located in (or under) the Appaiachian orogen and 

that the Central Metasedimentary Belt may be a klippe rooted southeast of the Grenville Province. 

If so, the basement inlien may preserve a clearer record of Grenvillian continent-continent collision 

and may contain the only remnants of the opposing continent. The Blair River inlier, king located 



& and most Eely derived fbm, the apex of the largest protrusion from cratonic North Amenca is 

an important sample of Grenvillian rocks with which to test the hypotheses of Moore (1986). The 

Blair River inlier can aiso provide important constraints for extendhg the understanding of 

lith01ogica.i variations and the timing of Proterosoic thermal ewents in parts of the Grenville orogen 

that are exposeci ody in the Appalachian diers. 

Despite the potentid of basement d i e n  to preserve an extensive record of the history of 

tectonic processes dong the eastem margin of Laurentia, "... a aumber of them have yet to receive 

anyihing but cursory work as gmlogists have pursued w h t  seemed fie more timely and 

momentous geologicai problems in the Appalachians" (Bartho1omew, 1984; pg. v). In the twelve 

years since the comprehensive compilation of Bartholomew (1 984), most worken in the western 

flank of the Appalachian orogen have focused on the Paleozoic sedimentary sequaices, and the 

basernent rocks have received relatively littie study. As Rankin et al. (1993; pg. 397) noted, 

"Our understanding of Grenvillian history of the Laurentian Appalachians is 

very limired. Recognition of many of the rocks as pre-Appalachian basernent aione is 

a major accomplishmeat in many areas where Paieozoic redefomation has been 

intense. Where sufficiently weil-studied and uncomplicated by later events, the 

Laurentian basement records a very complex sequence of events in the 1.35431 to 

900-Ma tirne period." 

Although a Paleozoic the- overprint is wident from petrographic stuclies, the age of 

Appalachian metarnorphism is poorly constrained in most of the inlien, allowing for ambiguities 

and apparent contradictions in the timing of orogenesis dong the strike of the orogea 

Furthermore, some Uiliers (or units within an inlier) are dehed as "Grenviiiian" on the basis of 



rock type alone (e.g., Drake, 1984; Piasecki, 1991; Valiéres et al., 1978), inferred geologic 

correlations and imprecise or questionable radiometric ages (e.g., Rb-Sr whole-rock; Davis et ai., 

1962; Fullagar and Odom, 1973; Helenek and Mose, 1984). 

Despite lingering wntraâictory tectonic models, the Blair River inlier, as one of the 

Grenviliian basement blocks in the Appalachian orogen, can provide important constraints on the 

geometry and timing of northern Appalachian tectonic events, and thereby CO& tectonic 

modeis. However, the Blair River inlier had not been rnapped systematically as a discrete 

lithotectonic unit, bounding and intemal structures were mt  weii documented, both GrenMllian and 

Appalachian metamorphic conditions were poorly constrained, and the ages of units could only be 

inferreci from geological correlations and one imprecise radiometric age. Therefore, the specific 

0 

objectives of this thesis dissertation are to: 

present the results of 1: 10,000 scale mappiog in the Blair River iniier, subdividing and 

redefining previously described units where necessary (presented at 1:50,000 s d e ,  

Map A in back pocket) 

document rock types, field relations, compositional variations, chemistry, and structure 

of the units that comprise the Blair River inlier and its bounding EIult zones (Chapter 2) 

describe the geochernical characteristics of gneissic and plutonic rocks (Chapter 3) 

d e t e d e  the ages of major u h  in order to test the Grenvillian afnnity of the Biair 

River inlier, and to evaluate the timing and degree of involvernent in Appaiachian 

orogenesis (Chapter 4) 

provide constraints on metamorphic conditions of major units (Chapter 5) 



6) compile new and existing &ta on the Biair River inlier to provide a synîhesised 

interpretation of its relationship to the Grenviiiïan orogeny and its role in northern 

Appalachian orogenesis (Chapter 6). 
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CHAPTER 2 - Lzthologic Units. Field Relations. Petrography. and Structure 

2.1 Introduction and previous work 

The Blair River inlier consists of the pre-Middle Devonian rocks in the crystailine core of the 

northwestern Cape Breton Highlands. The inlier is flanked to the north and west by Carboniferous 

sedirnentq units of the Horton and Windsor groups and by rhyolite, basalt, and sedimentary rocks 

of the Devonian to Early Carboniferous (Barr et ai., 1995; Smith and Macdonald, 198 1) Fisset 

Brook Formation (Figure 2.1). The contact between the Blair River inlier and the cover rocks is 

locaily interpreted as a non con for mi^ (Bradley and Bradley, l984), but is faulted in most 

locations. The Blair River inlier is separated from the Aspy terrane to the southwest by the Red 

River fault zone and to the southeast by the Wiikie Brook fault zone (Figure 2.1). 

The most detailed published map of the Blair River inlier pior to ths mdy was that of 

Raeside and Barr (1992). Their map formed the basis for the present project and their unit names 

are folIowed here as closely as possible. The present study, however, recognises lithologic 

subdivisions within previously undivideci uni& repositions the boundaries of some units. and 

suggests new or more appropriate unit names in order to describe more precisely the association 

between, and iithologic variation within, the inlier. The Blair River inlier is so named in ordcr to 

retain, as a single lithotectonic entity, the pre-Devonian units north of the Red River fault zone and 

West of the Wilkie Brook fault zone. 

As rnapped here, the Blair River ùilier consists of eight major lithologic units that comprise 

about 85% of the map area. The major units in the cornplex are the Sailor Brook gneiss, Otter 

Brook gneiss, Polletts Cove River gneiss, Lowland Brook Syenite, Red River Anorthosite Suite and 

an associated chamockite unit, and the Fox Back Ridge diontelgranodionte. Smaller units include 



Fox Back Ridge 
DioritefGran~di~te 

Otta Bmdc Gneiss 

LBS = L o m d  Brook Sycnitc 
RRS - Rai Riva Syenite 

RRAS = Red Riva Anortbositc Suite 
' 

DBAn = Delaneys Brook Anorîhositt 
HCAn = High Caps Anorthosi te 
SRAn = Saimon River Anarthosite 

Polletts Covo River gneiss 

Sailor Bmok Gneiss 

Figure 2.1 - Generalised geologic map of the Blair River inlier. Iaset: BR1 = Blair River inlier, A = Aspy 
terrane, B = Bras d Or terrane, M = Mira terrane. 



the Delaneys Brook, High Capes, and Salmon River anorthosite bodies, Sammys Barren granite. 

Red Ravine syenite, small bodies and dikes of coarse grained metagabbro, m b I e  and calc-silicate 

rocks, relatively u n d e f o d  and unmetamorphoseci he-grained mafic and felsic dikes, and 

various fadt zone rocks (Figure 2.1). 

A significant change fiom the map of Raeside and Barr (1992) is the identification of the 

Sailor Brook gneiss and Otter Brook gneiss as distinct map units and the separation of these units 

from the Polletts Cove River Group. The remainder of the Poiletts Cove River Group is here 

renamed the Polletts Cove River gneiss. This unit is heterogeneous, consisting of vaxiably deformed 

igneous rocks and gneisses of many different compositions and States of deformation with inferreci 

igneous protoliths that are not further divisible at the present map scale and are not recognisably 

stratified. 

In the southeastern part of the map area, Smith and Macdonald (1983) included anorthosite 

and gabbroic rocks in the Red River Anorthosite Cornplex. However, the term 'Suite" is more 

appropnate than "cornplex" because this large-scale map unit comprises lithologicaily distinctive 

and separable igneous subunits that are interpreted to be genetically related (Macdonald and Smith, 

1979; Dupuy et al., 1986; Bekkers, 1993). Therefore, this unit is here termeci the Red River 

Anorthosite Suite. The suite as now mapped includes some of the rocks mapped as diorite by 

Neale ( l964), thought to be metasedimentary or metavolcanic rocks by Jenness ( 1966), considered 

country rock by Mitchell (1979), and mapped as gabbro, gneiss, and granulite by Smith and 

Macdonald (1983). 

Raeside and Barr (1992), following the work of Smith and Macdonald (1 983), combineci 

monzodiorite, diorite, and diontic gabbro in the southem part of the rnap area into a unit they 



temed the Red River monzodiorite. The present study recognises that their map unit includes 

arnphibolite, massive and layered gabbro, and metagabbro, aii of which are here interpreted to be 

part of the Red River Anorthosite Suite. The recognition of preserved or relict orthopyroxene- 

bearing iimonzodiorite and related rocks" associated with, but not part of, the morthosite suite are 

here defined as chamockite. The diorite and rernaining monzodiorite and granodiorite are here 

considered a separate unit temed the Fox Back Ridge diorite/granodiorite. Undeformeci granite and 

syenogranite layers, dikes, veins, and small pods in the Fox Back Ridge dioritefgranodiorite were 

mapped by Smith and Macdonald (1983) and are probably related to a s r d l  body of granite that 

is here termeci the Sammys Barren granite. 

The Aspy Fault escarpment is the most prominent topographie feature in northem Cape 

Breton Island (Figure 2.2a), and some early workers considered it to be a major geologic boundary 

(Neale, 1963; Cameron, 1966; Wiebe, 1972). Nede and Kennedy (1975), however? recognised the 

similarity of basement and cover rocks across this fault and suggested that the major lithologic 

boundary exists elsewhere, possibly unexposed. Macdonald and Smith ( 1979) and Smith and 

Macdonald (1983) mapped fâult and mylonite zones sub-parallel to, but west oc the Aspy Fault. 

Raeside et al. (1986) interpreted these structures as a major fault system the WiIkie Brook Fault 

zone, separating the then unnamed Blair River inlier frorn the Aspy terrane. They also deked the 

Red River fault zone as the southem boundary of the Blair River inlier. 

Field mapping in northem Cape Breton Island was conducted by the author at a scale of 

1 : 10,000 in the surnmers of 1990 and 199 1. During the two field seasons, 5 19 samples were 

collected from throughout the Blair River inlier wich were added to the 739 samples coilected by 



Figure 2.2 - Photographs illustrating the physiography of northwestern Cape Breton Island. 

(a) Aspy Fault escarpment which was. at one tirne, considered a major geological boundary but is now 
known to be a Carboniferous or younger no-mal fault that does not greatly offset the geology of the Aspy 
terrane. 

(b) aenal photograph of McEvoys Barren. Similar barrens in the central portion of the Blair River idier 
make f i e r  subdivision of the Polletts Cove River gneiss cüflïcult due to lack of outcrop. 

(c) deepIy incised tributaries of Blair River. 

(d) esamples of the types of outcrops in many of the srnafler brooks and tributaries. 



Figure 2.2 
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R Raeside, S. Barr, C, White, and F. Dennis between 1985 and 1989. Thin sections were made 

fiom 375 of these sarnples, selected to represent the lithologid diversity of the cornplex. 

The central strip of the Blair River inlier, the Polletts Cove River gneiss, could not be fiirther 

divideci due to sparse outcrop and ciifncult access. Bogs and spnice forests cover much of the 

highlands plateau (Figure 2.2b) and outcrops are restricted largely to deeply incised gorges (Figure 

2.2~). Few field photographs are included here because many exposures are dong gorge wails, are 

small moss- or tichencovered outcrops, or are submergeci in poorly üiuminated brooks (e.g., 

Figure 2.2d). 

The units in the Blair River inlier are described below, in order of their known or uiferred 

ag= 

2.2 Rock types, petrograpby, and contact relations 

Suilor Brook gneiss 

The Sailor Brook gneiss (Figure 2.1) is a heterogeneous unit distinguished as a graaular, 

grandite-facies gneiss thaî is hard, massive, and locally migmatitic. Some of the characteristic 

rock types are shown in Figure 2.34b and include fine- to medium-grained granular gneiss with 

compositions of tonalite, quartz diorite, and granodiorite (-60%). Minor rock types include 

granular or foliated amphibolite (-20%), granoblastic one- and two-pyroxene banded gneiss 

(-8%)- granular and foliated granitic gneiss (-5%), chloriteepidote-muscovite schist (-5x1, and 

subophitic metagabbro (4%)). These Lithologies are intimately mixed and it is not possible to 

subdivide them at the 1: 10,000 scale of field mapphg of the present study. Granular gneiss 

contains weak metamorphic banciing defined by the concentration of equant mafic minerais, but in 

many sarnpla granular mineral relicts are discernible in lensoid patches in the dominant gneissic 



Figure 2.3 - Representative samples h m  the Sailor Brook gneiss. 

(a) examples of Saiior Brook gneiss amse-granulas grandontic gniess (topleft, BVM9 1-526), weakiy 
bandeci diorite gneiss with granitic leucosornes (top-right, B W  1-773), axme granuiar diorite (bottom- 
Ieft, RR85-2047a), and weakiy foliated granodiorite gneiss (bottom-right, BVM9 1-527). 

(b) boulder of migmatitic gneiss, 

(c) intrusion breccia in Sailor Brook gneiss near the (now fhulted) contact with the Lowland Brook 
Syenite. This photograph is of a boulder, but the same rdationship is seen in severai, less photogenic, 
nearby outcrops. 

(d) examples ofmafic xenoiiths in the Lowland Brook Syenite (BVM91-753, CWSS-103, SB85-104%). 



Figure 2.3 
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foliation. Granular gneiss is most cornmon in the centre of the unit on the southem braoch of 

Sailor Brook and near the contact with, or as xenolitbs in, the LowIand Brook Syenite @hp A). 

The Sailor Brook gneiss is a rnappable unit oniy in the northwestrm portion of the Blair River 

inlier, but similar intemediate to mafic granuiite gneiss is present in the PoUetts Cove River gneiss. 

Samples of rnafïc and intermediate grauular gneiss are medium-grainai and doiiated but 

w e a y  cornpositiody banded, with grawblastic plagioclase, quartz, homblende, ciinopyroxene, 

and orthopyroxene. Several d c  samples presewe two-pyroxene metamorphic mineral 

assemblages. Two-pyroxene granulites contain pale-green augite (1 5-20%), hypersthene (8- 15 %), 

plagioclase' (An-33~2~30-40%), K-feldspar (-1 5%), quartz (8%), radiating acicular rims of 

orange-brown biotite (-2%) around Fe-Ti oxide minerais, and large blocky grains of olive-green to 

brown hastingsitic hornblende (-5 %). A s8condary fibrous paie-grem homblende (magnesio- 

homblende or aainoiite) is commonly an epitaxial overgrowth on pyroxenes. Zircon and apatite 

are rare accessory rninerals. Augite grains are roughly equant, range from 0.25 to 0.75 mm Ui 

diameter, and are the best preserved of the two pyroxenes, although they are commonly partiy 

altered to fine-grained amphibole (uralitized) with or without exsolved rutile concentrateci in 

discrete lamellae. Rutile and/or ilmenite are exsolved eveniy throughout 0.25-0.75 mm equant 

orthopyroxene (schiIlerization), giving it the lustre typical of bronzite (Figure 2.4a). Both 

alteration textures are distinguishable even in highly altered and moderately deformeci rocks, 

p p p p p  -- 

' Plagioclase compositions were determineci on grains h m  a wide variety otsamples by electmn microprobe 
analysis, others were determineci by standard optical techniques. Applied to the same grain both methods agree 
within 40% An. 



Figure 2.4 - E.uamples of mineral textures in the Sailor B m k  gneiss (PP = plane polarized light, XP = 
crossed polars) 

(a) two-pyroxene grandite containhg orthopyroxene (with schiiier texture), clinopyroxene (wïth coarser 
rutile e.usolution), and Fe-Ti oxide minerais with radial acicular biotite @VM9 1-527; PP, Scale bar = I 
11m- 

(b) granoblastic hypersthene-granulite with banding defïned by pyroxene-rich layer (SB85-1048; PP, 
Scaie bar = 1 mm). 

(c) macroscopicaily well foiiated, but microscopically granoblastic, amphi'bolite. (SB8S- 1 109; PP, Scaie 
bar = 1 mm). 

(d) grandu amphibolite with Hbl+Qtz mosaics Oeft half, BVM91-535; PP, Sale bar = L mm) and 
foIiated amphiboiite with flattened mosaics and tecrystallised massive amphibole grains (right haif, 
CW8S- 107; PP, Scale bar = I mm). Titanite, instead of orange bmwn-biotite, rims Fe-Ti oxide minerals 
in these amphibolite samples. 





dlowing for the identification of pre4s t ing minera1 assemblages in many of the samples from this 

unit. Olive-green to brown homblende grains appear to be derived fiom altered pyroxene because 

they are similar in shape and size to the pyroxenes, bave p r l y  developed amphibole cleavage, and 

contain many small opaque inclusions that mimic Tioxide exsolution textures in the pyroxenes. 

Migmatitic leucosorne contains large (up to -2.5 mm; -20%) anhedral quartz grains, smaiier 

(424.5 mm) subhedrai plagioclase (h25,40%) and K-fêldspar (-30%) with a granitic 

texture. Both types of feldspar are highly altered. Mafïc minerals are few (4% total), but include 

homblende xenocrysts from the melanosome, biotite, epidote and chlorite. The leucosomes have 

diffuse edges but are paraiiel to the granular layering (Figure 2.3b). 

Granulite xenoliths in the Lowland Brook Syenite preserve fiesh, to slightly altered, 

hypersthene (E&, augite (Di-7s), plagioclase (&7), Fe-Ti oxide minerais and quartz, all 

comprishg a granoblastic texture with a weak layering defineci by the concentration of pyroxenes 

(Figure 2.4b). They occur near or within undeformeci nebular melt pods, and appear to be the 

melanosome residuum of extreme migmatization. These sarnples contain up to 50% coarse-grained 

orange-brown biotite, granoblastic polygonal microperthitic feldspars (25%)- equant clinopyroxene 

(1 O%), and a coarse, dark-yellow epidote-group mineral (5%). 

Granitic tithologies in the Sailor Brook gneiss are rare, but where prcsent have a granular 

foliation with a slight foliation defïned by clusters of Fe-Ti oxide minerals, zones of recrystallized 

feldspar, and recovered quartz nbboas. These felsic gneisses contain large (0.75- 1 -25 mm), equant 

perthitic and antiperthitic fildspar (-50%), smaller (-0.25 mm) separate rnicrocline (-7%) and 
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plagioclase (-7%) fomiiag a recrystallized matriq xenoblastic, lensoid, or ribbon quartz (25%), 

Fe-Ti oxide minerais (-3%), and large (0.25-0.8 mm) apatite graias (-2%). 

Most sarnples nom the Sailor Brook gneiss contain amphiboîite-facies assemblages, and 

many preserve textures, relict mineral proportions, and pseudomorphic grain sizes and sbpes 

comparable to those of the high-graâe rocks. Several amphiboiite samples are macroscopically 

foliated with anastomoshg lensoid rnafic clots or wlycrystalline augen, but in thin section contains 

very fresh-looking green-brown homblencie and a granoblastic texture (Figure 2.4~). More 

commoniy, amphibole-rich sarnples are altered pyroxene grandites. Mosaics of amphibole, quartz, 

and in some cases plagioclase are pseudomorphous after clinopyroxene (Figure 2.4d), which is 

preserved rarely as fragments or cores in the mosaics. Massive amphibole grains retain vestiges of 

pyroxene cleavage, or contain Fe-Ti oxide inclusions that rnirnic pyroxene cleavage. Amphibole in 

these samples rnakes up -3040% of the rock and is complexly mned in irregular patches. 

Separate grains within the same mosaic, or differently pleoduoic parts of massive grains, range in 

composition from tscherrnakite to actinolite. Feldspars are highiy altered but retain a granular 

texture. Brown to tan biotite is rare in the overprinted granulites, occurring mainiy as a tertiary 

alteration minerai dong late frsictures, and is commonly partiy altered to chlorite. Titanite 

commonly rims Fe-Ti oxides and, in some samples, appears to be pseudomorphous after the rims 

of orange-brown biotite in the hi&-grade rocks (Figure 2.4). Felsic bands (relict leucosomes?) 

consist of recrystabed and xenoblastic, highly to moderately sericitized, plagioclase (An22-34), 

minor non-perthitic K-feldspar, and quartz. 

Highly foliated mafic rocks are located near or in shear zones and contain a strong schistose 

foliation defineci by chlorite and biotite aitering to chlorite. Low-strain zones in some samples 
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preserve homblende partly altered to chlorite and relia mosaic textures. Feldspars are highly 

sericitized and saussuritized but retain e q w t  grain shapes nom their p r a m e -  high-grade 

precursors. Quartz grains are deformed into polycrystalline ribbons or oblate lenses and subgrains 

have sutured subgrain boundaries. 

Where exposed, the contact between the Sailor Brwk gneiss and the Lowland Brook Syenite 

is a series of brittle fàults- However, on Sailor Brook there are several outcrops of intrusion 

breccia consisting of m a k  granular gneiss intnided by syenite (Figure 2 . 3 ~ )  near the faulted 

contacts. Mafic granoblastic xeno iiths (Figure 2.3d) of texturally and mineralogically similar 

gneiss are present in the syenite as as 1.5 km fiom the contact with the Sailor Brook gneiss. 

Several outcrops in the syenite contain heated, but not highiy foliated, micaceous mafic enclaves 

(biotite-epidote-plagioclase) in massive, undefonned syenite. The intnision breccia sudgests an 

originally intrusive contact between the Lowland Brook Syenite and the Sailor Brook gneiss and 

the xenoIiths in the syenite are here correlatecl with the Sailor Brook gneiss based on lithologid 

simiIarities. 

Zones of highly s h e d  chloriteepidote-aibite schist and l d s e d  d c  mylonite (sheared 

Sailor Brook gneiss?) separate the Sailor Brwk gneiss fkom the Poiletts Cove River gneiss. On 

Sailor Br* a weil exposed 50 m wide zone ofstraight gneiss (blastomylonite) is located within 

the SaiIor Brook gneiss, but is extrapoIated to separate the Delaneys Brook anorthosite and the 

Lowland Brook Syenite and to Link with the McEvoys Barren shear zone (Map A). 

Polietts Cove River gneiss 

An area of undivideci gwissic and plutonic rocks f o m  the core of the Blair River inlier 

(Polletts Cove River gneiss, Figure 2.1) and is exposeci dong Po11etts Cove River, Blair River, 
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their tributaries, and dong sea cliffs in the High Capes area. There is no exposure over large areas 

of the highlands plateau (e-g., PoIietîs Cove River gneiss east of the Otter Brook gneiss and 

McEvoys Barren shear zone; see Figure 2.2b), making detailed mapping difficult and correlations 

between exposures in widely sepamtexi brooks difEicult. The unit is heterogeneous and includes 

rocks with a wide range of compositions, metamorphic grades, and states of deformation that are 

intimately mixed and that could not be included in the major gneissic or plutonic uni& or further 

subdivided at the present scale of mapping. Some of the rocks rnay have a semipelitic sedimen- 

protolith as inferred by Raeside and Barr (1992). The Poiietts Cove River gneiss includes rare 

calc-silicate lenses associateci with shear zones and one sample tbat contains Ath+Phl+PI. 

The characteristic iithologies on Polietts Cove River are quartzofeldspathic and botb massive 

and foliated amphiboiite gneissa intnided by granitic dika and network veins (Figure 2Sa,b) as 

weil as variably defomed and dtered rocks presumed to be the quivalents of the amphibolites. 

On Blair River, the Poiietts Cove River gneiss is generally characteriseci by monotonous green-grey 

rnafic gneiss and chloritic schist with defomed granitic pegmatites, l d y  as sheared asymmetric 

boudins (Figure 2.5c.d). ui detail, however. the rock types are more variable; some examples of 

the gneissic rocks fiom the Poiletts Cove River gneiss are shown in Figure 2.6qb. The gneissic 

rocks on both Polletts Cove River and Blair River lack any recognisable stratigraphy or identifiable 

metasedimentary layering. 

Several generations of srnall gabbro bodies and diabase dikes intmded the Poiletts Cove 

River gneiss. The latest generaîion is an u n d e f o d  fheIgrained diabase that cuts gneissic and 

schistose fabrics and is probably related to the Fisset Brook Formation. Rarer metagabbroic rocks 

are coarse grained and preserve reiict subophitic textures (Figure 2.6~). Outcrops and samples that 



Figure 2-5 - ûutcrops of gneissic rocks in the Poiietts Cove Rivet gneiss. 

(a) massive amphibolite cut by thin granitic veins 

(b) banded amphiitite gneiss; both (a) and (b) are typical of the Poiietts Cove River gneiss on Polletts 
Cove River 

(c) green-grey gneiss with aqmmetric pegmatite boudin 



Figure 2.5 



Figure 2.6 - Hand sampies iHustrating the lithological variation in the Poiietts Cove River gneiss. 

(a) amphiitite gneiss @US-2049, CWSS-ll%a, CW85-119, BVM91-637, CWSS-148, BVM90-141) 

(b) examples of the Lithologic variation of gneissic rocks (BVM90492, BVM9 1-70 1, BVM.9 1-69 1, 
BVM90-093, BVM9 1-704, SB85-1099) 

(c) metagabbro (RRû5-2 105, BVM9 1-545) 

(d) bouiders of sheared anorthosite and leucogabbm 



Figure 
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appear to be similar to the Sailor Brook gneiss and Oaer Brook gneiss are either too smali or t w  

isolat4 to be shown separaîely at the present map scale. Small bighly sheared outcrops of 

anorthosite and leucogabbro (Figure 2.6d) are present thmughoughout the Polietts Cove River gneiss 

and some coarse-grained feldspathic gneisses are similar to altered sampla from the Luwland 

Brook Syenite. 

Contacts between the Polle$îs Cove River gneiss and other units are either faulted or not 

exposecl. The contact with the Fox Back Ridge dioritelgrandorite is constrained oniy by widely 

separated outcrops of each unit. The contact with the Red River Anorthosite Suite is a zone of 

breccia and chloritespidote schist that is 20-50 m wide and dips gently southeast. Although other 

worken (Mitchell, 1979; Dupuy et al., 1986) considered this to be a sheared intrusive contact, no 

xenoliths, intrusion breccia, or anorthosite apophyses in the "country rock" were observeci. The 

contact is here interpreted as a Euilt, with no implications as to original relatioaships. 

Many s m d  shear zones are present in the Polletts Cove River gneiss, but only a féw are 

extensive enough to map over large distances. Lineaments on cmtoured orthophoto maps help to 

constrain the trace of some shear zones, but only those lineaments that are also reasonably 

constrained by field observations are mapped as fàults (Figure 2.1 aad Map A). Known and 

inferreci shear zones trend approhte ly  N to NNE and include the boundary shear zone with the 

Otter Brouk gneiss, the McEvoys Barren shear zone, the High Capes shear zones, and a small band 

of chioritic schist aod phylionite on Blair River. The McEvoys Barren shear zone is here 

interpreted to link with the zone of mylonite or blastomylonite (descnbed above) between the 

Lowland Brook Syenite and the Delamys Brook anorthosite, but this extrapolation requires 

projection across a large area devoid of outcrop and is, thedore, speculative. The High Capes 
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shear zone separates a western caastal block that includes a smail anorthosite body, coanely 

perthitic felsic gneisses, and subophitic metagabbro fiom the remainder of the Polletts Cove River 

gneiss. 

Amphiboiites in the Polletts Cove River gneiss are medium- to fine-grained and contain 

variable arnounts ofhomblende, q- and feldspar. Most commody, they contain large (-0.75 

mm) olive-green rnagnesiohomblende (-50-75%), some of which are poikiloblastic with 

equigranular inclusions of quartz and plagioclase, in a rnatrix of xenoblastic plagioclase ( 15 %, 

An25-3s) and quartz (10%)). multigranular clusters of titanite (<5%), and accessory minerals 

including Fe-Ti oxide with titanite rims and apatite. Alteration to chlorite, epidote, and sericite is 

cornmon dong frachres. Highly foüated amphiboütes contain the same mineral assemblage, but 

with up to 20% green-brown, preferentiaily aiigned biotite replacing homblende. The granitic 

network veins in the amphibolite contain large (2.5 mm) grains of coarse-patch antiperthite (15%) 

in a finer grained (0.254.75 mm) recrystallized rnatrix of microdine (30%) and subequigranular 

plagioclase (20% h-22 )  with elongate xenoblastic quartz (35%). 

Metagabbroic rocks in the PolIetts Cove River gneiss occur as dikes and srnall bodies. They 

have an altered subophitic texture in which randomly orienteci plagioclase (&O) laths are 

inclusions in or iotergrown with multigranular aggregates of homblende pseudornorphous after 

clinopyroxene. Aggregates are separated by coarse plagioclase laths givhg a spotted appearance 

in outcrops and hand samples. Siceletai clinopyroxene grains are rarely preserved in the centres of 

the aggregates. 
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Granular intermediate gneisses contain siightly to highly sericitized equigranular plagioclase 

(3045%) and quartz (1 0-25%), and either blocb otive-grem homblende, Hbl-Qtz mosaics after 

pyroxene, or Act+Chl+Qtz mosaics pseudomorphous after HbI-Qtz mosaics. The textures and 

grain sizes are similar to those of the Saiior Brook gneiss, and these rocks appear to have been 

similar hi&-grade gneisses overprinted by amphibotite-tacies metarnorphic minera1 assemblages. 

Anorthosite in the PoiIetts Cove River gneiss is ubiquitously altered. Large (1-2.5 mm) 

plagioclase porphyroclasts are surromdeci by fine-grained saussurite and sencite that has 

preferentially replaced recrystallized matrix plagioclase. Fe-Ti oxide minerals in the altered matrix 

have titanite rims, but lack rirns where they are iaclusioos in plagioclase porphyroclasts. ûther 

anorthosite samples are altered throughout to sericite and saussurite. Che sample preserves, 

between highly altered patches, medium-grained (0.3 mm) equigranular plagioclase with s t r a i t  

120' grain boudaries that are similar to the cumulate textures described below. Wispy, pale- 

green mafic layers contain ahgned fibrous chionte and epidote. 

Other leucocratic rocks of uncertain origin contain significant quartz (40-60%), two 

feldspars (albite and orthoclase), litile or no mafic rninerals (chlorite and one sample with gamet) 

and are cornmonly highly sheared and altered. One sample is a coarse graphic granite and another 

is a microcline syenogranite with euhedral titanite. A sample fiom Lockhart Brook contains 

xenoblastic oligoclase (80%), coarse prismatic anthophyiIite (10%), phlogopite (5%), and an 

opaque oxide minera1 (5%). 

Most of the leucocratic or granitic rocks occur in Grey HoUow Brook or WiLkie Brook (in 

or near the WiEe Brook Ewlt zone) where they rnay be related to granites in the Aspy terrane. 

The lest  altered foiiated biotite-homblende amphibolites are also h m  near or in the Wikie Brook 
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fault zone and may also be denved h m  the Aspy terrane where these rock types are cornmon in 

the Cape North Group (Wtmapeera, 1992). F o W  amphibolites nom weli within the Blair River 

inlier are typically bighly to partly altered with sericitized plagioclase and ragged amphibole partly 

replaceci by (rather than coexisting stably with) biotite and partly altered to chlorite and epidote 

dong late fractures. 

Red River Anorthosite Suite 

The Red River Anorthosite Suite (Figure 2.1) is the largest of several anorthosite bodies and 

tectonite divers in the Blair River inlier. Ashwai (1993) classified the Red River Anorthosite Suite 

as a Proterozoic anorthosite based on reports fiom earlier workers (Jemess, 1966; 

Dupuy et al., 1986). n i e  suite contains a central core of massive meta-anorthosite that grades into 

more matic meta-leuconode, anorthositic diorite, or leucogabbro and is bordered to the west by 

interlayered meta-morthosite, metatonalite, meta-leucogabbro, amphibolite, pyroxenite, and rocks 

of chamockitic affinitty. To the east, the suite is tmcated by the Wilkie Brook fiult zone. AU 

units in, or associated with, the suite are metamorphosed and dtered, and rarely preserve primary 

igneous textures, but many samples preserve relict ipeous mineraiogies fiom which an estimate of 

the protolith composition may be inferred2. 

NotabIy absent fiom the Red River Anorthosite Suite are olivine, massive oxides or 

sulphides, chrornite, and significant apatite. 'Ibus, the suite lacks troctolitic Iithologies comrnonly 

associated with some, particularly labradorite-type, massif anorthosite suites (e.g., Anderson and 

Morin, 1968; Emslie, 1985). The d c  rocks in the suite, notably the layered unit, do not appear 

to have the economic metals potential of some layered gabbro bodies (e.g., Gross, 1968; Anderson, 

Following convention, the metamorphosed igneous rocks of the Red River Anorthosite Suite are herdter r e f d  
to by theu infèrred igneous protolith name for simplicity and clarity. 
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1968) or phosphorous ore as in some intermediate rodcs associated with anorthosite bodies (e.g., 

Kolker, 1982). 

Bekkers (1993) distînguished five lithologic subdivisions in the Red River Anorthosite Suite; 

anorthosite, anorthositic gabbro and gabbro, layered unit, Greys Holiow charnockite, and Wiikie 

Brook chamockite. Howwer, most workea separate charnockite nom spatiaily associated 

anorthosite and gabbro units in order not to imply a comagrnatic relationship, and this convention 

is followed here; the chamockites are descnbed in a subsequent section. The Red River 

Anorthosite Suite here uicludes rocks mging fiom anorthosite to leucogabbro to pyroxenite and 

their inferreci metamorphoseci equivalents. niese Lithologies are separated into map units of 

massive anorthosite, leucogab bro, layered rocks, and p yroxenite (Map A). 

A steep escarpment marks the northwestem edge of the anorthosite suite, producing a 

distinct (on contoured orthophoto maps) topographie expression that is outlhed by the two large 

eastern branches of Poiietts Cove River. Both branches contain large (up to 3 m3) boulders of 

anorthosite that were denved fiom steep c W  above the river, but sheared and catacastic ma& 

rocks of the Polletts Cove River gneiss crop out in the river bed. Small brooks to the south and 

east of Polletts Cove River and its southem tributary flow across the escarpment and the contact 

between the Red River Anorthosite Suite and the Polletts Cove River gneiss is exposed or can be 

constrainai closely in these brooks. In these tributaries, the contact veen upstream fiom the trend 

of the escarprnent, producing a lobate rnap pattern as the result of deeply hcised Stream d e y s  

intersechg a gently dipping contact with the Polletts Cove River gneiss. n i e  small brmks to the 

north and West of Pol1ett.s Cove River and its southem tnbutary expose the undivideci gneissic unit. 
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Where the contact with the Poiletts Cove River gneiss is exposed, it is a 20-50 m wide, 

gently southeast-dipping zone of breccia and chloriteepidote schist. Some worken hterpreted this 

to be a sheared intrusive contact (Mitcheli7 1979; Smith and Macdonald, 1983; Dupuy et al., 

1986), but neither xenoliths in the anorthosite, nor intrusion breccia, nor anorthosite apophyses in 

the "country rock" were recugnised. Thedore, the contact is here interpreted to be a low-angle 

fàult with no implications as to prior relationships. None of the contacts with the Fox Back Ridge 

diorite/granodiorite are exposed. In the southernmost tip of the Blair River inlier several units, 

including the Red River Anorthosite Suite, are complexly interleaved by shearing associateci with 

convergence of the Wilkie Brook and Red River fàult zones. 

Plagioclase compositions in the Red River Anorthosite Suite appear to be controiled partly 

by lithology, and to a greater extent by the degree of alteration and metamorphism. Anorthosite 

and leucogabbro contain calcic andesine or labradorite (A-0-50) and in the layered unit and 

pyroxenites, plagioclase is more sodic ( h 3 ~ 5 ) .  In general, labradorite and bytownite 

compositions are preserved in the least altered anorthosite near the centre of the body and the 

lowest Ancontent plagioclase is concentrateci nearer the edges where rocks are more cornrnonly 

sheared and highly altered. 

Anorthosite 

Massive anorthosite crops out in the central portions of the Red River Anorthosite Suite and 

is most comonly b&whiite or pale-pink. Anorthosite is commoniy so thoroughly altered that 

individual grains cannot be identifid at the band-sample scale (Figure 2.7a). Bands of alteration 

and cataclasis, characterised by thin (0.5 to 2 cm) zones of intense sericitization dong fiactures 

and by cracks fiUed with either epidote-group mherals or coarse tranolite and phlogopite, trend 



Figure 2.7 - Anorthosite samples and mineral textures in the Red River Anorthosite Suite. 

(a) dtered paie pink or buE white massive anorthosite (RB9 l-025, RB9 1-063, RB9 1-060, RR8S-2047, 
RB9 I-OSO). 

(b) least altered massive anorthosite with puik or blue spots of iridescent Iabradorite and streaky or lensoid 
m&c minerai clusters (RB9 1-032, BVM9 1-584, RB9 1476). 

(c) massive anorthosite with fïattened mafic mineral clusters (probably recrystallized orthopyroxene 
megacry sts) 

(d) plagioclase textures in Type 1 anorthosite (RB9 1-063) 



Figure 2.7 



Figure 2.7 (con tinued) 

(e) plagioclase textures in Type 2 anorthosite (RB9 1-076; XP, scale bar = lmm) 

(f) photomicrograph of textures in Type 3 anorthosite (SB86-3 139a; XP, scale bar = lmrn) 

(g) photornicrograph of textures in Type 4 anorthosite (SB86-3 139a; PP, sale bar = lm) 



Figure 2.7 
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broadiy parailel to the W i e  Brook fàult zone. Altered massive anorthosite locally contains 

streaky-green, polymineralic dots of chloritized mafic minerais. The mafic dots are oblate, 

defining a weak peissic foiiation that is broadly parailel to the Wilkie Brook huit zone. Unaltered 

and undeformed massive anorthosite is a rare7 but distinctive, white-weathering rock with pink, 

blue, or purple spots of partly recrystdiid labradorite are the least deformeci anorthosite 

observeci. The spots are large (0.5- 1 cm diamcter) grains of iridescent-blue labradorite in a ma& 

of sugar-texture, pearl-white7 medium to fine-grained recrystabed plagioclase (Figure 2 2 ) .  

Some less deformed anorthosite samples contain either large (up to 2-5 cm) partly recrystallised 

megacrysts, augen, or polymineralic clusters of orthopyroxene tbat are mgnisable in hand sample 

by their bronze lustre (Figure 2.7~). 

Centimetre-scde flatteneci orthopyroxene megacrysts are only preserved in the least 

deformed, least altered, and most piagioclase-rich central portions of the Red River Anorthosite 

Suite. Larger (decimetre-scale) orthopyroxene megacrysts, W<e those cornmonly reporteci in other 

massif-type anorthosite bodies (eg., Ashwal, 1993; Owens and Dymek, 1995), were not obsenied 

in the suite. If  they were ever present, large rnegacrysts and their host rocks would probably be 

deformed and aItered beyond recognition due to the lower competency and higher degree of 

aiteration and rnetarnorphism that have a f f d  the more mafïc rocks in the suite. 

In the field it is diEicult to distinguish weathered Qtz+PkMc, here termed "white rock" 

(leucotonalite?, meta-anorthosite?) fiom anorthosite. 'White rock" is fine+& (-0.25-0.5 mm) 

and equigranular, cornposed of highly sericitized plagioclase (An& and quartz (generally t 0-25% 

but up to -5 0%; one sample contains more Si02 than normal igneous rocks) and minor microcline 



(< 10%)). It commody ocairs together with massive anorthosite, and in particular near 

metagabbro. Some of the quartz rnay have been pmduced nom either metamorphism accompanied 

by alteration ofprimary pyroxene (e.g., see layered unit description below; and Rouseli, 19% L), or 

contamination by country rocks d u ~ g  intrusion (Ashwai, 1993). Myrmekitic plagioclase is only 

rarely observed in the Red River Anorthosite Suite and, therefore, reccystaüizafion of myrmekitic 

feldspar seems an unlürely source of quartz. Some samples of highly altered massive anorthosite 

also contain appreciable quartz (6%) but are othenivise identicai to "white rock". Therefore, 

quartz-bearing leucocratic rocks are provisionally included in the massive anorthosite unit. These 

arnbiguous rocks, dong with indisputable anorthosite, were mapped by eady workea as quartnte 

of the George River Group (NOM Scotia Department of Mines and Energy Open File Map, 1965). 

Dupuy et al. (1986) reporteci size-sorted plagioclase graios aligneci parailel to the (implied 

prhmy) layering in anorthosite. In the present study, similar textures were not recognised in the 

field, in hand samples, or in thin sections. Very few samples of massive anorthosite preserve 

primary igneous textures of any type. Most sarnples are either highly altered or show incipient 

granulation at plagioclase grain boundaries and lack any obvîous dignment of twin planes or of 

long dimensions of grains. 

Massive anorthosite in the Red River Anorthosite Suite contains 90997% plagioclase at the 

outcrop scale. hie  to u w s e  grain size, hand samples and thùi sections range up to LOO% 

plagioclase. The least altered morthosite samples contain calcic andesine (An43-50) and rarely 

labradorite (Anse-56). Plagioclase grades to A n g g  in reaction zones with Fe-Mg silicate minerais. 



Where plagioclase compositions could be detennifled fiom intensely altered samples, none were 

lower than An29. 

Ma.& minerals are a minor constituent of anorhosite. Mafic dots or augen comprise 

biotite, chlonte, epidote and opaque oxide minerais and some preserve relict pyroxene cores. Some 

augen are recrystallized orthopyroxene draped by rirns of homblende, q u a  and calcic 

plagioclase (An75-88). Chopyroxene is extensiveiy altered to mned amphibole aggregates that 

range nom tschermakitic to magnesio-homblende. Altered samples contain actinolite and chlorite. 

Orange-brown biotite occun ody in association wiîh altered pyroxene where it forms either 

acicular MIS around Fe-Ti oxide rniaerals or separate unorienteci grains. Rutile grains in quartz- 

bearbg aitered anorthosite resemble, in size and distribution, Fe-Ti oxide minerals in other 

anorthosite samples and some rutile grains have a titanite rim separating them from epidote and 

sencite. 

Four types of massive anorthosite are cecognised based rnaidy on Mering textures: 

Type I) Randomly oriented massive - Type 1 anorthosite contains coarse-grainai unzoneci, 

subequigranular and semi-tabular plagioclase grains locaify with straight 1 20°, grain boundaries 

(Figure 2.7d). Plagioclase in these sarnples is -5-50. Some samples are sericitized either 

thoroughly, or in patches, but the texaire can be recognised through the aiteration. Plagioclase 

grains range in size fkom 1 mm to 4 mm (iong dimension) and are broadly elongate or blocky, but 

grain boundaries are irrationai or are rare1y tabular parallel to twin iamellae. Both the la& of 

zoning and subhedral grain shapes are characteristic of undisturbed primary textures in massive 

adcumulate anorthosite, but this texture is also very similar to published examples of partly 
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recrystallired anorthosite (Ashwid, 1993; Kehlenbeck, 1972). Ekgardiess, the coarse grain size 

and lack of recrysiallization to clearly metarnorphic textures (see below) suggest t h .  these samples 

represent the 1east reccystallized and defomed anorthosite in the Red River Anorthosite Suite. 

Type 2 )  PorphyrmIastic granulor - This type of anorthosite ranges fiom incipient 

granulation of Type 1 to weU developed mortar-texture of large (2 mm to 4 mm), rounded, 

( h o - 5 0 )  aggregates (Figure 2.7d). Kehlenbeck (1972) demonstrated that fùrther recrystallization 

produces augen textures aad gneissic amrihosite. No plagioclase augen were noted in the Red 

River Anorthosite Suite, although large (1-4 cm) d c  mineral clusten associated with Type 2 

samples are lensoid. Ashwal(1993) interpreted this texture as suggestive of deformation by 

magmatic ascent as a crystal mush or by later intrusion of surroundhg plutons (chamockitic 

rocks?); recrystallization associated with metamorphisin is plausible as weU. 

Type 3) Gramrlar - This anorthosite is f ier grained (-0.3 mm) throughout and is aimost 

perfectly equigranular with straight 120° grain boundaries (Figure 2.7e). Granular anorthosite 

may be the end prociuct of mp le t e  recrystallization fiom Type 2, or a perféct adcumulate. The 

two are Uidistinguishable except where adcumulate plagioclase preserves igneous zoning patterns 

(as in the Delaneys Brwk body - see below). Only two sarnples preserve granular textures in the 

Red River Anorthosite Suite and both are partially altered, 

Type 4) Highly alrered - These rocks are so thoroughly sericitized and saussuritized that 

pre-alteration textures cannot be recognîsed in thin section (Figure 2.7f). Fine-grained muscovite 

(sencite) is distributed d o r m i y  througbout the rock, but chionte and epidote-group muierals are 
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confiried to i0tergranuIa.r aggregates, where they appear to have replaceci mafic minerals, and in 

veins. Quartz blebs, within or between plagioclase grains, are a minor constituent, but are more 

prevalent than quartz in Types 1-3. Carbonate with or without quartz fiils s d l  frachires. 

Varying degrees of cataclasis are m o n  in these rocks. Highiy altered rocks comprise the buUr 

of the anorthosite unit in the Red River Anorhosite Suite. 

Gabbro 

Dupuy et al. (1986, p. 139) noted that on a north-flowing tr ibutq  of Red River, "...the 

transition fiom anorthositic gabbro through gab broic anorthosite to anorthosite is generally 

gradual, dthough the contact between neighbouring mits is often sharp". Examination of the sarne 

area during field mapping for this midy confimieci that anorthosite does locally grade into 

leucogabbro artd gabbro over a distance of a few to tens of metres, and that the Iithology changes 

abruptly at faults. Lithologies in the gabbro unit include compositions fkom leucogabbronorite to 

gabbro and also pyroxene-homblende gabbrononte. These rock types are locally intermixeci and 

could not be separated into subunits at the present scale of mapping. 

In contrast to the large isolated clustersi or megacrysts of rnafic minerals in anorthosite, 

mafic minerals in gabbro and leucogabbro contain smaller (0.5-1 mm) individual grains (or 

alteration aggregates) and are either massive or gneissic. Massive gabbro is coarse-graineci and 

p reserves relict subophitic texture, but homblende and actinolite have replaced pyroxene. Gneissic 

gabbroic rocks are foliateâ, compositionally banded, and commoniy highiy altered to amphibole- 

biotite-chlorite assemblages (Figure 2.8a,b). 

Typical gabbro contains granular plagioclase (-20-50% An45 in Iess aitered, and An32 in 

highly altered samples), partly or entirely altered pyroxenes ( 4 0 %  preserved), brown (ferroan- to 



Figure 2.8 - Examples of leucogabbro and layered rocks in the Red River Anorthosite Suite. 

(a) hand samples of massive gabbro and leumgabbro (BVM90-056, RB9 L 4 12, RB9 L -030) 

(b) hand sarnples of gneissic and massive gabbro and leucogabbro (RB9 1-074, BVM90-114, RR85-2017, 
BVM9 1-62 1) 

(c) outcrop of layered leucogabbro, 

(d) slab sample of layered gabbro with deformeâ and metamorphoseci rhythznic-type layering defined by 
ambiguously graded mafïc bands and quartz-rich felsic bands (BVM9 1-774). 



Figure 2.8 



Figure 2.8 (continued) 

(e) hand samples of layered unit (RB9 1-04 1, BVM9 1-65 1, RB9 1-047). 
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magnesio-) homblende (- 15-75%), biotite (-5-15%), Fe-Ti oxide minerals (2-5%) and n d s o r y  

apatite. Highly altered gabbro contains signEcant (-5%) quartz relative to fksh varieties. 

Leucogabbronorite contiu'ns the same minerds, textures, and variable degrees of altedon., but has 

a lower percentage of &c minerals than does gabbro. 

Gabbrononte is disthguished fiom gabbro by the distinctive alteration textures of 

orthopyroxene (schillerïzed) and cliaopyroxene (uralitized) and by amphibole-plagioclasequartz 

mosaics. Several of the more mafic samples preserve macroscopic gabbroic texture, but pyroxenes 

are almost completely recxystallued to brown homblende aggregates. Ody rare clhopyroxene and 

orthopyroxene fkgments preserved in the aggregates aUow these to be recognised as metagabbros. 

Othenvise, the weil formed textures and hh-lookiog homblende and plagioclase might be 

mistaken for granular amphibolite or anorthositic dionte. More wmmody, pyroxenes are highly 

altered to fine-graiaed acicular adinotite and chlorite. Brown or green granular hornblende is 

preserved within or as partial rims around altered pyroxene. In these cases, granular hornblende 

appears to be a relict fiom an earlier alteration episode rather than part of the low-grade aiteration 

assembhge. 

One sample located near the boundary with the chamoclate has a (presumed) oxide-rich 

gabbronorite protolith and contains large (up to 5 cm) metamorphic gamets that are now highly 

corrodeci, relict orthopyroxene, both igneous and granular recrystaiiized metamorphic 

clinopyroxene, Fe-Ti oxides, and large apatite grains. This is the ody sample that may be an 

oxide-apatite gabbronorite (jotunite), a rock type comrnody associated with the latest-crystallising 

portions of massif-type awrthosite complexes (e.g., Owens et al., 1993; McLellaad et al., 1994). 



Layered Rocks 

Massive gabbroic rocks either change abruptly across fkults, or grade, through various 

scdes of l a y e ~ g  a d  degrees of compositional segregation, into the layered unit. The Iayered unit 

is characteriseci by sharply dehed, black ancf white, centimetre-scde rhythmic layering. More 

cryptic layering in some anorthosite and leuconorite is defineci by bands7 tens of mtirnetres thick, 

of Type 1 anorthosite with centirnetre-scale bands ofup to -10% unorienteci mafic minerals. 

Rhythmicai layers are cornrnoniy 3-6 mtirnetres thick, but l d y  up to 1 m thick, and are 

Iaterally extensive. Individual centimetre-scale layea can be traced across entire outcrops (up to 

30 m) without pinching out (Figure 2.8~). The layers are generally flat-lying and are locally gently 

folded. Some samples contain a mineral lineation that is oblique to the l a y e ~ g .  In places, 

alteration has produced a pink-red stainuig that, in the field, maka these rocks very difficult to 

distinguish fiom layered or deforrned parts of the chamockite unit. 

Boundaries between centirnetre-scale layers are comrnonly marked by a sharp thin (-3-5 

mm) black rind on one or both sides of a mdïc layer. Mafk layers with black rinds on both sides 

show grain-size and modal gradation from both rinds toward the centre of the band (Figure 2.8d). 

Those with black rinds on only one side show grain-size and modal grading away from the black 

rind. In the same hand sarnple, however, other &c bands grade in the opposite direction. Where 

bounded by two black rinds, felsic bands grade fiom being relatively rich Ui mafic minerals and 

feldspan at both edges to quartz-nch at the centre. In some cases, a thin (-5 mm) band almost 

entirely of quartz divides the felsic layer in M. Where bounded by ody  one black rind, felsic 

bands grade progressively into the next mafic band and quartz is dissemuiated throughout. In 

other, unmetamorpbosed and better exposed, layered gabbro complexes (e.g., Skaergaard; Conrad 
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and Naslund, 1989) aunulate layers are marked by an orthopyroxeno-rich basal lithology grading 

upward into anorthosite. Such cumulate criteria (Le., modal grading direction) to detennine "way 

up" are ambiguous when applied to the layered unit in the Red River Anorthosite Suite. 

An oblique mineral lineation is defineci in mafic bands by elliptical black granules 

(amphibolequartz mosaics in thin section) inclined at an angle of <10-30' to the layering (Figure 

2.8e). The minerai üneation in felsic bands is defïned by elongate quartz blebs with an angle of 

-25O to the layering. Metarnorphic and deformational overprints have obscured trough cross bed- 

type criteria for determinhg ' b y  up". ih the black rind, mafic mineral clusten and shape 

preferred orientations are paralle1 to the layering. 

Mafic layers consist of relict pyroxene (up to 50% but gradationai depending on position in 

the layer and degree of aiteration), light-greeu and olive-green amphibole (up to 75% in highly 

altered samples), biotite (40-20%), plagioclase (An3@35), and minor quartz, epidote, and chlorite. 

Clinopyroxene appears to have been the predominant primaxy mafic mineral in the layered unit, but 

it is now preserved only as skeletal and relict grains or recognisable by its distinctive alteration 

textures. In mafic layers, clinopyroxene is altered dong cleavage planes to green (magnesio-) 

homblende and has a reaction rirn of actinolitic homblende thai is, in turn, rimrned by fine-graineci 

epidote-grou p rninerals. Quartz blebs are present between the actinolite and epidote alteration 

rims. Taken to further stages, pyroxene altea completely to mosaics of granular amphibole- 

quartztplagioclase. Individual amphibole granules are compositionally zoned with actinolitic 

compositions in the centres of the granule, grading outward to more tschermakitic compositions. 

Radial acicular brown biotite is cornmon toward the centres of mafic bands and is associateci with 

Fe-Mg oxide minerais. The black rinds that separate some ma6c layers fiom felsic layers are 
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dwoid of biotite although Fe-Mg oxide ~Jnerals are present. Amphibole mosaics in the rinds are 

either monornineralic granulas aggregates or they contain minor quartz. Quartz is concentrated 

outside of the amphibole aggregates adjacent to or within the félsic band. These textures appear to 

record the progressive production of quartz during pymxene alteration (cf., Rousell, 198 1), its 

expulsion fiom amphibole mosaics, and concentration in felsic bands. 

Felsic layers are composeci predomiaantly of plagioclase (Ar~g-32,60-70%), quartz (30- 

40%) and rare relict clinop yroxene or monomineralic amphibole aggregates. Plagioclase is 

xenoblastic with scalloped or embayed grain boundaries against quartz and has straight or partly 

recrystallized grain boundaria agaiosf or a granular texture with, other plagioclase grains. 

In the field, the s d e  and general style of layering is similar to that in layered gabbro 

commonly associated with massif-type anorthosite or layered mafk intrusions (e.g., Morse, 1968; 

1982; Woussen et al., 1988). However, the layering is distindy different in detail. Common 

cumulate layering in massif-type anorthosite is consistently asymmetric (Le., has a ""way up73 in 

made and grain-size gradation and is generaiiy at a larger scale (0.5 m or pater) .  Rhytbmic 

layering is cornmon in massif-type anorthosite, but centimetre-scale layers do not have great lateral 

extent (Wiebe, 1988; 1990; Ashwal, 1993). Lamination due to flow, curnulation in a convecting 

magma chamber, or crystai compaction can produce centhetre-scale sharply defineci layes and a 

preferred orientation of crystals (e.g., Higgias, 199 l), but does not explain the edge-centre 

symmetncal distribution of &c rninerals in some mafic bands or the concentration of quartz in 

the centres of felsic bands. Quartz is concentrateci in the centres of félsic bands and rnay have been 

remobilzed fiom the mafic bands durhg metamorphismldefonnation. A combination of igneous 
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layering, enhanceci by defiormation and metamorphism is a possible explanation for the observed 

details of the layering. 

Pyroxenites are rare but distinctive massive and dark green to black, rusty-weathering rocks 

Figure 2.9. They occur as 0 5- 1 m thick, sbarply bounded layers associated with centimetre-sde 

anorthosite-leuconorite layers. They are mostiy concordant with the fker layering, but one weli 

exposed example of a pyroxenite dike clearly cross-cuts the anorthosite-leuconorite layering. 

Pyroxenite consists mauily of coarse-grainesi (up to 4 mm) schillerized orthopyroxene, less 

abundant and less altered cliwpyroxene, Fe-Ti oxide minerais with rirns of dark brown biotite, and 

granular plagioclase. Two samples contain about L 0% Fe-Ti oxides and thus may be ansidered 

oxide-rich gabbro (eg., McLeUand et al., 1994). The fieshest orthopyroxene contains many small 

rutile inclusions giviag it the brown sheen characteristic of bronzite, but more commonly it is 

altered to amphibole and opaque oxide minerais. Plagioclase compositions in pyroxenite are more 

closely comparable to metamorphic compositions in the layered rocks at A h 3 5  than that of the 

fkeshest massive anorthosite, which is generaiiy &5jo .  

Other anorthosire bodies 

The Blair River inlier contains many srnall bodies of anorthosite apart fiom the Red River 

Anorthosite Suite; four of the larger bodies are shown on Figure 2.1. Raeside et al. (1986) 

recognised the Delanqrs Brook and Salmon River anor&hosite units, and two additional bodies, the 

High Capes and Polietts Cove River anorthosite units are med here. AU four of these bodies are 

poorly exposed and sparseiy sampled. Their boundaries are inferreci nom outcrops in rivers and 

brmks, spane outcrops on the highlands plateau, the presence of locally denved boulders on steep 

hillsides, and large boulders in ponds and barrens. 



Figure 2.9 - Hand samples of pyroxenite from the Red River Anarthosi te Sui te (B VM9 1-733, BVM9 1- 
756, BVM9 1-757, RRSS-2062b). 
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The Delaneys Brook body comprises almost entirely massive h e -  to medium-grained b u E  

white anorthosite and minor leucononte. Raeside and Barr (1992) described a clearly intrusive 

relationship where thin sheets of anorthosite intruàed adjacent rnafic gneiss (Sailor Brook gneiss). 

They also reported gneissic xenoliths in the anorthosite. In several l d t i e s ,  for example in the 

smaU tip of the body north of Delaneys Brook (Map A) fine- to medium-grained (424.5 mm) 

equigranular polygonal plagioclase ( 4 5 0 )  grains show dinuse nomial igneous zoning patterns 

(Figure 2.1 la). The fine grain size and sharply defineci zoning patterns suggests rapid cooling 

shdar to anorthosite ciilces fkom other m a ~ s ~ t y p e  bodies (Wiebe, 1979) and this is supported by 

reports of chilkci margins on the thin anorthosite sheets (S. Barr, pers. cornm., 199 1). 

In the centre of the body, rnediurn-gmbed granular anorthosite contaias blocky or tabular 

plagioclase grains with rationai grain boundaries and irregularly shaped patches of poikiiitic 

plagioclase (Figure 2.1 Ib). The patches contain nurnerous inclusions of quartz and Fe-Ti oxide 

Mnerals. Each plagioclase patch is a single crysta! but is bounded by the rational grain boundaries 

of adjacent grains. Albite-law twin lamellae are wider and extinction angles higher at the edges of 

the patch, suggesting reverse toniag. These poikiiitic plagioclase patches rnay represent trapped 

intercumulus Iiquid in an otherwise nearly perfect adcumulate. Rare orthopyroxene megacrysts 

(1.5 cm diameter) have highly schillerized bronzite cores rimmed by clinopyroxene and homblende 

(Figure 2.1 lc). 

The Polletts Cove River anorthosite contains a straight or swirled gneissic foliation dehed 

by wispy blue-grey bands of chlorite and epidote. Judging from the proportions of white (altered 

plagioclase) and blue-grey (epidote and cldorite) bands, the Polietts Cove River gneissic 

anorthosite was probably a leucogabbro prior to defomtion and intense alteration. The High 
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Capes anorthosite forms white ridges and sea ciif& in the west-central Blair River inlier. It is 

composed primarify of hi& altered massive anorthosite. The Salmon River anorthosite is located 

in the most remote region of the Blair River iniier. Its shape is poorly constrained due to poor 

exposure and limited mapping, and aii samples fiom this body are very highly sericitized. Less 

altered patches contain granular zoned plagioclase (Axqo) grains. 

Chamockite 

Chamockitic rocks3, as mapped here, crop out discontinuously from Red River to Wilkie 

Brook as a thin band djacent to the Red River Anorthosite Suite and as sheared lenses in the 

Wilkie Brook fauIt zone. Chamockite rocks are not associated with the smaller anorthosite bodies, 

although there are some aitered two-pyroxene granitoid rocks in the Polletts Cove River gueiss 

which may have been chamockite. In the field, chamockite displays a greasy green lustre (a 

common characteristic of fksh charnocicite in other areas) in only the fieshest outcrops in areas of 

least alteration. More cornmonly, the charnockitic rocks are tan or pi&, moderately to highly 

altered, and either weakly layered or foliated (Figure 2.10). Varieties lacking pyroxene (monzonite 

and grandorite) are considerd part of the charnockite unit because they can be traced into, and 

are texturally similar to, chamockite. Highly altered rocks of intermediate composition kt, based 

' By definition (Stnxkeisen, 1976) chaniockitic rocks contain >5% hypersthene, but the usage is not rigorous and 
bmpyroxene rocks with 4% hypemthenc, rocks with no pyroxene, and high-grade granitic metamorphic rocks are 
desaibed as uchamockite". The term "chaniockite" as used here includes IithoIogies that range in composition 
h m  (charnockite terms in parentheses) diorite (norite), monzodiorite (jotunite; this tenn is also use& inwrrectiy 
according to Ashwal, 1993, to descrii oxide-apatite gabbronorite), grandorite (opdalite), monzonite and 
rnonzogranite (mangerite), and granite (chamockite). 



Figure 2.10 - Hand samples of charnoclcite @VM9 1-602, BVM9 14 14, BVM90-073. BVM9 1-6 10, 
BVM9 1-057, BVM91-600, CW85457). 



Figure 2.1 1 - Examples of textures and minerals in the Delaneys Brook Anorthosite. 
8 

(a) normal zoning in equigranular plagioclase grains (SESS-1070; s d e  bar = 1 mm). 

@) zonecl, inclusion-rich, plagioclase patch bounded by crystai faces of surrounding grains. This may 
represent a pocket of trapped intercumulus liquid (CW85-117; scale bar = 1 mm). 

(c) orthopyroxene megacryst (bighly schillerized and partly plucked fiom slide) rimmed consecutively by 
clinopyroxene, hornblende, and biotite (RB9 1-0 18; scale bar = 1 mm). 
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on relict mineral textures, are thought to bave once containeci pyroxene are also included in the 

chamockite unit. 

Chamoclate occurs adjacent to and appean to be gradational with the layered unit, although 

rocks in the transition zone are commooly altered and it is, in places, difncult to distinguish the two 

in the field. Rocks in both units have a red or piak tint where altered dong late fhctures and 

defocmation of the chamockite enhances the layered appearance to very sirnilar to that of the 

layered unit (Figure 2.10). Ashwai (1993) note- that the apparent tithological gradation between 

c h o c k i t e  and anorthosite suites can, in some cases, be amibuteci to the smearing of contacts 

during high-grade metamorphïsm, and this appears to be the case in the Blair River uilier. The 

relationship is obscured further by the additional efféas of a second, arnphibolite-facies, 

metamorphic event and by low-grade alteration associated with faulting. 

Chamoclote contains large (up to 12 mm) plagioclase ( A n 3 u o )  grains, some of which have 

myrmekitic exsolution and are partly recrystaiiized into granular domains dong grain boundaries, 

and coarsely perthitic K-feldspar. Bot .  orthopyroxene and clinopyroxene are present, the former 

king dominant. Orthopyroxene is commonly severely schiiierized and contains clinopyroxene 

exsolution lameliae. Separate clinopyroxene grains are partl y to completely altered to iight-brown 

to green poikiloblastic or rnosaic texture hornblende. Brown to olive green, coarse-grained 

hornblende is distributed throughout the rock, and appears to be stable with both pyroxenes. 

Medium- to coarse-graineci da&-brown biotite is present as inclusions in orthopyroxene and as 

separate matrix grains. Fine-grained tan biotite is associated with hornblende in alteration patches. 



Recrystallited and defonned charnocicite rocks contain the best presewed hi&-grade 

metamorphic mineral assemblages of any unit in the Blair River inlier. They commoniy have a 

gneissic foliation defined by highiy elongate hypersthene (207% individual grains are lx5 mm or 

longer), more equidimensional or slightly ovoid clinopyroxene (saiite, 0-5%), preferentiaiiy 

oriented biotite ( ~ 5 % ) ~  annded quartz nbbons (14020%). perthitic K-feldspar (-30%) and 

plagioclase (Ah35,  -30%), all in a fine-grained recrystallized feldspathic ma&. Some wnples 

contain granular rnagnesio- to f2rroa.n pargastic bomblende and others lack Fe-Mg silicate rninerals 

enMy.  Fe-Ti oxides (rimmed by titanite only in metamorphosed samples), zircon, and apatite are 

ub iquitous accasory rninerals. 

Lowland Brook Syenite 

The LowIand Brook Syenite (Figure 2.1) is a large crescent-shaped body of syenite in the 

aorthwestem part of the Blair River uilier. It is typically brick red, medium to coarse grained, and 

most commody contains an anastomoshg gneissic foliation. Layen of mafïc miner& and zones 

of fine-graineci recxystaked feldspars wrap around uwsely petthitic feldspar clasts or augen in 

gneissic syenite. In several low-strain zones on the order of tens of metres wide, relatively 

undeformeci syenite is massive, quigranular, and dark red. M d c  enclaves, xenoliths, and 

intrusion breccia of granular and migmatitic gneiss are preserved in massive syenite in the low- 

strain zones, 

Compared to massive syenite, gneissic syeaite (Figure 2.12b) contains a higher proportion of 

mafic minerals (up to -25%), quartz (up to -IO%), large plagioclase phenocrysts (1 cm; up to 

-20%), and large and abundant (up to 0.4 mm diameter and 1.5 mm long) subhedral zircon. In 

gneissic samples, large (0.8-5 mm) perthitic feldspar porphymclasts are wrapped by mafic layen 



Figure 2.12 - Field occurrence and hand sampIes of the Lowland Brook Syenite. 

(a) marble in highly sheared and faulted syenite in sea c W s  near Sailor B m k .  

(b) gneissic syenite fiom the Lowland Brook Syenite, yeiiow slabs are stained for K-feldspar (Hutchinson, 
1974). 

(c) gneissic syenite; white (unstained) spots are tecrystaihed plagiodase porphyroclasts. 

(d) massive syenite h m  the Lowland Brook Syenite; sIab on the right is stained for K-feldspar 



Figure 2.1 2 



rich in green magnesio- to actinoiitic homblende and blocky brown férro-edenitic hornblende in 

flattened elongate mosaics, preférentially oriented biotite pady altered to Chi+Kfk, and Fe-Ti 

oxide minerals rimmed by titanite. Titanite is also present as separate spiadte-shaped grains. 

Coarse perthitic and antiperthitic feldspar porphyroclasts (1-5 mm) in gneissic syenite 

sarnples are highly recrystallUed to an equigranular matrix of separate feldspars and comprise 

about 4040% of the rock. Perthitic fkldspars contain lamellae of orthoclase (rarely microcline) 

and oligoclase (An15-=)- Recrystallized matrix grains are orthoclase and andesine (An-38). All 

feldspars are moderately to highly sericitized but plagioclase is more highly altered than K- 

feldspar. Rare large (2.5 mm to I m), probably n o d y  zoned, plagioclase phenocrysts are 

recrystallized into -2.5-4 mm subgrain aggregates. A central patch of caIcic plagioclase ( h o )  

subgrains is highly sericitized and surrounded by a Mn of unaltered, less calcic (An20) subgrains. 

in stained hand samples these aggregates appear to be large plagioclase porphyroclasts, but they 

are recrystallized plagioclase aggregates in thin section (Figure 2.12~). 

Massive syenite (Figure 2.12d) comprises mody coarse-grained (1-5 mm), anhedrai, 

orthoclase microperthite (-80-95%). Zircon grains are relatively abundant, but srnaller (-0.25 mm 

diameter, -0.5 mm long) than in the deformed syenite. Plagioclase lameliae ui .lucroperthite are 

albite (Ans-1 O). Perthitic feldspars are recrystallized at grain edges into rnortar-texture mades or 

fine-grained (0.1-0.3 mm) granular aggregates of separate K-feldspar (orthoclase and, rarely, 

microcline) and plagioclase (An-35). Plagioclase grains and l d a e  are cornrnonly more highly 
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sericitized than K-feldspars. Quartz is a minor constituent ( ~ 2 % )  and is most cornmon in mafic 

patches with altered clinopyroxene. 

Sparse maiïc patches make up less tban 8% of massive syenite. They are interstitial to large 

perttiitic feldspars and contain relatively fresh (salite) or partly altcred (ferroaugite) cüwpyroxene, 

Fe-Ti oxide minerals that lack titanite Mis, biotite partly altend to chlorite, and large (0.l-û.25 

mm) zircon grains. Titanite is not present in these samples, but rutile is cornmon as exsolution 

lamellae in pyroxene. Olive-green to brown (fendenitic) homblende graios are blocky with weli 

defineci crystal fàces and cleavages. Pale- (actinolitic) homblende occua in fibrous or 

irregularly zoned amphibole patches replacing clinopyroxene. The olive-green to brown 

homblende appears to bave been stable with (now mostiy altered) clinopyroxene, and may have 

beea a pnniary igneous minerai. 

One of the low-strain l a e s  preserves undefomed irregular syenitic pegmatoid patches of 

cryptoperthite or microperthite megacrysts (1-6 cm) with straight, rational grain boundaries. 

Interstitial to the feldspar grains are coarsely crystaiiine quartz, large (2 mm) apatite grains, mafic 

patches with Fe-Ti oxide minerals, and chlorite and epidote pseudomorphous after clinopyroxene. 

The nortbem and eastem portions of the Lowland B r d  Syenite are flanked by 

Carboniferous sedimentary rocks, the Fisset Brook Fonnation and marble, calc-silicate, and skarn 

of the Meat Cove marble (descnbed below). At a few weli exposed l d t i e s ,  the contacts are 

cornplex zones of sinuous cataclastic to mylonitic hult zones that interlave syenite, basal& 

rhyolite, @te, conglomerate, s a n h n e ,  and skarn. On Lowland Brwk, the contact between the 

Lowland Brook Syenite and the Fisset Brook Formation is a 1.5 m wide fracture zone beniveen 

relatively undeforrned rhyolite and syenite. This zone may be a slightly sheared nonconformity. 
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Near a tributaxy of French Brook, an exploration treuch in the Meat Cove Zn occurrence (Sangster 

et al., 1990) exposes brecciated rhyoiite and syenite, mylonitic syenite, and highly foliated marble 

in the area of the contact with the Fisset Brook Formâtion. In sea c m  near Sailor Brook, marble 

blocks occur in highly sheared, fàuited, and myionitic syenite (Figure 2.124. These marbles may 

be related to the Meat Cove marble (described below), but they cannot be demonstrated to be 

xenoliths in the syenite. On a tributary of Lower Delaneys Brook, a mane-grained metagabbroic 

dike separates the Lowland Brook S yenite and Sailor Brook gneiss. On Lower Delaneys Brwk, 

the same (or a similar) dike is sheared dong both contacts, yet preserves relict igneous textures 

toward the centre. On Sailor Brook the contact between the Lowland Brook Syenite and Sailor 

Brook gneiss is interpreted to be a faulted intrusive contact (as âescribed above). 

Otter Brook gneiss 

The Otter Brook gneiss (Figure 2.1) is a heterogeneous unit of predominantly intermediate 

quartzofeldspathic to rna£ic gneiss. The dominant lithology (-80%) is a tan to brown, biotite-rich, 

locally gamet-bearing quartzofeldspathic augen to flaser gneiss (Figure 2. Ua). More mafic 

variants include foliated arnphibolite (-15%) and metagabbroic amphibolite (-8%), the latter 

recognised by a relict subophitic texture. Seved smaU (a m wide) highly foliated lenses of calc- 

silicate rock in the Otter Brook gneiss crop out in shear mnes and adjacent to fâults. Boulders of 

anorthosite are present in several stream beds, dong the steep banks of brooks, and in a narrow 

zone of the upland plateau between brwks. The boulders are likely derived fiom a local 

undiscovered outcrop source. In a tributary of ûtter Brook, one srnall outcrop of brecciated and 

highly altered anorthosite (first recognised by Nede, 1964) coincides with the upstream limit of 

anorthosite boulders. The distribution of calc-silicate and anorthosite lenses is shown on Map A. 



Figure 2-13 - Representative hand samples and mineral textures £?om the Otter Brook gneiss. 

(a) slabbed band samples; ciockwise fiom upper left - intermediate quartzofeldspaîhic biotite-rich gamet- 
bearing flaser gneiss (BVM9 1495) ,  biotite-hornblende quartzofeldspathic gneiss (BVM9 1-714), 
intermediate biotite-honiblende quartzofeldspathic augen gneiss, and hornblende-gamet amphiboiite 
intruded by srnail pegmatite. 

(b) gamet porphyrocIast separated h m  matrix Fe-Mg silicate muierals by a KWPl+Ms reaction zone, draped by the 
amphiboiite-facies foliation, and with relict clinopyroxene grains in the strain shadow. The large black inclusion is 
biotite that aiso is separated h m  gamet by a reaction zone, but d e r  biotite inclusions that are not connecteci to 
the matrix lack the reaction zone. (scale bar = 1 mm) 

(c) thin mafic band of broken up chopyroxene, partly altered to a green homblende mosaic. These alteration 
minerais endose a blocky brown hornblende grain, presurnably of an earlier generation. (scale bar = 1 mm) 

(d) calc-silicate fkom a sheared lem in the Otter Brook gneiss, Phlogopite defines the foliation and wraps 
around augen of diopside and tremolite. (scde bar = 1 mm) 



Figure 2.1 3 
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Granite pegmatïte dikes are cornmon in the biotiteganiet quartuifkIdspatbic gneiss and 

foiiated amphiboiite lithologies, but are absent fiom the metagabbro and dc-silicates. The 

pegmatites range fkom -2 centimetres up to 4.5 m wide and both crossat  and are transposai 

parallel to the gneissic foliation. In several l d t i e s ,  a gamet-rich riad is developed in the foliated 

amphibolite adjacent to granitic -tes (Figure 2.13 a). 

Within the limits imposeci by the gmerally poor exposure, the lithological variants in the 

ûtter Brook gneiss are not recogaisably layered at the unit or outcrop scale. At the scale of stream 

bed or small gorge-waü outcrops (up to about 10 m), the quartzofeldspathic gneiss is 

homogeneous. No compositionai banding or layering occun at s d e s  greater than the 0.5-1 

centimetre scale of the gneissic foliation as d&ed by the preferred shape orientation of amphibole 

and biotite. The ûtter Brook gneiss is here considerd to be a complexly deformed, htennediate 

quartzofeldspathic to d c  orthogneiss interleaved dong fault zones with the various other rninor 

lithologies. Rock types sirnilar to the ûtter Brook gneiss are also present in the Polletts Cove River 

gneiss, but could not be separafed at the present rnap scaie. 

A n m w  but highly foliated shear zone separates the eastem side of the ûtter Brook gneiss 

fiom the Polletts Cove River gneiss. To the north the hvo units are separated by a brittle fgult 

(Map A). Minor brittie faults, perhaps a fâulted unconfomity, separate the Otter Brook gneiss 

fiom Carboniferous conglomerate and rhyolite to the west. The contact between the ûtter Brook 

gneiss and the Fox Back Ridge diorite/granodiorite is interpreted to be the extension of a late fault 

that cuts, and forms a distinctive gorge in, the nearby Carbonifierous units. 
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Intermediate to ma& portions of the Otter Brook gneiss most commonly contain 

KWHbd+Bt+Pl+ûx+TtnfGrtrt In more fèlsic sarnples, K-feldspar and plagioclase (An23-30) 

porphyroflasts are large (1.5-3 cm) and grain boundaries are recrystallized into mortar-texture 

subgrain rnantles. K-feldspar grains contain inegular exsolved plagioclase in coane patches (as 

opposed to spincile-lamellae perthite in many other igneous units in the Blair River inlier) and some 

plagioclase graios are myrmekitic. Recrystallized m t r k  plagioclase is generaily fresh, but where 

plagioclase is in contact with amphibole, compositional zoning is recognised by concentric 

extinction and by the concentration of sericitic alteration. 

Gamet grains are xenoblastic and many contain inclusions of plagioclase, quartq biotite, 

zircon, and Fe-Ti oxides without titanite rims. K-fèldspar, bomblende, and titanite are part of the 

amphiboiite-facies matrix assemblage and help to define the foliation, but do not occur as 

inclusions in gamet. The arnphibolite-facies foliation drapes around gamet porphyroblasts, and 

Fe-Ti oxide minerals commody have titanite rims. Gamet grain boudaries are corroded and 

separated fiom amphibolite-facies Fe-Mg silicate matrix minerals (bio tite and hornblende) by a 

reaction zone comprishg primarily K-feldspar, but with small arnounts of plagioclase and 

muscovite. 

Amphibole (10022%) in rnafic layers of intexmediate gneissic sarnples is mostly pale- to 

olive-green (pargasitic) homblende (hereaf ter "green honiblende"), has ragged grain boundaries, 

erratic compositional zoning, nurnerous tiny dusty inclusions, and poorly developed cleavage 

except where enhanced by shearing, and is commonly intergrown with biotite. Green hornblende in 

l e s  sheared portions of the mafïc layea preserves poiiciloblastic or mosaic textures that are typicai 

of dtered pyroxene. Rare (generally <2%) grains of dark-green to brown (hasthgsitic) hornblende 
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(hereatter "brown homblende7') are partly aitered to biotite but appear to have once been clean, 

blocky grains with sharp, weli defined cleavages. In foliated amphibolite samples, green 

homblende is the only amphibole present and contains volumetridy signif~cant (up to about 35- 

40%) inclusions of epidote and distinctive spindle-shaped K-feldspar. Dark brown biotite grains in 

these rocks show similar textures, with the same distinctive spindie-shaped K-feldspar, but with 

chlorite as inctusions. 

Biotite is a m m o n  constituent (15-20%) of ininmediate gneiss. Large dark brown grains 

help to define the foliation and smaller biotite grains are pleochroic in s W e s  of green and tan to 

brown. Green homblende appears to be stable with biotite but biotite appears to have replaceci 

brown homblende. Many gamet porphyroblasts contain inclusions of biotite, but the two mineds 

are separated by a reaction zone of Ms+PI+KI. In many altered sainples of the ûtîer Brook 

gneiss, biotite is partiy broken down into Chl+W. K-feldspar grains f o m  lozenges mple te ly  

enclosed by biotite that is partly altered to chlorite. A féw samples contain large (-8 mm) mafic 

mineral clusters in which the alteration of brown homblende to biotite is associated with significant 

amounts (-25% of the biotite+hornblende cluster) of a carbonate mineral. Carbonate is not present 

in the felsic layers or in association with resorbed gamet but appears to be associated with 

alteration in the rnafic mineral clusten. 

Felsic layen of the intermediate gneiss comprise coarsegrained K-feldspar (-5-20%, 0.5-2 

mm, Org3-95) with serrated grain bouadaries, plagioclase (-10-3096, 0.45-1.5 mm, An23-30), and 

recrystallized quartz (-4-8% aggregates of 0.3-1.5 mm). Both types of feldspar are partly 

recrystallized along grain boundaries and in irregular intemal patches into mortar-texture subgrauis 

(O. 14.5 mm). Plagioclase and K-feldspar are both altered to fie-grained micas (sericite) and 
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saussurite. Plagioclase is locaiiy myxmekitic and is mned adjacent to Fe-Mg siliwte minerais. K- 

feldspar ocnirs as separate grains and as irregular exsolved patches in plagioclase ( m e - p a t c h  

antiperthite, distinct fkom the spindle or lameUar perthite in the Lowland Brook Syenite and 

chamodcite). The feldspar alteration, recrystalluation, and exsolution textures are typical of most 

Oner Brook gneiss samples and cornplkate recognition ofprimary textures. Rarely preserved in 

the centres of polycrystaüine augm are large (0.75-1.5 mm) blocky feldspar grains with interstitiai 

biotite Iaths that are less altered and recrystallized and have sh&t and rational grain boundaries. 

Clusters of xenoblastic almandine-rich gamet grains (<2% in intemediate gneiss and up to 

-7% in mafïc gneiss) are concentrated in rnafic layea, but smaller individual grains are also 

present in felsic layen. Gamet grains in mafic layers are large (0.5-1.2 mm), generally occur in 

clusters, and are ubiquitously corroded adjacent to, aod separated by a Kfk+PI+Ms reaction zone 

fiom, Fe-Mg silicate mioerals. Large gamet grains contain inclusions of quartz, plagioclase, 

biotite, zircon, apatite, and Fe-Ti oxide minerals without titanitk overgrowths. Inclusion minerals 

do not preserve pre-rnetamorphic textural relationships and there is no core-edge variation in 

inclusion concentration. Gamet grains in the felsic layers are ~ 0 . 4  mm, and occur mostly dong 

feldspar grain boundaries and rarely as inclusions in plagioclase, perthitic K-feldspar, and 

polycrystalline quartz. The foliation defhed by amphibole and biotite is slightly draped around 

gamet grains. In foliated arnphibolite samples, large (up to 3.5 mm) gamet porphyroblasts are 

cornmonly broken apart and the assemblage Pl+KfS+HblIOx fiils the fktures. Gamet grains are 

more abundant in foliated amphibolite, but show the same reaction textures and also lack 

incIusion/matrk mineral relationships. 
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Rare relict clinopyroxene (ferrosilite) are broken into small fhgments in felsic layers and are 

highly aitered to green hombleode in d c  layers. Uralitized and relict clinopyroxene fragments 

are also present in mosaic-texturd patches of green homblende and quartz and in strain shadows 

provided by gamet porphyroblasts (Figure 2.13b,c). 

One of the more conspicuous petrographic feaîures of the Otter Brook gneiss is the presence 

of large and abundant (up to -2% combined) accessory minerals. Zircon grains are large and 

abundant up to 1 mm in diameter, but most are between 0.25-0.4 mm. Zircon graias appear ovoid 

in thin seaion due to their orientaîion in the section, but those separated for geochrouology were 

dominantly semi-prismatic with siightly rounded corners and tips and lacked obvious abrasion, 

fiosting, or roundllig typical of cietrital zircon grains in metasedirnentary uni& (e.g., van Breemen 

et al, 1990; Heaman and Parrish, 199 1). Clusten of spinde-shaped titanite grains are also 

abundant (-OS%), commonly stnuig out parallel to the foliation, and are reshicted to mafic layers 

in association with Fe-Ti o d e  minerals, biotite, and green homblende. Titanite also occurs as 

rims around Fe-Ti oxide rninerals in mafic layers. Mcdium to large (0.3-0.8 mm) apatite grains 

are distributeci throughout the rock and occur as inclusions in ail other minerals. Small graias 

( 4 . 1  mm) of danite and other epidote-group minerais are the least abundant accessory mineral 

and are distributed throughout the rock. 

Severd calc-silicate lenses are present in the ûtîer Brook gneiss, but are associated with 

internai huIts or shear zones and one Iens is in the boundary shear zone. These rocks consist 

almost entirely of diopside, tremoiite, and phlogopite with minor amounts of calcic plagioclase 

(Figure 2.13d). 
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It is uncertain whether the intennediate and m&c gneisses have a plutonic, volcanic, or 

sedimentary protolith. The calc-silicate samples may be metasedirnenq or metasomatic, but they 

are tectonically interleaved laises near late Eiult zones, and do not n e c e s d y  imply a supercrustal 

ongin for the remainder of the unit any more than the presence of anorthosite (presumably 

tectonically interleaved lenses) would confimi aa igneous protolith. Furthemore, small outcrops 

of marble and dc-silicate rocks occur throughout the Blair River inlier, but are everywhere 

associated with shear zones, and most comrnonly in fàulted boundary mnes between major units. 

No major metasedimentary source occurs in the Blair River inlier for these calc-silicate rocks and 

marbles. Within the intemediate augen to flarer gneiss, there are no sharply bounded 

compositional layen that might represent bedding, such as are cornmon in metasedimentary units. 

Accessory minerals are consistently abundant in many samples fiom a wide area and are 

distributed throughout the gneissic compositional layers in individual samples. Dense deeitai 

rninerals rnight be expected to be concentrated in discrete layers or zones in sedimentary rocks. 

The igneous-type zircon morphology and lack of scatter in U-Pb systematics are consistent with an 

igneous protolith for the dated intermediate gneissic sample (Chapter 4). The muse-grained, 

blocky feldspar and biotite textures preserved in the centres of augen in samples of intennediate 

composition are also consistent with an igneous protolith. Based on these observations, at least the 

intermediate flaser to augen quartzofeldspathic gneiss is here interpreted to have a plutonic 

protolith of approximately hornblende granodiorite composition. 

Fox Back Ridge dionle/granOdiorite 

The Fox Back Ridge diorite/granodiorite f o m  much of the southem part of the map area 

between the Red River fault zone and the Red River Anorthosite Suite (Figure 2.1). The Fox Back 

Ridge unit consists of mixed porphyritic diorite and granodiorite to monzodiorite. It lacks a 
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pervasive gneissic foliation, but is deformed by numerous bride fàults and d anastornosing 

shear zones. The unit is intruded dikes and srnaIl bodies of diabase, rhyolite, syenite, pegmatite, 

and medium-grained granite. The granite is similar, and probably related, to the Samrnys Barren 

granite (Figure 2.14a). 

The northem bounky of the Fox Back Ridge unit is constrained ody by widely separated 

outcrops of the Polletts Cove River gneiss and the diorite/granodiorite. To the south, deformation 

increases progressively to fonn chlorite-epidote schist and phyllonite, and localiy massive black 

mylonite and ultramylonîte in the Red River fâult m e .  The lack of outcrop in the area of Samrnys 

Barren obscures contact relations with the Red River Anorthosite Suite., but in one tributary of Red 

River, the contact is marked by a large. weli exposed brittle fault. Highly deformed equivalents of 

the two units are intimately interleaved dong anastomoshg faults in the southemmost Blair River 

inlier. 

Porphyritic diorite in the Fox Back Ridge unit contains acfinolitic to rnagnesio-hornblende 

(60%) as srnall (O. 14.25 mm) anhedral matrix grains with ragged edges and as recrystallized 

subgranular aggregates that are pseudomorphous after primary phenocrysts (0.1 -0 -25 mm each 

gI'ah, 1-3 mm aggregates). lüso present are plagioclase (An-30, 20%), orthoclase or microche 

(15%). and quartz (5%). Where the unit grades to more granocliontic lithologies, the textures and 

minerais are the same, but with less homblende (-40%) and more quartz (up to -15%). Titanite is 

an abundant accessory mineral in some samples, and most sarnples contain minor amouots of Fe-Ti 

oxide minerais. Near late bnttle fàult zones and dong individuai fractures, amphiboles are highly 

altered to epidote and chlorite and feldspars are highly sencithci. Near the Red River tault zone, 

these same rocks becorne progressively more deformed with foliations defined by chlorite bands 



Figure 2.14 - Field occurrences of, and textures in, late granite and syenite. 

(a) dike of Sammys Banen granite intruded into Fox Back Ridge diorite/granodiorite. 

(b) large yeilow igneous titanite grains in coarse-graine& relatively undeformed Sammys Barren granite 
(CW85-034; scale bar = I mm) 

(c) dike of undefonned granite intmded into the Sailor B m k  gneiss and both are cut by a diabase dike, 
probably related to the Fisset Brook Formation. 

(d) thin section of sample h m  the Red Ravine syenite showing micmcline, and large yeltow igneous 
titanite that is very sunilar to those of the Sammys Barren granite (BVM90-121; sale bar = 1 mm) 



Figure 2.14 
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replacing amphibole, and by disaggregated epidote bands; quartz shows incipient nbbon forrnatior~ 

and feldspars are fiactured and highiy altered. Signifiant structures in the Fox Back Ridge 

diorite/grandiorite are related to deformation dong the Red River hult zone and are discussed in 

section 2.2.4. 

Jbmmys Banen granite 

The Sammys Barren granite (Figure 2.1) is an undeformed, medium- to coarse-grained, red 

or pink granite- Ihe main granite body is located on Red River, and a tributary system. Similar 

granite also occurs as dikes and s m d  bodies intruded into the Fox Back Ridge diorite/granodionte. 

Al1 of these granites contain subhedrai microdine (generally non-perthitic) as the dominant K- 

feldspar (-SO%), subhedral to euhedral plagioclase (An25, -25 %), quartz (25%)- and distinctive 

large (up to 2 mm) yellow, euhedral igneous titanite Figure 2.14b). The only mafic minerals 

(~10%) are chlorite and epidote, which are pseudornorphous after biotite. These features contrast 

with the typically gneissic syenitic rocks of the Lowland Brook Syenite and chamockites, which 

commonly contain perthitic K-feldspar, amphibole or pyroxene, spincile-shaped (metamorphic) 

titanite or titanite as rirns around Fe-Mg oxide minerals. 

The boundaries of the Sammys Barren granite are poorly constrained. On Red River the 

boundary is marked by a highly fhctured zme where granite dikes and pods in the Fox Back Ridge 

diorite/granodiorite graduaiiy bemme more abmdant tban diorite and granodiorite. Granite, 

dionte, and granodiorite are intimately Mxed on a tribu- system of Red River, and the contact is 

placed somewhat arbitrarily where granite becames the dominant LithoIogy. 



83 

Small bodies or dikes of similar granite are also present in the Otter Brook gneiss, the Sailor 

Brook gneiss, and the Poiietts Cove River gneiss. A granitic dike in the Sailor Brwk gneiss is, in 

tuni, cut by a mafic dike, probably related to the Fisset Brook Formation (Figure 2. Mc). 

Red R&e syenite 

The Red Ravine syenite (Figure 2.1) is medium to coane grained, brick-red to pink, and 

cornrnody lacks a pervasive gneissic foliation. It crops out west of the Red River Anorthosite 

Suite and adjacent to chamockite unit. AIthough f w  contacts are exposed, no obvious texturd or 

compositional gradation was observed from the chamockite to more K-feldspar-rich iithologies 

toward the syehite. The only observed contact b ~ e e n  the Red Ravine syenite and the charnoclcite 

unit is a brittle (normal?) fâult (Map A). On Red River, the contact between the syenite and the 

Fox Back Ridge dionte/gr;toodiorite is a 15 metre-wide brittle h l t  zone. Dikes and veins of 

syenite and syenogranite intruded the Fox Back Ridge diorite/granodiorite and are rnineralogicaliy 

and texhirally simiiar to the Sammys Barren granite (Figure 2. L4d). 

The dominant feldspars in the Red Ravine syenite are subhedral microcline (up to 70%), and 

anhedral plagioclase (Ao32, 15%). Quartz is a constituent (up to 15%) in some samples, but most 

contain very little quartz. Rare mafic minerals are predominantly chlorite and epidote. Titanite 

grains are large yeiiow blades with weii developed crystal fàces and cleavages, and tircon grains 

are small and prismatic with sharp corners and flat crystal faces; both rninerals appear to be 

magmatic in origin with no subsequent alteration of crystai habit. These minerais and textures are 

sirnilar to those of the Sammys Barren granite but M e r  from those in the Lowland Brook Syenite. 
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Gabbro and Diabase 

At least two generations of gabbroic dikes or srnail bodies are recognised in the Blair River 

inlier. An early set intnided the Sailor Brook gneiss, hwland Brook Syenite, Otter B r d  gneiss, 

Red River Anorthosite Suite, and Polieth Cove River gneiss. These gabbroic rocks are coarse 

grained and metamorphosed, and are distinctive in thaî they are only I d y  deformed, p r e s e h g  

subophitic textures, yet are commonly altered to amphibolibfâcies mineral assemblages; 

aggregates of amphibole replace pyroxene and plagioclase is sericitized andesine or oligoclase. 

A later generation of gabbro or diabase dikes intruded nearly ail units. niese mafic rocks 

are typically b h e r  and finer grained than the metagabbros, are ody siightly altered, and not 

pervasively metarnorphosed. They are rnost abundant near the boundaries of the Blair &ver ialier. 

Adjacent to the Blair River iniier in Lowland Cove, they are related to the Fisset Brook Formation 

(Smith and Macdonald, 198 1). Similar dikes within the Blair River inlier are aiso interpreted to be 

part of the Fisset Brook Formation. 

RhyoIife 

Two distinct types of rhyolite o m r  in the Blair River iniier. Dikes of orange-brown, locally 

fiow-banded, porphyritic rhyoiite with pbenocrysts of quartz and K-feldspar are concentrated near 

the edges of the Blair River iniier. This type of rhyolite is distinctive in that it is coarse-graineci and 

more easily weathered compared to the aphanitic rhyolite. These dikw are probably related to the 

Fisset Brook Formation. The formation near Lowland Cove was assigned to the Late Devonian on 

the basis ofpoorly preserved trilete spores (reportecl in Smith and Madonaid, 198 1). A more 

precise age of 373 * 4 Ma was obtained by Barr et al. (1995) nom a probable correlative unit in 

west-central Cape Breton Island. 
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In coatrast, the second type of rhyolite is a hard, puik aphanitic rhyofite. It contains a very 

fine graineci groundmass of quartz and feldspar and rare large (up to -5 mm) phenocrysts of 

unstrained, euhedral quartz and concetltrically zoned plagioclase. Other sarnples are fbliated with 

roundd porphyroclasts of plagioclase and quartz in a fine-grained sheared maîrix. Some dikes of 

this rhyolite either cut, or are concordant to the foliation in, the bounding fàult zones of the Blair 

River inlier. Aphanitic rhyolite dikes locally separate the lithologies of the Red River Anorthosite 

Suite, and appear to have iatnrded dong brittle faults. In the southem parts of  the Red River and 

Wilkie Brook kult zones, these rhyolite dikes are difiicuIt to distinguish in the field h m  altered 

pink anorthosite, 

Marble and talc-siiicute rocks 

Marble and calc-silicate rocks are rare Iithologies in the Blair River iniier. The largest 

outcrops are the rnineralised skam of the Meat Cove marbles (Chatte jee, 1979; Sangster et al., 

1 WOa; 1990b) at the northern boundary of the Blair River inlier near the Lowland Brook Syenite. 

Other small outcrops of marble and calc-silicate rocks are located in the faulted boundary zones 

between major units or in shear zones. 

Two types of marble and caic-silicate rocks are present in the Blair River inlier. One type is 

a marble composed of carbonate, forsterite, spinel, diopside, and muscovite with or without 

phlogopite; the other is a calc-silicate schist composed of diopside, tremolite, and phlogopite, with 

or without pIagioclase and carbonate. The former is typical of the Meat Cove marble Iocated in 

f iu l td  boundaries of the Lowland Brook Syenite. The marble is commonly bande& with bands 

defined by concentrations of granular diopside and randornly oriented phiogopite. Forsterite is 

commonly partly serpentinid but most other minerals are relatively k h .  Patches of sphalerite 
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overgrow both carbonate bands and bands rich in silicate mimrals. These mineraliseci patches 

locally replace aii minerals except muscovite, which is the ody minera1 present as inclusions in 

sphalerite. Thus the Zn-suiphide minerakation has overprinted (Le., is later than) the caic-silicate 

metamorphic assemblage. 

The calc-silicate schist is dark green to black and is more cornmon in internai shear zones 

within units and at sheared boundaries between units. This type of calc-silicate rock is typifïed by 

polyminerdic augen of recrystallized diopside, tremotite. and phlogopite. Phlogopite grains within 

the augen are small(4.25 mm long), interstitial, and randomly oriented whereas phlogopite grains 

wrapped around augen are larger (0.3-0.5 mm long) grains that define the foliation. Some of these 

rocks may be deformeci quivalents of silicate mineral-rich portions of the Meat Cove rnarble. 

Chatte jee (1979) and Barr et al. (1987b) interpreted the Meat Cove marble to be xenoliths 

in the Lowland Brook Syenite. However, the rnarbles are located in the highiy sheared and poorIy 

exposed boundary region betweetl the syenite and Carboniferous clastic rocks and only sheared 

contacts were observed during this study. No syenite dikes, fingers, apophyses, intrusion breccia, 

or other definitive indicators of an intrusive relationship were observed. At several I d t i e s ,  

intense sulphide mineralizattion is associateci with mafk dikes. Sheared marble lenses are 

spectacularly exposed in strongly gneissic to mylonitic syenite in sea c m  near the mouth of Sailor 

Brook (Figure 2.12a). These lack sulphide muieraiization, but contain metamorphic phlogopite, 

diopside, grossular, and serpentine pseudomorphous after forsterite. 



2.3 Structure and foliation orientations 

Sailor Brook gneiss 

The Saiior Br& gneiss is divided into three structural subdivisions based on the distribution 

of îabric styles. The subdivisions are areas of (i) predomiaailtly amphibolite-hies gneissic 

foliationsy which afEct the rnajority of the outcrop area, (ü) the best preserved relict hi&-grade 

gra~iular bandingy which is preserved adjacent to the LowIand Brook Syenite and in the centre of 

the unit on the southem branch of Saiior Brook, and (iii) the gneissic, mylonitic, and schistose 

foliations around the northem tip of the Delaneys Brook anorthosite. Amphibolite-kies foLiations 

are gneissic to augen-gneissic foliations defhed by the shape-prefered orientation of homblende 

and biotite. Thûe foliations wrap around rare, 1-2 mm, granular pyroxene-bearing lenses. High- 

grade banding is defined by the concentration oforthopyroxene, chopyroxene, biotite and Fe-Ti 

oxide minerals relative to quartz and plagioclase. Fault zone foliations around the Delaneys Brook 

anorthosite are commonly defined by chlorite and muscovite aoasiomosing around lensese of quartz 

and feldspar. 

Poles to the predominant amphibolite-facies gneissic foliation scatter widely about a NW- 

trending, steeply to moderately NEdipping cluster (Map B, stereonet A) with a mean orientation of 

339/784. There are fm data for the orientation ofthe relict high-grade granular cornpositional 

layering, but their orientation is paralle1 to the crescent-shaped contact with the LowIand Brook 

Syenite (Map B). Poles to the granular layers lie on a well defineci girdle with a best fit orientation 

of OO8/S6 (Map B, stereonet B). Whether these orientations reflect that of the intrusive contact or a 

large-scale fold is uncertah, but no minor folds were observed in the granoblastic gneiss. Near the 

' Al1 planar orientation data are in right-hand-de format. Stereuplots were made and c o n t o u .  and mean 
orientations and best fit great circles were calculated, using the cornputer program Rockworks (v. 6.13) by 
RockWare Inc. 



Delaneys Brook anorthosite, where the Hïgh Capes and McEvoys Barrai shear zones converge, 

gneissic foliations trend NNW and dip stceply WSW, they progressively rotate to E-W and south- 

dipping around the tip of the anorthosite, and west of it trend N-S and dip moderately W (Map B). 

Foliation data foxm a broad girdte on the stemnet (Map B, stemnet C), with a best fit orientation 

of 3OW3S. 

Polleits Cove Riwr gneiss 

Foliation data fiom the Poliet& Cove River gneiss west of the High Capes shear zone (Map 

B, stereonet D) scatter about a girdle that results from progressive rotation of foliation orientations 

into parallelism with the High Capes shear zone (Map B). The sense of foliation rotation is 

clockwise. Stereonet E on Map B shows foliation data from the segment of the unit baween the 

two internai shear zones. The data are scattered, but are steeply to moderately dipping witS a 

mean orientation of 3 1818 1. No systernatic foliation orientation is apparent in the southeastem 

segment of the unit West of the Red River Anorthosite Suite (Map B, stereonet F). In the eastem 

part of the unit north of McEvoys Bmen (Map B, stereonet G), foliations trend NE near the 

Lowland Brook S yenh and NW near the Salmon River anorthosite, broadly parallel to the 

contacts with both bodies. 

Red River Anorthosite Suite and chumockife unif 

Bekken (1993) recognised that the predominant foliation orientation in both the anorthosite 

and gabbro is NE-SW and that this orientation is bcoadly parailel to the trend of the W i e  Br& 

fàult mne. Foliations in the anorthosite are defined by wispy mafic streaks, fiattaied clusten of 

ma6c minerais, or recxystailized cm-scale megacrysts. In defoxmed leucogabbro, a gneissic 

foliation is dehed by the orientation of elongate pyroxene grains, or their alteration mosaics. The 
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trends of the defonnational foliations are generally parailel to the lensoid shape of the anorthosite 

body (Map B). but are also iduenced by shearing on the Wilkie Brook fàult zone and by late 

brittle faults and small shear zones. Thus, the foliation orientation data fiom the anorthosite and 

gabbroic uni& form no obvious pattern on the stereoplot (Map B, stemnet H). In layered units, 

compositionai layering is the dominant fabric. an oblique minerai lineation is also rarely observed. 

The orientation of the layering is &O scatîered, as shown in Map B, stereonet I, but the 

predominant orientation is 201/50, subparaliel to the Wilkie Brook fkult zone. Mineral lineations 

in the layered unit mostiy plunge gently WNW, but are also scattered and fold axes plunge gentiy 

to the NNW or SSW (Map B, stereonet J). Although the data are too few for detailed analysis, 

minor f%ults and srnall shear zones in the Red River Anorthosite Suite appear to have no prevalent 

orientation, and mafic and felsic dikes trend generally NE (Map B, stereonet K). These fâults 

locally deflect the predorninant fabric of the anorthosite, gabbroic rocks, and the Wilkie Brook 

£kult zone (see below) and are probably partly responsible for the wide scatter of data on the 

stereoplots. 

Map B, stereonet L, and Map A show the orientation of layering and gneissic foliation in 

charnocicite. Thae data form a broad cluster with NNE to ENE trends, steep to moderate 

northwest or West dips and a mean orientation of OîU8 1. Layering and foliation in the chamockite 

are generally subparallel to that of the layered unit but with opposite dips. 

Lowlmd Brmk Syenite 

The orientations of gneissic foliations in and adjacent to the Lowland Brook Syenite are 

show on Map A. Foliation data are more abundant in the northem lobe of the syenite because of 

b e r  access and better exposure. The gneissic foliations defined by arnphibolite-licies minerals in 
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both the nortbern lobe and the southem flange are subpafauel, with a mean trend of 3 16/89 (Map 

B, stereonet M). The curved contact with the Sailor Brook gneiss, which may be foldeci, bas no 

obvious effect on the orientation of foliations in the syenite. The orientation of the foliation in the 

syenite is similar to that of the deformational foliation in the Sailor Brook gneiss but differs 

significantly fiom that of the granular ~rnpos i t iod  layering (compare with Map B, stereonet A 

and con- with Map B, stemnet B). 

Otter Brook gneiss 

In intermediate quartzofeldspathic gneiss, wispy (-0.5-1 cm wide) hornblende- and biotite- 

rich m . c  bands and lensoid or augen bands of mostiy quartz and feldspar define the gneissic 

foliation. Foliated amphibolite gneiss contains a foliation defined by the preférred orientation of 

hornblende and biotite. The gneissic foliation planes are consistent throughout the unit, trending 

NNE and dipping moderately to gently WNW (Map B). Foliation data form a broad cluster on the 

stereoplot (Map B, stereonet N) with a mean orientation of O 12/74. Toward the boundary with the 

Poiietts Cove River gneiss, the gneissic foliation progressively rotates to paraiiel to the ENE- 

trending boundary shear zone (Map A). Foliation data frorn the boundary shear zone cluster 

tightly with a mean orientation of 238183 (Map B, stereonet O). The sense of rotation of the 

gneissic foliation into the boundary shear unie is clockwise and suggests dextral shear. 

2.3 Boundary fault zones 

The BIair River inlier is bounded on the east by the Wilkie Brook fàult zone and on the 

southwest by the Red River fault zone. The two fault zones nearly merge to the south, but late 

brittle iàults and granite intrusions obscure cross-cutting relationships. However, the Wilkie Brook 
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fàult zone appears to be the dominant structure, truncaîing and deflecting the Red River fàult zone 

2.3.1 Red River and WiIkie Brook fault zones 

Red River fat& zone 

The Red River fault zone extetlds fiom near the village of Red River to near Grand Anse 

River at the foot of North Mouutain. nie h l t  zone trends NW-SE almg much of its length but 

trends N-S at its southeastem extaision where it converges with the Wilkie Brook Eiult zone. The 

Red River hult zone separates the buk of Devonian or Carboniferous granitic plutons (Andrews 

Mount* Grande Anse and Margaree plutons), Silurian metadiabase, pelitic and psammitic 

schist, and orthogneiss of the Aspy terme from orthogneiss, diorite, pod io r i t e ,  granite, and 

syenogranite (Fox Back Ridge dioritdgranodiorite and Sammys Barren granite) of the Blair River 

inlier. 

Along much of its lengh, the Red River hult zone is a distinctive black myloaite or 

ultramylonite with a poorly developed foliation and weak compositional layering. The layering is 

define- by thin (genedy c l  cm) felsic mylonite layers. in several locations, rocks grade fiom 

black ultrarnyloaitc to diorite with granitic veins and pods that resembles the Fox Back Ridge 

diorite/granodiorite. Therefore, the Fox Back Ridge diorite/granodiorite is considerd the protolith 

of the mafic rnylonite. 

Where it is exposed in road cuts on the Cabot Trail, the Red River huit  zone is a zone of 

anastomosing Iayers of locally intense deformation. Granite and syenogranite clasts in a mylonitic 

to schistose mafic (chlorite-biotiteqidote) matrix resernble the Sammys Barren granite and Red 

Ravine syenite. Highly sheared anorthosite clasts and lensa are present in the fàuit zone dong the 
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Cabot Traii, but are aot fouad e l h e r e  in the h l t  zone (Map A). At its northwestem extremîty, 

the Red River fàult zone is oBet by brittle Eiults that juxtapose divers of granite wrrelated with 

the nearby Andrews Moutain pluton (Raeside and Barr, 1992)- rhyolite of the Fisset Brook 

Formation, and Carboniferous clastic rocks. Aithough ali contacts observed in this study are 

fiiults, the rhyolite and clastic rocks were probably deposited unconfomiably over the Red River 

fàult zone. At its southeasteni end, the h l t  zone is tniocated by late brittle faults that juxtapose 

sheared mafïc rocks and protomylonitic coarse-grained granite with the relatively undefonned 

Grande Anse and Margaree granite plutons. Both plutons are locally sheared near the fàult zone, 

Uidicating some pst-intrusion movement. 

Mylonitic foliations in the Red River fault zone strike generaliy NNE, or N-S, in accordance 

with its curved trace (Map B, stereonet P), and dip gently to moderately E or NE. Mineral 

heation data scatter, but in general those associated with NW-SE trendiog foliations plunge 

moderately N, and those associated with N-S trendhg foliations plunge E or SE. Because the 

mafic ultramylonite and mylonite are very fine grained, they do not provide good rnacro-sde 

evidence for the sense of shear. However les  defomed rocks in the anastomosing lenses dong the 

Cabot Trail contain ngid felsic clasts in a fiae-grained, foliated mafic matrix, the asymmetry of 

which suggests top-to-the-SW shear sense. Because foliation planes dip at low to moderate angles, 

the iineation is mmrnoniy down-dip, and sense+f-shear indicators suggest that the hanging waii 

moved up the iineation, the Red River Eiult zone is interpreted to be a predomiBantly NW-SE 

trending, moderatdy NE dipping, reverse fâult. 
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WiZkie Brook f i  zone 

The Wiie  Brook Ewlt zone extends Îrom the Cape North peninsula, through the valleys of 

Wike  Brook and Greys Hollow Bmok, to the headwaters ofNorth Aspy River. Exponire is pmr 

on the North Mountain plateau and absent in the area of sweral large bogs and lakes (Red River 

Lakes). The position of the fault u n e  in this region is inférred nom the first occurrence of large 

(up to I m3) morthosite boulders in bogs and lakes and on steep hillsides. On contoured 

orthophoto maps, the fàult is rnarlced by a prominent heament across the North Mountain plateau, 

and by the trend of several small bmks .  The W i e  Brook fàult une  is tnuicated by the Aspy 

hult at its southemmost extent, (Figure 2.1). The style of deformation in the fault zone is 

heterogeneous, both dong and across strike, and coasists of a system of aaastomosing granitic 

mylonite, mafic phyllonite and schi* and cataclasite rocks. 

The northem portion of the fault zone is characterised by a relatively oarrow (<OS km) band 

of ChI+Ep+BWb schist and phyllonite with rare granittic mylonite. Within the fàult zone, rocks 

recognisabIe as denved from both the Blair River iniier and Aspy terrane are interleaved and 

variabiy deformed and altered. Lenses of chamockite, anorthosite, marble, and calc-silicate rock 

preserve fresh anhydrous mineral assemblages even though the lems  a x ~  contained within a 

chloritic schist. In some of the larger lenses (2 m wide by about IO m long), defomiation is intense 

within a few tens of centimetres of the edge of the lem, but the centre of the lens is relatively 

undeformeci. One rnarble lens preserves spinel, randomly orienteci phlogopite, and partly 

serpentenised forsterite in the centre of the Iens. Clasts and lenses of anorthosite that range fiom 

several tens of centimetres to tens of meters wide are present dong the Iength of the fault zone. 
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In the northem segment of the W i e  Brook fault zone, foliation planes strike pdominantly 

NE-SW, and are steeply dipping, with a mean orientation of OW82  (Map B, stereonet Q). The 

chlontic schist and phyllonite that t y p e  this segment ofthe fault zone are fine-graineci and easiiy 

weathered, therefore, mineral heations are difficult to set in outcrop. AIthough the data are few, 

mineral lineations plunge gently to moderatdy NNE, W, or SE (Map B, stereonet Q). In the field, 

the NNEplunging heations are the most strongiy developed and are frwn areas Ieast Iikely to be 

compticated by rotation due to Iate fàulting. 

The southem segment of the Wilkie Brook Euilt zone is characteriseci by more abundant 

(comparai to the northem segment) granitic myIonite or granitic augen gneiss along with 

cataclasite, mafïc schist and phyllonite. Road cuts along the Cabot Trail expose medium to coarse 

graine- porphyroclastic granitic mylonite (Figure 2.15a). Anorhosite clasts and lenses (perhaps 

originally xenotiths in the granite?) are present in the mylonite (Figure 2. ISb). The abrupt dong- 

strike discontinuity between mylonite on the Cabot Trail and morthosite on Red River (Map A, B) 

implies that a fêult that cuts the myIonite and is parallel to diabase dikes that also cut the mylonite 

(Figure 2.15 c). The Iate fault is not exposed, but its inferred trace follows a prominent gully and 

its probable dong-strike continuation on Red River is marked by an intense breccia zone. 

Exposure is pmr  in the segment of the Wilkie Brook fàult zone h m  North Mountain to the 

headwaters of Polletts Cove River. However, granitic mylonite foliation planes are steeply dipping 

with a mean orientation of O8W8 1 and mineral lineations plunge gently to moderately W or WSW 

(Map B, stereonet R). The granitic mylonite strikes nearly perpendicular to the overall trend of the 

Euilt zone and was probably rotated by the late brittle faulting. 



Figure 2.15 - Samples and outcrops of myIonite and other s h e d  rocks in the Wilkie Brook fault zone 
. along the Cabot Trail. 

(a) slabbed hand samples of granitic myloaite fiom the southern segment of the Wilkie Brook fauIt zone 
(BVM9 1-557, BVM9 1.568). 

(b) sheared anorthosite clast in granitic mylonite exposed along the Cabot Traii. 

(c) maftc dikes (offst slightiy by late minor fadts) that cross-cut granitic mylonite. 



Figure 2.1 5 
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At the southenimost tip of the Blair River uilier, where the two bounding huIts nearly 

merge, the W i i e  Brook fàult zone trends nearly N-S and is the dominant structure. The fàult 

zone in this area is chaiaaerised by lenses and clasts of anorthosite (ranging h m  several 

centimetres to teas of meters wide) in mafic schist, phyiIoaite and deformed granite. The 

margin of the Margaree Pluton grades through various stages of brecciation and shearing toward 

the Wilkie Brook fh l t  zone. A distinctive lithology in the southemmost portion of the fâult zone is 

homblende-biotite gneiss with a fine-graineci quartzofèldspathic gmundmass and large radiating 

acicular or bow-tie texture hom blende porphyroblasts (Wunapeera, 1 992). The texture is 

distinctive and, in cross-strike traverses, this rock type marks the fkt identifiable outcrops of the 

Aspy terrane. In the more intensely defomeâ rocks adjacent to the fàult zone, homblende 

porphyroblasts are synkinematic with respect to shear under amphibolite-hcies conditions. In this 

southemmost portion of the Wilkie Brwk Ewlt zone, foliation planes have a mean orientation of 

342/77 and minerai lineations have no consistent orientation (Map B, stereonet S). 

The orientation of defbrrnaîional foliations is interpreted to Uidicate that the Wilkie Brwk 

fàult zone is a NNE to N trending, steeply SE dipping structure. Mineral lineaîion data are highiy 

scaîîered and are insufficient to allow for interpetaiion of a vector of movement. Microstmctural 

evidence for the seose of shear is indistinct, but larger scale features, such as the asymmetry of 

chlorite-schist foliation arouad anorthosite lenses (Figure 2.15b), the local sense of rotation of 

foliation in proximity to the shear zone (Map B), and the sense of deflection of the Red River fiult 

zone suggest dextrai shear. 

By contrat, defonnation attributed to shear on the Wilkie Brwk fàult zone (Raeside, 1989; 

Wunapeera, 1992) affiects rocks in the Aspy terrane in a wide zone (up to 2 J km) of highly 
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foliated and layered rocks that contain mid- to upper-amphibolte fkcies metamorpbic minerais. 

These rocks uiclude foliated amphibolite, biotite-hornblende gneiss, pelitic schist and gneiss, 

quartzofeldspathic gneiss with large acicdar homblende, and granitic rnylonite. Foliation planes in 

this zone shike consistently NE-SW and are nearly verticai (Wuaapeera, 1992). Mineral heations 

are well developed and plunge NE or SW a -  low to moderate angles (Wu~tapeera, 1992). Rawide 

(1989) interpreted the kinematic &ta (intrafoliai minor folds, asymnietric boudins, and rotated 

clasts) fiom the Aspy terrane adjacent to the Wilkie Brook fàult zone to indicate transcurrent 

sinistral movement. 

2.3.2 Constraints on the timing of fault zone movement and terrane juxtaposition 

Synkinematic homblende in rocks of the Aspy terrane that were a E i î  by shearing dong 

the Wilkie Brook fâult zone yielded 40Ar?9Ar ages of ca: 390-380 Ma (this study and Wunapeera, 

1992). One pluton fiom a suite of undeformeci granites in the Aspy terrane adjacent to the W i e  

Brook fault zone yielded an 40As?9~r age on biotik of 3 70 * 5 M a  (Reynolds et al., 1989) and 

related dikes and srnail pods of granite intrude the chlorite schist adjacent to the Blair River inüer, 

but are themseves sheared. The Fisset Brook Formation is assigned to the Late Devonian or early 

Carboniferous in this area (Smith and Macdonald, 198 1). This is the oldest unit that can be 

correiated across the bounding fàult zones, but it does not overstep either kult zone. Both the 

Wilkie Brook and Red River fault zones are I d y  overlain by the Horton, Windsor, and Canso 

groups, the oldest strata of which are Tournaisian in this a m  (Hamblin and Rust, l989), but 

tilting and relatively rninor faulting of these units indicate that relatively minor movements 

continuecl weU into the Carboniferous. 
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Therefore, amphibolitefkcies sinistral shear dong the W i e  Brook fàult zone, as it affected 

the wide band of the Aspy terrane, haû ceased and the area had cooled through homblende closure 

temperatures (-450 * 50°C) by ca. 370 Ma. Lower-grade and higher level shear dong the WiUae 

Brook fàult zone continued into the Carboniferous in a aanow zone adjacent to the Blair River 

inlier, and interleaved uni& fiom both sides of the fault zone. The later stage of shear probably 

represents the final juxtaposition of the Blair River inlier and Aspy terrane at a hi& structural level 

in the Late Devonian or Early Carbonifèrous. 

2.4 Summary 

The Blair River inlier is here defineci as the preDwonian units in northemmost Cape Breton 

Island in the area bounded by the Red River and Wilkie Brook fàult zones to the south and east and 

by Devonian to Carbonifémus cover rocks to the north. The rnap and unit nomenclature of Barr 

and Raeside (1992) was updated as part of this study. Changes from their mapping include the 

recognition of the Saiior Brook gneiss and Otter Brook gneiss as separate gneissic units and 

combination of other undivided gneissic and plutonic rocks into a unit named the Polletts Cove 

River gneiss. Also newly recognised are the Fox Back Ridge diorite/granodiorite and Sammys 

Barren granite, which are known or assumeci to be mid-Paleozoic in age based on the absence of 

penetrative deformational fabrics. The Red River Anorthosite Suite consists of a centrai massive 

anorthosite unit that grades to the west into leucogabbro, massive gabbro, and layered gabbro. 

Pyroxenite dikes or layers occur in the layered gabbro unit. A charnockite unit is locally 

gradational with the layered unit. The Lowland Brook Syenite intruded the Saiior Brook gneiss 

and is l d y  undeformed, but most of the body contains a gneissic foliation defined by 

amphibolite-facies metamorphic mineral assemblages. Minor units include several small 

awrthosite bodies, gabbroic and rhyolitic dikes, and srnaii occurrences of marble, including the 
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Meat Cove Marble. The marbles are ubiquitously located in fàulted zones between major Utlits. 

'Lbe majority of rnovanent on the W i e  Brook and Red River t5uiIt zones had ceased by the Late 

Devonian on the basis of correlations of cross-cuttuig gtanitic dikes with Late Devonian granites 

in the Aspy Terrane and on the basis of the age of the overstepping Fisset Brook Formation. 



C&QPTER 3 - Geochemistry 

3.1 Introduction 

Previous geochemical studies of the Blair River inlier have focused on the Red River 

Anorthosite Suite (Dupuy et ai., 1986; Bekkers, 1993), the hwland Brook Syenite (Deveau, 

1988), and the Fisset Brook Formation (Smith and Macdonald, 198 1). No systematic attempts 

have been made to characterise the chemistry of all of the major units, and to describe possible 

relationships between them and minor units. The primary purpose of this cbapter, therefore, is a 

chernical characterisation of the major gneissic and plutonic units and the minor igneous unit5 in 

the Blair River inlier. 

As part of this study, forty samples were d y s e d  for whole-rock major and trace element 

concentrations, including representative samples fiom most of the major and minor units. 

Additional data are compileci fkom Mitchell (1979), Smith and Macdonald (198 l), Dupuy et al. 

(1986), Deveau (1988), Bekkers (1993), and unpublished data from S. Barr. Adyticai techniques 

are described and the previously unpublished data are tabuIaîed in Appendix A3.1. SampIe 

locations are shown on Map C. 

3.2 Gneissic units 

Four samples from the Otter Brook gneiss and eight samples fiom the Sailor Brook gneiss 

were analysed in an attempt to define their geochemical character and investigate the nature of their 

protoliths. Also included are data nom Deveau (1988) for two samples tbat are chemicaily and 

lithologically anomalous compareci to the remainder of the syenite samples, and are here considered 

Sailor Brook gneiss. Samples fiom the main body of the Sailor Brook gneiss include those with 

modal compositions of tonalite, diorite, quartz,monzodionte, and granodiorite. The two samples 

fiom Deveau (1988) have modal compositions of monzogranite. Granoblastic mafic xenoliths in 
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the Lowland Brook Syenite are of quartz diorite and gramdionte compositions. Samples from the 

Otter Brook gneiss have modal compositions ofgranodiorite, m o d o r i t e ,  and monzogabbro. 

Harker variation diagrams for the gneissic uaits are shown in Figure 3.1. With the exception 

of the xenoliths, the data from the Sailor Brook gneiss show weakly defineci trends, with respect to 

&03, MgO, Cao, &O, and P205. The Si02 contents of mafic xenoliths are 47% and 55%- 54- 

62% in tonalitic and dioritic gneiss, and 6 145% in granodioritic and m o d o r i t i c  gneiss. The 

anaIyses fiom the ûtter Brook gneiss form a general trend with respect to all eIements, with the 

exception of the monzogabbro sample. The monzogabbro is consistently anomalous compareci 

with the other three samples (e-g., 24% Ai203), but is chemically similar to gabbroic rocks in the 

Red River Anorthosite Suite. Clusten or trends on Harker diagrams may be used to argue for 

derivation of a gneissic unit fkom a differentiated igneous suite (e-g., McLelland and Chiarenzelli, 

1990a). However, the sparse data fiom the Sailor Brook gneiss and Otter Brook gneiss are 

insufficient to warrant such an interpretation based on major eIements. 

On plots using elements that are generally considerd immobile du ring rnetamorp hism and 

alteration (e-g., Ti, Zr, Y, Nb, Ga, Winchester and Floyd, 1976), the tonalite, diorite, and one 

xenolith fiorn the Sailor Brook gneiss form a broad cluster (Figure 3 .Sa) that is as tight as many 

published examples of rnetamorphosed and altered mafic igneous suites (e-g., < 1/2 log unit of 

sûatter; cf, Atkin and Brewer, 1990; Floyd and Winchester, 1977). The three more potassic 

samples and the other xenolith fidl outside of this cluster, and this may indicate that they have 

unrelated protoliths. Immobile element data from the ûtter Brook gneiss samples scatter widely 

(Figure 3.2ad) and more analyses are necessary to assess the sigdicance of the data. Immobile 

elements in combination with orber elements and element ratios (Figure 3.2e-g) corroborate, but do 
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Figure 3.1 - Harker diagrams for major elements fiom gneissic units. Potassic divisions are after LeMaitre 
(1989) 



Figure 3.2 - (ad) Immobiie element concentrations in the SaiIor Brook gneiss and Otter Brook gneiss. (e- 
g) Igneous vs. sedimentary geochemical disaimination diagrams for intermediate to felsic gneisses. 
D i a p m s  are afier Winchester et al. (1980), Leake (1964), and Werner (1987) clockwise nom top left 
Symbols as in Figure 3.1. 
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not confïrm, the interpretation of an igneous protoiith as described in Chapter 2 based on field 

observations. 

3.3 Lowland Brook Syenite 

Whole-rock geochemical data fkom the Lowland Brook Syenite include one new analysis of 

undeforme. massive syenite and thirteen analyses, mostly of gneissic syenite, fiom Deveau (1988). 

On Harker diagrams (Figure 3.3), the Lowland Brook Syenite data form tight clusters or 

wel1-dehed trends with Si02 between 5642%. The six sampla that consistentiy cluster at the 

high-Si02 end ofthe trend (e.g., highest K20; Figure 3.3) are datively undeforneci massive 

syenite with low mafic-mineral content, no plagioclase phenocrysts, and little or no titanite. The 

other samples are typically more mafic, titanite- and calcic plagioclase-bearing, gneissic syenite 

and that mineralogy is reflected in their higher MgO, FeOtot, TiO2, Cao, and lower K20 contents. 

The Lowland Brook body is alkaline (Figure 3.4a), shoshonitic with K20 above 3.6% and with 

K20/Na20 between 0.7-1.4. Al203 contents are 16-18% and moa samples are metaluminous 

(Figure 3 -4b). Variation diagrams for selected trace elements are show in Figure 3.4~-f. The 

syenite contains relatively high concentrations of Ti, Y, and Ga, and low concentrations of Nb 

( G O  ppm). On plots of important Uidicators of differentiation and bctionation, for example Zr 

vs. Ti (Figure 3 . 4 ~ ) ~  the Lowland Brook Syenite data define an incornpatible-eiement enrichment 

trend. 

Foley et al. (1 987) divided potassium-rich igneous rocks into three groups with distinct 

petrogeneses and implications for tectonic settiogs. Group I is composed mostiy of mafic (4445% 

SiO2) lamproites (K20/k20>5) in stabilised orogenic areas foilowing subduction-related 
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Figure 3.3 - Harker diagrams for major elements fkom the M a n d  Brook and Red Ravine syenite bodies. 
Potassic divisions are after LeMaitre (1989) and Peccerillo and Taylor (1976). 
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Figure 3.4 - Selected major and trace element variation diagrams for syenite bodies. (a-b) Aikaline vs. 
subalkaline and a l h u m  saturation classification dia- of Maniar & Piccoli (1989), (c-f) selected 
trace element plots. 
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rnagmatism and Group II includes ultrapotassic mafïc rocks of continental rift zones (Wilson, 

1989). By contrast, Group III contains a wider variety of rock types, incIuding more felsic 

(trachy-basalt to trachyte and intrusive equivalents) varieties associateci with active subduction- 

related, orogenic zones. Low-pressure fiactionai crystalIisation and cnistal contamination in 

Group III help to produce the characteristically more silica-Iich magmas and the extreme 

enrichments in incompatible elements. This group is also characteristically high in Al203 (> 1 1%) 

mpared  to other K-rich igneous suites. Consistently low Nb (<50 ppm) concentrations over a 

wide range of Zr concentrations (100- 1 100 ppm) are typical of Group III K-rich magmatisrn and 

are distinct fiom the higher N b  (> 100 ppm) concentrations of intraplate potassic plutonism 

(Thompson and Fowler, 1986). The Lowland Brook Syenite shows all of these characteristics and 

is here classified as a Group ï X I  shoshonitic pluton. 

Comveau and Gorton ( 1 993) recognised a belt of Group III, ultrapotassic, potassic alkaline, 

and shoshonitic igneous suites that were emplaced into the Central Metasedimentary Belt of the 

Grenville Province between 1074 and 1089 Ma. The magmatic belt consists of two suites, a felsic, 

criticdy silica-sahirated (quartz to slightly nepheline normative) shoshonitic suite and a felsic to 

ultramafic, silica-undersaturateci potassic to ultrapotassic suite. Tine Kensington, Cameron, and 

Loranger plutons of the Mont-Laurier area of Quebec t y p e  the shoshonitic suite (Comveau and 

Gorton, 1993). The shoshonitic suite contaias very tittle magmatic biotite with amphibole or 

clinopyroxene behg the dominant Fe-Mg silicate mineral. The suite is alkaline, with K20/Na20 

between 0.8 and 1.2, has high Al203 (16-19%), and low (13-5 1 ppm) Nb concentrations. These 

were considered to be plutons related to subduction in a Middle Proterozoic island arc by 

Corriveau (1990). Associated rnafic suites in the Central Metasedimentary Belt are thought to be 
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related to subduction at an active continental margh (Pehrsson et al., 1996), and this interpretation 

is consistent with the chemistry (e-g., Thompson and Fowler, 1986; Foley et al., 1987; Wilson, 

1989) of the Grenvillian syenites and the Lowland Brook Syenite. The sboshonitic, cntically 

silica-saturateci plutons in the Central Metasedimentary Belt are strikingly similar in age, size, rock 

type, rnineraiogy, mineral textures, and geocbemical characteristics to the Lowland Brook Syenite. 

3.4 Anorthosite and charnockite 

Whole-rock geochernicai data fiom subunits of the Red River Anorthosite Suite, several of 

the smaller anorthosite bodies and chamockitic rocks are cornpiled fiom Mitchell (1979), Smith 

and Macdonald (1 98 l), Dupuy et al. (1 986). Bekken (1993), and unpublished data fiom S. Barr. 

The data are grouped into the Lithological subunits denaed in Chapter 2: massive anorthosite, 

leucogabbro, layered rocks, and pyroxenite. Kighiy altered samples of massive anorthosite and 

leucogabbro as well as quartz-rich (metascmatised?) ''white rock" are separateci as sub-types. In 

the field, the lithologic sequence in the Red River Anorhosite Suite is a gradation outward fiorn the 

centre of the body fiom massive anorthosite into leucogabbro and gabbro, and layered rocks. 

Pyroxenite dikes intmded the layered rocks. The charnockite occurs around the periphery of the 

anorthosite suite, 

The lithologic sequence recognised in the field is also evident in trends defined by major- 

element geochemistry. Fractionation trends of anorthosite suites typically show decreasing SiO2, 

opposite to normal hctionation trends hcluding those of charnockitic suites (Buddington, 1972; 

Ashwai, 1978). The disparate trends are apparent on the Harker diagrarns (Figure 3.5) and are 

most pronound with respect to Al203 concentrations. Anorthosite samples have the highest 

Ai203 (27-29%) and the concentration decreases through leucogabbro, layered rocks and 
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A anarthos i  te 
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Figure 3.5 - Harker diagrams for major elements fiom the Red River Anorthosite Suite, charnoclcite, and 
"white rock". The separate anaiyses from &c (iow Si%) and felsic (high SiOz) bands in the layered 
unit are C ~ ~ e ~ t e d  by the soiid line. 
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pyroxenite. A srnaII gap in the trend occun between the leucogabbro and the layered rocks, and 

the low-Si02 part of the cbamockite trend fidis into the gap (Figure 3 -5). The decreasing Al203 

trend murs  at fairly constant, or slightly decreasing, Si@ contents fkom the anorthosite to the 

layered rocks but an abrupt change of trend occun in the pymxenite samples. Similar, though less 

clearly defineci, gradationai relatiomhips and trends are distuiguishable in plots of the other major 

elements as well. 

With increasing degree of alteration, Ai203 in the anorthosite decreases slightly and Si02 

hcreases slightly. The highly altered anorthosite samples are higher in Na20 and K20 and lower 

in Ca0 compared to the relatively f k h  massive anorthosite. The '%hite rock" saraples and a 

quartz-rich felsic layer separateci fkom the layered unit form a diagonal trend fiom Ai203 and Si02 

concentrations comparable to the anorthosite sarnples to low Al203 and hi& Si02 comparable to 

the most siiiceous chamockite samples. The trend of slightly higher A1203 and siightiy lower Si02 

concentrations also occun in a highly altered leucogabbro sample that is displaceci fiom the main 

cluster (Figure 3.5). The m a h  and felsic layers fkom the layered unit that were analyseci ' 

separaîely are joined with the solid Iine in Figure 3.5 (the mafic layer is the low-Si02 analysis). 

The mafk layer is higher in FeOtoty MgO, TiO2, and Cao, as reflected in the higher rnafic mineral 

content but there is littie différence in AI203, Na20, and K20. 

Data fiom chamockite samples span a wide muge in Si02 (54-74%), but forrn fàirly tight 

trends on some IIarker diagrams (Figure 3 S). On most diagrams the trend begios with the more 
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mafic samples (lowest Si02) at values between the leucogabbro and layered unit. ifthis is a 

fiactionation or differentiation trend, then the charnockitic rocks were derived fiom a magma with 

a majorelement composition intemediate between the leucogabbro and the buk layered unit, 

although the low-Si% part of the trend may be blurred due to "smearing" of the contact during 

metamorphisrn or due to contamination of the charnockite by the anorthosite during emplacement. 

In ternis of their chemical constituents, the anorthosite data plot in the tonalite field on an 

An-Ab-Or diagram and in the gabbro (anorthosite) field on the QAP diagram (Figure 3.6). The 

highly altered samples are offset slightly toward the sodic and alkali apices, respectively. The 

trend toward les-calcic anorthosite compositions is consistent with the observai decrease in An 

content in the highly altered samples. Leucogabbro data plot in the monzogabbro, gabbro 

(anorthosite), and quartz diorite fields. Whole-rock samples of the layered unit plot in the gabbro 

(anorthosite) and quartz diorite fields. The felsic layer separated fiom the layered unit plots above 

the tonaiite field and a mafic layer fiom the same sample is indistinguishable fiom the leucogabbro, 

despite an abundance of modal quartz associated with retrogradeci pyroxenes (Chapter 2 and 

Figure 3.6). Pyroxenite samples do not plot accurately on these diagrams due to their low SiO2, 

NazO, and K20 and high Ca0 contents. Data fiom chamockite samples scatter widely on 

nomenclature diagrams and hclude (chamockitic terms in parentheses) monzodionte and quark 

monzonite (mangente), quartz diorite (norite), tod i te  (enderbite), grandorite (opdalite), and 

monzogranite or granite (charnockite). 

The anorthosite and related rocks aiso have trend-forrning relationships in ternis of their 

trace elements, but the most informative is a plot of Sr vs. Zr (Figure 3.7a). Strontium is generally 

concentrateci in anorthosite (600-1000 ppm) due to the abundance of calcic plagioclase but 



I : granite 3 : granodiorite 
4 : tonalite 6 : quartz monzonitt 
7 : quartz monzodiorite 8 : quartz dioritc 
10 : moazoniie 11 : monzogabbm 
(monzodiorite) 12 : gabbro (dionte, anorthosite) 13 : 

Figure 3.6 - Geochemicai nomenclahue diagrams for the Red River Anorthosite Suite, chamockite, and 
%hite rock". (a) An-Ab-Or diagram, (b) QAP diagram afîer LeMaitre (1989). Symbols as in Figure 3.5. 



1 iwered unit f 

Figure 3.7 - (a) selected trace element concentrationc showing ciHering fkactionaîion trends between the 
morthosite suite and charnockite. @.c) chondrite-nodiseci REE diagrams for the Red River Anorthosite 
Suite, related rocks, and charnockite. 
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incompatible elements, for example Zr, are depleted in aU üthologies of the anorthosite suite (e.g., 

Emslie, 1 985; Ashwai, 1993). A plot of Sr vs. Zr, therefore, shows the involvement of plagioclase 

hctiooation over the course of crystaiiisation (with Zr as a differentiation index). In the Red 

River Anorthosite Suite, Sr decreases progressively nom anorthosite to pyroxenite and gabbro, at 

low (10-37 ppm) Zr concentrations with the exception of the layered unit (Figure 3.7a). The 

layered unit has higher Zr and overlaps with the beginning of the cbamockite trend which rnay 

iadicate contamination by chamockite. The chamockite sarnples, however, show a Zrznrichrnent 

trend (1 00- 1 100 ppm). The separated d c  and felsic layers fiom the layered unit have nearly 

identical Sr and Zr concentrations and these are more similar to the concentrations in pyroxenite 

and gabbro samples than in the buk samples of the layered unit. 

Rare earth element (REE) profiles (Figure 3%) show that anorthosite samples have light 

REE enrichment, a moderate to highiy negative slope, and large positive Eu anomaly, which are 

typical indicators of hi& degrees of plagioclase fractionation and are common characteristics of 

massif-type anorthosite (Ashwal, 1 993). Leucogab bro samples have higher REE concentrations, 

and a flatter, but still slightly negative dope and no Eu anomaly. The one analysed layered sample 

is further enriched but with a slight depletion of Lght REE and a negative Eu anomaly. One 

sample of pyroxenite has a flat REE pattern with no Eu anomaly. Charnoclcite samples have the 

highest light REE enrichment of al1 units, flat heavy REE, and no, or a very small negative, Eu 

anomaly (Figure 3.7~). Some evidence for contamination of the charnockite rnay be present in the 

sample with the lowest REE concentrations; the chia show a sunilar pattern and concentration as in 

the Iayered unit but with a smaller negative Eu anomaly. 

Because anorthosite is almost entirely plagioclase, the An-Ab join on Figure 3.6a 
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approximates the bulk plagioclase composition of the sample. This rnay be a better masure of 

bulk pIagiocIase composition for the anorthosite than individual plagioclase analyses because of 

variable An contents in zoned grains and in different texturd types of plagioclase (see Chapter 2). 

Furthermore, in some highly aItered samples, it is impossible to determine plagioclase compositions 

optically. Table 3. l compares the buk-rock plagioclase composition to that of individuai 

plagioclase grains. in general, the optical and microprobe analyses are close to the bulk-rock An 

content, except in sarnples with more tban one composition of plagioclase where estimating the 

buk plagioclase composition is complicated by the widely varying plagioclase compositions and by 

highly zoned plagioclase grains. The bulk-rock plagioclase composition is highest in the massive 

anorthosite and is mostly cdcic andesine but approaches labradorite (An42-50). An content 

decreases in the highiy altered rocks, including the High Capes sample, to An-35 (andesine) and as 

Iow as An16 (oligoclase) in the %hite rock" (although the latter values rnay be low due to 

signifiant modal quartz). 

The Red River Anorthosite Suite comprises rock types that show a progression, both 

fithologically and geochemically, fiom massive anorthosite, to Ieucogabbro, to layered rocks and 

ending with pyroxenites and massive gabbro. Chamockitic rocks partly envelop the anorthosite 

suite and these show a geochemical progression from monzogabbro (mangerite and jotunite) to 

t o d t e  (enderbite) and granodionte (opdalite). Both the anorthosite and chamockite suites show 

typical (for their respective rock types) fi-actionation trends on appropriate geochemical diagrams 

and the Iowest-silica portions of the charnockitic unit have compositions intemediate between or 

overlapping with the leucogabbro and layered unit of the anorthosite suite. 

The chemical composition of the highly altered samples does not appear to have been 



Table 3.1 - Bukrock An content of  anorthosite as detennined from An-Ab-Or diagram compared 
to plagioclase compositions detemiined opticaiiy or by microprobe analy sis 

Sample# Rock Type Buik An phg' plag2 plag3 

DB-an 
RRAS-an 
RRAS-an 
RRAS-an 
RRAS-an 
RRAS-an 
RRAS-ha 
WC-an 
RRAS-ha 
RRAS-ha 
RUS-ha 
wht m. 
RRAS-ha 
RRAS-lay 
wht rx 
SR-an 
wht rx 

- - - 

Abbreviations: DB - Delaneys Brook anorthosite, RRAS - Red River Anorthosite Suite, HC - High 
Capes anorthosite, SR - Salmon River anorthosite, an - anorthosite, ha - highly altered, lay - 
layered unit, wht rx - "white nd - not determineci. Plag columns are the compositions of  
different texairai types of  plagioclase in the same sample; 1 - average of  microprobe analyses, 2 - 
composition of centres of large plagioclase grains, 3 - composition of plagioclase in metamorphic 
reaction zones. 
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a f f i  greatly by alteration except for an hcrease in Si02 and ammpanying decrease in Al203 

and Cao. Geochemical data fiom %hite rodc" samples (including the silica-rich felsic layer) h m  

trends opposite to the fhctionation trends of the anorthosite suite, but which are continuations of 

the trends defiwd by highiy altered anorthosite samples. Wi the exception of significatltly 

decreased Sr concentratons, trace elernents in white rock samples are broadly comparable to those 

in the anorthosite sarnples. Concentrations of Ba, Sr, and Zr in the silica-rich felsic layer nom the 

layered unit are nearly identicai to those in the d c  layer (Figure 3.7a), but concentrations of Cr, 

Ni, Cu, and Zn are lower (Bekkers, 1993). During metamorphism and alteration, Ba and Sr  are 

typicaiiy considered mobile elements and Zr is an indicator of magma dinerentiation; Cr, Ni, Cu, 

and Zn are indicaton of mafic-mineral fiactionation during magma crystallisation. The lower 

values of Cr, Ni, Cu, and Zn are consistent with a cumulate layered origin, but the Sr and Ba 

concentrations are not, and would seem to require secondary (metamorphic) processes, as first 

suggested by Dupuy et al. (1986). Because they have an atnnity for feldspars, Sr and Ba are 

expected to be higher in the felsic layer than the mafic layer, if the layering were solely of igneous 

origin. These relations help to support the Uiferences, based on field and petrographic observations 

(Chapter 2), that the "white rock" sampies are relatively e ~ c h e d  in Si02 (or depleted in other 

major elements) and that the ongin of the layering in the layered unit is a combination of curnulate 

and metamorphiddefomtional processes. However, the details of the processes responsible are 

as yet unclear. 

REE patterns and abundance are consistent with plagioclase accmulation in anorthosite 

samples and fiactionation fiom layered unit samples. Leucogabbro sarnples have REE 

concentrations intermediate between the two and Ashwal(1993) attributed this typical feahire of 
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massif awrthosite complexes to progressive crystaliisation from anorthosite to leucogabbro and 

leuconorite with cCvafying" (presumably meaning increasing) amounts of trappeci residual liquid. 

The pyroxenite has a REE pattern and concentrations s d a r  to MORB a .  10x choncirite. The 

chaniockite samples lack a signifiican negative Eu auornaly and therefore do not appear to be 

derived fiom residual liquids at the end of the anorthosite suite fiactional crystafiisation. The lack 

of these complimentary REE features is typical of charnochte suites associateci with massif-type 

anorthosite (e-g., Ashwal and Seifert, 1980). 

B a d  on REE modelling Mitchell (1979) concluded thaî the anorthosite parent magma was 

probably a tholeiitic basalt. This is in agreement with Owens et al. (1 993) who detennined that 

andesine-type anorthosite suites are denved from fraaonation of a dioritic parent magma and 

labradonte-type suites fiom a basaltic parent magma. Dupuy et al. (1986) considered texture, 

mineralogy, major-element concentrations (hi& Al203, Sr, CaONqO, Na20K20, and M ' a ) ,  

low REE abundance and choncirite-nodsed REE patterns CREE enrichment, large positive Eu 

anomaly) as indicative of plagioclase accumulation and effective expulsion of intercumulus liquid. 

Their trace-element modelling also showed that the anorthosite, leuconorite, and pyroxenite could 

have been derived fiom similar, or the same, basaltic parent magma and that the inferreci parent 

magma characteristics @g. 145), %semble the composition of parental magmas of several large 

anorthositic massifs in the Grenville and Nain provinces." Dupuy et ai. (1986) also note (pg. 146) 

that, "the lack of associated mangerites and voluminous granulite facies country rocks indicates 

that they were probably higher level intrusions than those of the Grenvilie Province wkch represent 

lower cma." Both granulite-facies gneisses (probably, but nowhere demonstrably, country rock) 

and chamockitic rocks associated with the anorthosite suite are now recognised in the Blair River 

inlier. Therefore, any implications of signincant contras& between the Red River Anorthosite 
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Suite and Proterozoic massif-type anorthosites are doundeci, at least in ternis of the grounds 

describeci by Dupuy et al. (1986). 

3.5 Fox Back Ridge dioritdgranodiorite 

Ody two samples fkom the Fox Back Ridge diorite/granodiorite were analyse. for whole- 

rock geochemistry. They contain 52% and 57% Si& (Figure 3.8), and plot as subalkalic basalt 

and andesite on a diagram of Si02 vs. ZrmiO2 (Figure 3.9a). They plot on both sides of the 

alkaline/subalkaîine and tholeiite/dc-alkaline boundary lines on alkali-silica and FeO/Mgû-S i@ 

diagram (Figure 3.9b,c). On a tectonic setting discrimination diagram for mafic rocks (Figure 

3.9d), they plot toward the bottom of the within-plate field. 

3.6 Sammys Barren granite and other undeformed granite 

Four sampla of undeformed granite were analyseci, including one sample fiom the Sammys 

Barren granite and three samples from small bodies or dikes in the undivided unit, the Otter Brook 

gneiss and the Sailor Brook gneiss. The latter three samples are medium- to coarse-grained, 

undeformed and petrographidy similas to the Sammys Barren granite. Harker diagrams (Figure 

3.8) show a slight range in Al203, Na20, and K20, which corresponds to their proportion of 

plagioclase vs. K-feldspar (e.g., the lowest K sample has high-Ca and Na and hasi higher modal 

plagioclase which is mostly albite). T&e samples are subalkaline and peraluminous (Figure 3 -9 b,d) 

and plot in, or near, the volcanic-arc granite field on a Rb vs. Y+Nb diagram (Figure 3.90. The 

major and trace-elernent characteristics are distinct fkom larger potassic plutons like the Lowland 

Brook and Red Ravine syenite bodies (Figure 3.3 and 3.4). 



x Fox flac; Ridge d f o r i t e / g r a n o d i o r i t e  
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Figure 3.8 - Harker diagrams for the minor igneous uni& in the Blair River inlier. 
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Figure 3.9 - (a) immobile element classi.fïcation diagram of Winchester and Floyd (1977), (b) alkalinity 
diagram of IMne and Baragar, 197 l), (c) tholeiitic vs. calc-alkaline plot for mafic rocks (dividing line 
after Miyashiro, 1974), (d) teniary tectonic discrimination diagram for mafic rocks (Pearce and Cann, 
1973), (e) tectonic discrimination diagram for felsic rocks (Pearce et al., 1984). Symbols as in Figure 3 -9. 
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3.7 Red Ravine syenite 

As noted in Chapter 2, the Red Ravine syenite has some distinctive petrographic features 

simiiar to those in the Sammys Barren granite and these feahires contrast with those of the 

Lowland Brook Syenite. For example, both the Red Ravine syenite and the Sammys Barren granite 

are undeforneci, contain non-perthitic microcline, have separate subhedral plagioclase grains, large 

euhedral yellow titanite, medium-sized, sharply prismatic, zircon grains. In contrast the Lowland 

Brook Syenite is commonly gneissic, contains coarse perthite and antiperthite, anhedrd titanite or 

titanite rims around opaque minerais, and zircon grains are resorbed at their corners and tips. 

On Harker diagrams, the Red Ravine syenite data plot at the high end of the Si02 range (6 1- 

63%) and dong the same trends as the Lowland Brook Syenite data (Figure 3.3). Like the 

Lowland Brook Syenite, the Red Ravine syenite is shoshonitic, with K20 above 3.6%. Two of the 

Red Ravine syenite samples have high K20 at -8% and plot just into the ultrapotassic field. 

However, the syenite body is not ultrapotassic (e-g., K20/Na20 > 2.0 and Mg0 > 3%) accordhg to 

the definition of Foley et al. (1987) with K20Ma20 values of 1.1-1 -8 and Mg0 < 3%. Also iike 

the Lowland Brook Syenite, the Red River body is alkaline, but straddles the boundary between 

metaluminous and peraluminous fields (Figure 3.4a,b). 

In ternis of majorelement geochemistry, the Red Ravine syenite is indistinguishable fiom the 

SiO2-nch portions of the Lowland Brook Syenite. However, chernical distinction between the Red 

Ravine syenite and the Lowland Brook Syenite is more apparent in their trace element 

concentrations, especially in incompatible elements like Ti, Zr, Nb, and Y (Figure 3.4~-f). The 

Red Ravine syenite contains Iower concentrations of Ti, Y, and Ga, and distinctly higher 



concentratons of Nb ( G O  ppm) compared to the Lowland Brodc Syenite. On plots involving 

important indicatoa of dinerentiation and nactionation, for example Zr vs. Ti, the Red Ravine 

syenite data clearly plot off the enrichment trend defined by the Lowlarid Brook Syenite. These 

data suggest merent  magma sources d Merent naaionai crystaiiisation processes for the two 

bodies. 

Sirnilar Paleozoic-age syenite bodies are known fiom other Proteromic terranes. For 

example, in the Scottish Caledonides, ca. 456-4 15 Ma syenite plutons intruded through Grenville- 

age basement and have the characteristics of Group III subduction-relatexi plutons at active 

continental margins (Thompson atsd Fowler, 1986). Therefore, there is a precedent for considering 

the undeformed syenite to be unrelated to the Protemmic magmatic event that resulted in intrusion 

of the Lowland Braok Syenite. & 

3.8 Fisset Brook Formation, mafic and felsic dikes, and small gabbro bodies 

Dikes and srnall bodies in the Blair River inlier include defomed and metamorphoseci gabbro 

and amphibolite, aphanitic rhyolite that is deformed oniy in the boundary fàult zones, and relatively 

undeformed ma& and felsic rocks of the Fisset Brook Formation. Geochernical data fiom the 

Fisset Brook Formation Li the area of Lowland Cove are 6rom Smith and Macdonald (198 1) and 

are combined with several new analyses of brown porphyritic, Fisset Brook-type rhyolite dikes 

fkom several other areas on the rnargins of the Blair River inlier. 

On Harker variation diagrarns (Figure 3.8), the aphanitic rhyolite samples have higher Al203 

and Na20 contents and lower concentrations of other major elements compared to felsic rocks in 

the Fisset Brook Formation. Major element data fiom samples of S m y s  Barren and other 
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granites lie dong the same general trend as those of aphanitic rhyolite. On the Si02 vs. Zr1Ti02 

nomenclature diagram, both the aphanitic and Fisset Brook felsic rocks plot as rhyolite (Figure 

3.9a). Both are subalkaluie and peraluminous (Figure 3.9b,d), but the aphanitic rhyolite samples 

and two granite sarnples plot near the apex of the volcanic-arc granite field whereas the Fisset 

Brook Formation and one the Sammys Barren granite sarnples plot in the within-plate field (Figure 

3.9f). 

n i e  data from the rnafic rocks scatter widely on Harker diagrams (Figure 3.8). The mafic 

rocks from the Fisset Brook Formation are slightly alkalioe and transitional to tholeiitic subalkalic 

basalt (Figure 3.9b,c and Smith and Macdonaid, 1983). The bimodal nature of the Fisset Brook 

Formation is clear on Harker variation diagrams (Figure 3.8) and on a trace-element classification 

diagram (Figure 3.9a). The aphanitic rhyo lite and metagabbro and amphibolite have bimodal 

chernical characteristics comparable to those of the Fisset Brook Formation. However, the 

metagabbro, amphibolite, and aphanitic rhyolite are chemicaily distinct fkom the Paleozoic bimodal 

volcanic activity represented by the Fisset Brook Formation. The distinction lies mainiy in their 

diagnostic trace-elernent charactenstics. As plotted on standard tectonic discrimination diagrarns, 

most of the Fisset Brook Formation data plot in within-plate fields; however the metagabbro 

samples, the aphanitic rhyolite, and three of the granite sarnples plot in volcanic-arc fields (Figure 

3.9e,f). 

3.9 Summary 

Immobile-element geochernicaf characteristics of the Sailor Brook gneiss and ûtter Brook 

gneiss are consistent with the interpretation that both units have igneous protoliths. The Lowland 

Brook S yenite is an aikaline shoshonite with high concentrations of Ti, Y, and Ga, and low 
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concentrations of Nb. These characteristics are typical of the Group lII potassic suite, which Foley 

et al. (1987) considered to be relateci to active subduction-related orogenic zones. Sirnilar Group 

III syenite bodies occur in the Elzevir Terrane of the Central Metasedirnentary Belt in the Grenville 

Province and are thought to be related to an island arc (Coniveau, 1990) or a continental-mugin 

arc (Pehrsson, 1996). The petrographic distinction (lack of petrat ive deformationai fabrics, non- 

perthitic microcline iostead of perthitic feldspars) between the Lowland Brook Syenite and the Red 

Ravine syenite is corroborated further by Mering traceelement characteristics. The two syenite 

units appear to be unrelated petrogenetidy. The Iithologicai gradation sequence of the Red River 

Anorthosite Suite fkom massive morthosite to layered gabbro fecognited in the field is d so  

recordeci in majorelement and trace-element concentrations. Spider diagrams of REE 

concentrations are consistent with hctionation of the Red River Anorthosite Suite fiom the same 

source material. Charnocicitic rocks form distinct differentiation trends on appropnate diagrams, 

but the majorelement and trace-element concentrations ofthe least-fiactionated components are 

simiiar to those of the layered unit. Trace-element characteristics, for example the lack of a 

negative Eu anomaly, imply that the charnockite could not be decived fiom simple fiactionation of 

the same magma that formed the anorthositic rocks. Geochemical discrimination plots using Zr, 

Ti, Y, and Nb distinguish two textudly distinct types of rhyolite and coarse-grained fiom the the- 

graineci gabbroic dikes. One set of rhyolitic and gabbroic rocks is correlateci with the Fisset Brook 

Formation and the other is of uncertain afanty. 



C&APTER 4 - Geochronology 

4.1 Introduction 

Precise geochronologic data provide an important means for potential correlation of similar 

iithologies and iithotectonic zones along the strike of the orogen and for denning the age and extent 

ofthermal events that have afKéaed the Laurentian rnargin of ancient North America. Dficulties 

may mise in understanding the tectonic significance of a region and in justifying terrane 

correlations due to imprecise or inadquate age data. For example, Currie et al. (1991) suggested 

that the Steel Mountain Subzone in southwestern Nairfodand is correlative with the Long Range 

Inlier and therefore the Grenvilie Province, but noted (p. 155) that, W o  cornparisons between this 

subzone and nearby Precambrian crystaliine terranes such as the Indian Head Comple~ the 

nortbem Long Range, or northem Cape Breton Island could be attempted because of lack of 

chronologie data." The purpose of this chapter is to report the results of U-Pb and 4 0 ~ r ? 9 ~ r  

analyses fiom the Blair River inlier in an attempt to corroborate the previously intèrred Grenvillian 

af3hity of the Blair River inlier with precise geochronologicai evidence and to determine the 

timing, extent, and nature of the Appalachian thermal overprint. 

Sarnples fiom the four major meta-igneous units, the Sailor Brook gneiss, Lowland Brook 

Syenite, Red River Anorthosite Suite, and Otter Brook gneiss, and fiom the undefornesi Sarnmys 

Barren granite were selected for U-Pb zircon aaalysis in an attempt to detennine the crystallisation 

age of the pluton or the protolith age of the gneiss. Titanite from two of these same samples and 

fiom other units throughout the Blair River inlier was analysed in order to detemine the age of, 

and to determine the rate of cooling following, the metarnorphic overprintiag that is evident from 

petrographic observations. Hornblende and mica 40Ar?9~r anaiyses were conducteû to further 
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constrain the cooiing history at temperatures lower than the closure temperature of titanite (Table 

The locations of samples selected for geochronology are shown on Figure 4.1 and are located 

more precisely on Map C. Analytical techniques and notes on the interpretation ofgeochronologic 

data, zircon morphology, and images that expose the interna1 structure of tircon grains are 

described in Appendix A4.1. Geochronological data are presented below in the form of standard 

concordia (U-Pb), spectral, and isotope correlation ~OA,?~A,) diagrams. The U-Pb data are 

tabulated in Table A4.1 and the 4 0 ~ r ? 9 ~ r  data in Table A4.2. 

SaiZor Brook gneiss 

The Sailor Brook gneiss was selected for geochronologic study because it is country rock to 

the Lowland Brook Syenite and, therefore, may be the oldest unit in the Blair River inlier. The 

gneiss l d y  preserves granulitpfacies metamorphic minerai assemblages and granoblastic 

textures, and is correlated with rnafic xenoiiths in the Middle Proterozoic (e.g., Barr et ai., 1987b) 

Lowland Brook Syenite. Therefore, the Sailor Brook gneiss has the potential for preserving a 

protracteci history Uicluding crystallisation of its @mumeci igneous - Chapters 2 and 3) 

Precambnan protolith, high-grade metarnorp hism, and retrograde overprinting mefamorphism. The 

sample selected for U-Pb analysis and dated zircon fractions are illustrateci and described in Figure 

4.2. 

Stubby semiprismatic grains with rounded corners and tips were rare arnong the mostly 

spheroidai population of zircon grains. Because prismatic morphologies are commonly interpreted 

to iadicate Prcon crystaliisation from a melt (see discussion of zircon morphology in Appendix 

A4.2), four hctioos of semi-prismatic graios were analysai in an attempt to obtain an igneous age 



Figure 4.1 - Locations of geochronology samples. See Fig. 2.1 for uni& and Map B for more precise 
locations. Abbrewiations: z = zircon, t = titanite, h = homblende, p = phlogopite, m = muscovite, N.G.M. 
= no geoiogically meanin@ age. 



Table 4.1 - Closure temperatures of dated metamorphic minerais. See AppendVc A4.3 for 
disciission, 

Closure 
Temperature 

Minerai Refereace 
. . . - . . . . . -. . . -- . . .  . . - -. . . - . . . 

Titanite 550 * 50°C Tucker et al., 1987; Heaman and Parrish, 199 1 

Titanite 525 * 2S°C Mezger et al., 199 1 

Rutile 405 * 25OC Mezger et al., 199 1 

Hornblende 450 * 50°C Harrison, 198 1; Onstott and Peacock, 1987 

Muscovite 350 5OaC Purdy and Jager, 1976; Snee et al,, 1988 

Phlogopite 410 * 5OoC Caldateci - see Appendix A4.3 
(-12) 

Phlogopite 449 5 I°C Caidated - see Appendix A4.3 
(A-) 



Figure 4.2 - Hand sampIe and analyseci zircon fiactions from the Sailor Brook gneiss. 

(a) Slabbed hand sample of BVM9 1-773- This sample shows a faint compositional banding &fin& by the 
concentration of grandar rnafic minerals and granite migmatitic segregations. The rnafic minerals are polycrystahe 
homblende axidfor homblende + quartz mosaics. Leucosorne and mesosorne were impossible to separate, to aiiow 
minerais h m  each to be separately andysed, because of their dithse and irregular barndaries. 

(b) Semi-prismatic zircon grains h m  the Sailor Brook gneiss. The bulk hction was divided accordhg to 
morphology, size and coIour. Fractions 1 and 2 were d, ckar grains with slightly resorbed corners and tips. 
Fraction 2 compnsed the highestquality zircons with the best prismatic crysid shapes, Fraction 3 zircons were also 
prismatic, about the same size and shape as fiactions 1 and 2, but were iight brown and turbid with many cracks. 
Fraction 4 contains four grains that were much Iarger and more highly resorbed than fractions 1-3. (scale bar = lm) 

(c) Spheroidai zircon hctions h m  the Sailor Brook gneiss. This buIk sample was divided mbitrarily into two 
fiactions of large grains (fiactions 5 and 7) and one of smaiî grains ( M o n  6). (scaie bar = h m )  



Figure 4.2 
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for the protolith of the Sailor Brook gneiss. In conhast, spheroidal morphologies are generaiiy 

interpreted as indicative of metamorphic zircon, and three such fiactions were d y s e d  in order to 

try to constrain the age of metamorphkm in the Sailor Brook gneiss. 

htemal zoning can provide important evidence for interpethg the cxystaiiisation history of a 

morphological population of zircon grains and, thus, help to interpret the geologid devance of 

the U-Pb data (e-g., van Breemen et al., 1986; Paterson et ai., 1989; HanCaharand Miller, 1993). 

The intemal zoning of the semi-prismatic grains, as revealed by back-scateered electron (BSE) and 

cathodoIurninescence (CL) images (Figure 4.3), shows a central core of hi& rnean atomic number 

(bright in BSE, dark in CL) surrouadeci by a faintly zoneci, semiprismatic rim. This type of 

distinct cordrirn contrast in BSE images likely indicates a core enriched in hi&-atomic number 

(relative to Zr) elements, the most important in this context being U, but probably including La, 

Hf, and Th. Radiation-induced crystal structure damage cm result in up to 5% volume expansion 

at the rnetamict state (Heaman and Pamsh, 199 1). Volume expansion of high-U cores can explain 

the numerous fractures (e.g., Williams, 1992) in the light brown (the colour is also au indication of 

radiation damage), semi-prismatic grains of bction 3. 

The bright in BSE (Figure 4.3% b) core is tnincated and wntained withiri another ovoid core. 

The ovoid core is itself tmcated and surrounded by increasingly better-defineci Rms of zone .  

semi-prismatic zircon @est seen in CL, Figure 4.3a). These types of truncated zones are 

characteristic of igneous zircons with multi-stage growth histories tbat result from partial 

resorption during crystallisation £tom a melt (Paterson et al., 1989; 1992). The small central core 

(bright Ui BSE) may also be a smaU inherited (xenocrystic) cornponent. Therefore, the semi- 

prismatic morphology and internai zoning of the grains shown in Figure 4.2a are interpreted to 



Figure 4.3 - (a) CL and @) BSE images and (c) line drawing of internai zoning in a semi-prismatic zircon 
grain nom the Sailor Brook gneiss (sample BVM91-773; scale bar = 0.1 mm). Note the appearance of 
severai rrsorption/precipitation SUffaces suggesîing a cornplex growth and dissolution history for the semi- 
prismatic zircon grains. The style of the zoning is consistent with crystallisation fiom a melt. See text for 
discussion of the implications for the disruption of U-Pb systematics. 
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indicaîe tfiat the semi-prismatic grains are of ignmus origin and the rounded extenial corners and 

tips indicate subsequent resorption during a t h e d  or fluid-flux event. By contrast, BSE and CL 

images of spberoidal zircon grains (Figure 4.5) show no intemal zoning patterns. The siight 

concentric increase in CL intensity is a lens efféct due to intemal reflections fiom the back of the 

zircon grain. 

W b  data fiom the four highly abraded fkactions of semi-prismatic Prcon grains are plotted 

as elongate polygons on Figure 4.4a. The anaiysed fiactions show cornplex discordance in a right- 

stepping array. ûther geochronological evidence (see below) indicates that the SaiIor Brook gneiss 

was metarnorphosed at ca. 1035 Ma and in the Silurian. The shplest scplanation for the cornplex 

discordance that is consistent with the U-Pb data, zircon morphology, and intemal zoning patterns 

is that the two metamorphic episodes resulted in two stages of Prcon resorption accompanied by 

Pb loss. Because the degree of Pb loss fiom each event cannot be determined, these &ta can only 

constrain the minimum age of the protolith by projection to concordia from the later event. 

Projected from the 423 Ma age of regional metamorphism, as indicated by titanite analyses 

(see below), the four fiactions yietd concordia intercepts up to 1217 Ma (Figure 4.4a). Line-fit 

confidence is not applicable to a two-point chord, and no erron are repoited as they reflect oniy the 

arbitrary error associateci with the 423 Ma projection point. The 12 17 M a  intercept is interpreted 

as the minimum age for the protolith of the Sailor Brook gneiss. Inheritance does not appear to be 

a signifiant fàctor because aU four fiactions piot in an array to the right of concordia rather than 

on a reverse discordance trend. Reverse discordance from 1035 Ma would imply an unreasonably 

old age of 3500 Ma or more. Furthemore, the U concentration, the radiogenic Pb concentration, 

and the cornmon Pb composition ofthe three fraaons ofsmaller semi-prismatic grains (fiactions 



Sailor Brook gneiss 
W M a  (Min.) 1 

Sailor Brook gneiss 

Figure 4.4 - Concordia diagmms for zircon and titanite fiam the Saiior Brook gneiss (sample BVM91- 
773). (a) U-Pb data from zircon. EUipses are the 2a errors for spheroidal fiactions and elongate polygons 
are the 20 errors for semi-prismatic fractions. Fraction numbers correspond to those in Table A4.1 and 
as describai in Figure 4.2b,c. @) Concordia diagram for titanite (also sample BVM91-773); the indicated 
age is based on the 206~b?38~ age of fiaction 8 only. 



Figure 4.5 - CL and BSE images comparing spheroidal (top left) and semi-prismatic (bottom right) zircon 
grains fiom the Sailor Brook gneiss (sample BVM9 1-773; scde bar = 0.1 mm). The apparent centre- 
intense zoning in the CL image (a) of the spheroidal grain is the result of a lem-efféct on intemai 
reflections h m  the back of the grain. Note the absence of any zoning in the BSE (b) image of the 
spheroidal grain. The lack of interna1 growth zoning in the spheroidal grain is consistent with 
crystallisation during metarnorphism. 



138 

1,2,and 3) are very sirniiar to one another, an iinlikely occurrence ifthey containeci a significant 

amount of foreign zircon with ciifFering isotopic compositions. 

Daia from three highly abraded £iactions of spheroidal Prcon grains lie on a single discordia 

ihe (ellipses on Figure 4.4b) at 8-2 1% discordant toward the fixed lower intercept of 423 * 20 Ma. 

The discordia has a probability of fit of 79% and an upper intercept of 1035 + 12/40 Ma. This is 

interpreted to be the age of high-grade metamorphism because of the g d  fit of the discordia Le ,  

the morphology of the grains, the lack of intemal' growth zonuig (Figure 4.5), and the presence of 

granuiite-facies metamorphic mineral assemblages in this unit. 

A cornparison of the nature of the discordance between the spheroidal and semi-prismatic 

grains also supports the interpretation of two stages of Pb loss. Higher-U zircon grains are 

typically more discordant than low-U grains fiom the sarne sample because radioactivity-induced 

structural-site defects promote the diffusion of Pb (Silver and Deutsch, 1963; EIIsworth et al., 

1994). Therefore, it is unlikely that the higher-U, serni-prismatic fractions would be less 

discordant (e-g., fiaction 4; 13% discordant toward 423 Ma) than the lower-U spheroidal fraaions 

(e.g., fiaction 7; 21% discordant towards 423 Ma). Pb-Ioss fiom a pnor event, such as the ca. 

1035 Ma metamorphic event, explains why the higher-U pnsmatic fiactions are more discordant 

than the lower-U spheroidal hctions. 

Titanite and homblende separates were analysed fiom the same sarnple as describeci above 

(Figure 4.2a). The titanite graios separaieci fiom this sample are clear, small, and shard-shaped. 

One large sample was highly abraded and arbitrarily divided into the two analysed fractions. 

Homblende grains fiom this sample are nearly equidimensional(0.2 mm - 0.4 mm) and were 
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selected for their lack of inclusions or grain-'mundary alteration. Only grains that were of uaiforrn 

colour and translucence throughout were selected. 

The two titanite M o n s  from the Saiior Br& gneiss are significantly discordant and their 

ages are not consistent (Figure 4.4b). Fractions 8 and 9 yield 206~b?38~ aga  (see Appendk A4.2 

for justifxcation of the use of 206~b/238~ ages) of ca. 43 1 Ma and ca. 389 Ma, respectively. The 

high common Pb and low U concentrations (Table A4.1) reduce the reliability of both ages. The 

ca. 3 89 Ma age is not duplicated (within error) in titanite analyses fiom other units and is, 

therefore, considered to have no geological significance. The ca. 43 1 Ma age is interpreted as an 

hprecise estimate of the age of post-metamorphic cooling through the titaniîe closure temperature 

(ca. 550°C; Table 4.1). 

An 4 0 ~ r ? 9 ~ r  spectral diagram for hornblende fiom the Sailor Brook gneiss is shown in 

Figure 4.6. The accompanying 37Ar?9Ar spectnim shows that the apparent C a K  ratio of steps 4- 

14 are within the Mcroprobedetennined raage. The peak at step 9 (1 175OC) is characteristic of 

non-systematic outgassing resulting nom a rnineralogical phase transition during the heating 

experiment (e-g., Hamson, 198 1; Harrison et al., 1985; Foland, 1983) and is accompanied by a 

slight anomaly in the 37Ar?9Ar ratio. Steps 4-8 and 10-13 produce near-plateau, shallow sacidie- 

shaped spectral segments with weighted mean apparent ages of 464 Ma and 487 Ma respectively. 

The saddle-shaped spectra probably result fiom excess 40Ar. The centres of the sacidles do not 

approach meaningfbl coolhg ages because the 40Ar?9Ar apparent ages are older than the ages of 
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Figure 4.6 - 40Ar?9Ar spenral diagram for hornblende (sampie BVM-9 1-773) h m  the Sailor Bmok 

gneiss. The two saddle-shaped segments of the speanun resuit 6mm ex- 40Ar and the weighted mean 
apparent ages fkom each saddle (464 Ma and 487 Ma) are not geologically meaningful ages. The lower 
spectium is 37Ar?9Ar and bar at Iower "ght indicates the 37Ar?9Ar cange caidated fiom microprobe 
Ca/K analyses. 



Lowland Brook Syenite 

A sample of massive, brick red syenite fkom one of the low-strain lenses in the Lowland 

Brook Syenite was selected for U-Pb anaiysis in an atternpt to obtain Prcon grains of igneous 

origin, least affecteci by metamorphism. The sarnple (Figure 4.7a) is undeformeci and contains 

mostly perthitic K-feldspar, with rninor clinopyroxene and Fe-Ti oxide mineds, and lacks titanite. 

The aaaiysed sample contrasts with the gneissic syenite analysai by Barr et al. (1987b) that 

contains coarsely perthitic K-feldspar, recrystaIlised plagioclase phenocrysts, homblende 

pseudomorphous after clinopyroxene and with titanite as independent grains and as rims around 

Fe-Ti oxide minerais. The analysed zircon grains are shown in Figure 4.73,~. 

Despite the lack ofobvious metarnorphic minerals and textures, this sample containeci a 

significant quantity of spheroidal and multi-fàceted ovoid (the latter wen not analyseci) zircon 

grains, as weU as large semi-prismatic grains. In an attempt to determine the relationship between 

the morphological classes, and in particular if the spheroidal grains show the characteristics of 

metamorphic zircon grains, BSE and CL images were obtained fiom both morphologies. The 

images shown in Figure 4.8 are from in-situ Prcon grains in a polished thin section. The large 

semi-pnsmatic zircon grain contaias a euhedral core with no apparent resorption at the outer edge 

and thin, sharply dehed growth zones. The core is bordered by a rim of wider, diffuse growth 

zones. The spheroidal zircon grains also show diffiise toning of approximately the same style and 

image intensity as zones in the prismatic zircun rim. 

Detailed CL and BSE studies have shown that interpretations of an igneous vs. metamorphic 

origin based on extemai morphologies alone can be misleadhg (Paterson et al., 1989; Hancahar 

and Miller, 1993; Lanzirotti and Hanson, 1995). This also appears to be the case with spheroidai 

grains in the Lowland Brook Syenite. Whereas nearly ali spheroidai zircon grains in other sarnples 



Figure 4.7 - Hand sample and analyseci zircon fiactions h m  the Lowland Brook Syenite, 

(a) Slabbed hand sample of SB86-3 140. This sample is a massive, undefonned syenite from a low-strain 
zone in the Lowland Brook body. The sample comprises mostly microperthite with rninor amounts of 
clinopyroxene and Fe-Ti oxide minerais; titanite is absent from this sample, 

@) Large, elongate, semi-prismatic zircon grains and semi-prismatic fragments with slightly rounded 
corners and tips (scaie bar = Imm). Fractions 1 and 4 were separated fiom this bulk fiaction. 

(c) Large spheroidal zircon grains (scde bar = 1m.m). Fractions 2 and 3 were separated fiom this bulk 
fraction. 



Figure 4.7 



Figure 4.8 - In-situ CL images of semi-prismatic and spheroidal zircon grains h m  a thin section of the 
dateci Lowland Brook Syenite sample (SB86-3 140). The graiw are surromdeci by perthitic K-feldspar 
which appean solid black in CL Mages. Spheroidal grains have concentric growth zones simüar to the 
zones around the are of the prismatic grain; this wntrasts with lack of internai m ~ n g  in typid 
meiamorphic spheroidal zircon grains, and suggests an igneous origin for h n  grains of both 
morphologies from the Lowland Brook Syenite. ( d e  bars = 0.1 mm) 



lack intemai mning (suggestive of a metamorphic origin), the zones in spheroidai graias fiom the 

Lowland Brook Syenite are sidar in width and BSE intensity to growth zones in the semi- 

pnsmatic and suggest an igneous origin for both morphologies. Zirconium saturation models of 

Watson and Hamson (1983) predict hi& Zr solubility for hi&-temperature, alkali-rich magmas, 

and changes in late-stage fluid chemistry, for example f OZ, and Si-activity rnay account for rapid 

growth of zircon crystals (Watson, 1979; Jones and Peckett, 1980). and thus the large size, poorly 

developed crystal fàces, and diffuse growth zones as seen in BSE images (Figure 4.8). Based on 

the evidence from intemal zoning pattern, both the spheroidal (including multi-fâceted ovoid) and 

semi-prismatic grains are interpreted to be of igneous origin. 

Four hig& abraded zircon fiactions were analyseû fiom the massive syenite sarnple and the 

results are plotted on the concordia diagram in Figure 4.9. Fractions 1 and 4 are large semi- 

prismatic grains and grain fragments with slightly rounded corners and tips. Fractions 2 and 3 

consist of large spheroidal zircon grains. Fractions 2,3 and 4 have nearly identical 207~b/Zo6~b 

ages and define a discordia line with a 72% probability of fit, an upper htercept age of 1080 +5/-3 

Ma and a lower intercept of 100 * 90 Ma, suggesting recent Pb loss. Fraction 1 has a greater 

207~b/Z06~b age of 1 102 Ma and does not fall on the chord dehed  by fiactions 2-4. 

The upper intercept age of 1080 +5/-3 Ma is here taken to represent the age of intrusion of 

the Lowland Brook S yenite and data for fiaction 1 are interpreted to indicate a small degree of 

inheritance. The coincidence of the 207~b?06~b ages of semi-prismatic and spheroidal fiactions 2- 

4 suggests that both morphologies crystallised from the melt, as uiferred above based on intemai 

igneous growth zoning patterns. 
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Figure 4.9 - Concordia diagrams for zircon and titanite fiom the Lowland Brook Syenite. (a) Zircon U-Pb 
data Erom sample SB8603 140; elongate polygons are the 2a errors on the data fiom semi-prismatic grains 
and ellipses are the 20  errors on the data h m  sphemidal gains. (6) U-Pb data for titanite fiom sample 
SB85-1038a The indicated age is based on 206Pb?38~ and is interpreted to indicate the t h e  of pst- 
metamorphic cooling through the titanite closure temperature. 
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Titanite grains were analyseci fkom a gneissic syenite sarnple (Figure 4.10) because the 

massive sample descnbed above lacked titanite. Hornblende was obtaiaed fiom a separate gneissic 

sample with homblende + quartz mosaics, pseudomorphous after clinopyroxene, and larger grains 

altered at their edges to chionte and biotite. The homblende separate was h e l y  sieved and 

carefully band-picked in an attempt to obtain a pure m o n  of the sxnaii (0.25 mm) dean mosaic 

grains and to avoid the larger altered grains. 

The titanite show in Figure 4.10 was highly abraded and divided arbitrady into two 

hctions. Both have low U concentrations and require large common Pb corrections which 

produce large uncertainties in the and 207~b/Z06~b ages. However, they yielded nearly 

identicai 2 0 6 ~ b ? 8 ~  ages of 425 +U-3 M a  and 423 * 2 Ma (Figure 4.9, Table A4.1). The 

206~b?8~ ages of the titanite are taken to indicate arnphibolite-facies post-metarnorphic cooling 

through the titanite closure temperature (Table 4.1) at 424 &3 Ma. 

The 40~r?9Ar spectrum (Figure 4. 1 1) is internally discordant. Approximately 70% of the 

gas was released in two steps and these fom the bottom of a saddle-shaped s p e c t m  that is 

interpreted to indicate excess 4 0 ~ .  With the exception of the first step, the 3 7 ~ r ? g ~ r  spectrum is 

within the range of apparent Ca/K as calculated fiom microprobe data, indicating a relatively 

homogeneous sample. A high apparent age spike in the 4 0 ~ r ? 9 ~ r  spectrum OCCU~S at the 1 100°C 

temperature step and is probably the result of a mineralogid phase transition during heatiog. No 

geologically meaningiùl age can be iderresi fiorn these 40Ar?9Ar data. 



Figure 4.10 - Hand samples h m  which titanite and rutile were separated and photomicrographs of 
analysed titanite and rutile fractions. 

(a) Efand samples of (clockwise fiom top left) Fox Back Ridge dionte/granodionte (BVM9 l-JS3), gneissic 
anorthosite in the Polletts Cove River gneiss (BVM9 1-694), Red River Anorthosite Suite (RB9 1457). 
Sailor Brook gneiss (BVM9 1-773). Red Ravine syenite (BVM90-121), Lowland Brook Syenite (SB850 
1038a), and (centre) Chter Brook gneiss (BVM9 l4SS). 

(b) Yelow titanite fiom the Lowland Brook Syenite (scale bar = 1 mm), 

(c) Tan titanite shards fiom the Red River Anorthosite Suite (scale bar = hm). 

(d) Brown cyIindrical rutile fiom the Red River Anorthosite Suite (scale bar = Imm). 

(e) Brown rutile rimmed by tan titanite fiom the same sample as the fractions shown in (c) and (d); these 
polymineralic grains were not analysed separateIy ( d e  bar = hm). 



Figure 4. IO 
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Figure 4.11 - 40Ar?9Ar spectd diagram for hornblende (sample SB-3 137) h m  the Lowland Brook 
Syenite. The saddle-shaped speçtnim indicates ex- 4 0 ~  and approximately 70% of the gas was 
released in two steps. The lowest step has an apparent age of ca. 45 1 M a  which is older than the titanite 

9 
ages nom this unit Therefore, the 40Ar? Ar data are interpreted to provide no geologically rneaninghil 

age. The lower spectnun is 37Ar?9~r and bar at lower right indicates the 37Ar?9Ar range calculated 
fiom microprobe Ca/K analyses. 
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Redmer Anorthosite Suite 

The age of intrusion of vety fêw an~rthosite b d e s  has been directly dated using U-Pb 

methods because anorthosite is notorious for lacking zircon of igneous origin (eg., McLeUand and 

Chiarellzeili, 1989; Emslie and Hunt, 1990; Doig, 199 1; Owens and DymeS 1992; Ashwal, 1993). 

Mineral separates firom the Ieast deformed and metamorphoseci anorthosite sample observed in this 

study d m  the scarcity of zircon in massive anorthosite of the Red River Anorthosite Suite. 

The sample nom the layered unit was selected for U-Pb analysis because prismatic zircon was 

observed in thin section. The origin of the layering and the excess quartz in this sarnple are 

uncertain but both are probably at least partly metamorphic (Chapter 2). The dated sample and the 

separated zircon £?actions are shown in Figure 4.12. 

CL and BSE images of semi-prismatic zircon grains (Figure 4.14) show kt, non-rational 

zoning in CL and no mning in BSE images. This is in coatrast to most of the known or presumed 

igneous prismatic and semi-prismatic zircons in this study that show face-parallel concentric 

mning in CL images. Lanzirotti and Hanson (1995) showed that elongate acicular zircon grains 

with a similar style of zoning are of hydrothermai origin associatecl with metamorphism and 

crystallised in mm-scale quartz veins. The prismatic, highly elongate grains from the Red River 

Anorthosite Suite may have a sMilar ongin because the sarnple contains silica-rich bands 

interpreted to be of metamorphic ongin (Chaptea 2 & 3). Spheroidal zircon grains show no 

intemal zoning, which is consistent with crystallisation during metamorphism. 

U-Pb data fiom prismatic fiactions 2,5,  and 6 are shown as elongate polygons on Figure 

4. L3a and data fiorn spheroidal fiactions 1,3, and 4 are shown as ellipses. Regressed through 

points 1-4 and 6, with a fmed lower iotercept at 423 * 20 Ma, the discordia iine has a probability 

of fit of 49% and yields an upper intercept age of 996 +6/-5 Ma. Fraction 5 plots to the left of the 



Figure 4-12 - Hand sample and analysecf zircon fiom the Red River Anotthosite Suite. 

(a) The dated sample (BVM91-742) is from the layered unit of the Red River Anorthosite Suite. The 
sample is compositionally layered with layers defined by relative proportions of quartz and feldspar, and 
to a Iesser extent biotite and altered pyroxene. This sample contains porphyroclasts of plagioclase and 
uratitized clinopyroxene, in a fecrystallised matruc of plagioclase, microcline, orthopyroxene, biotite, and 
Fe-Ti oxide muierals. The centimetre-wide quartz- and K-fe1dspa.r-rich layers are probably related to 
recrystallisation and metamorphism (Chapter 2). 

(b) Elongate prismatic zircon grains (scale bar = l m ) .  These grains were very rare among the total Wcon 
population and the pictured grains were divided into three fiactions based on similarities in size and 
development of crystai faces. Fractions 2 and 5 consisted of clear, thin needle-shaped prismatic zircon 
grains and grain fragments. The very elongate needie-shaped grains were broken into two or more 
fragments to facilitate abrasion. Zircon grains in fraction 6 were small, doubly-terminateci, clear, semi- 
prismatic grains with lower aspect ratios than those of fractions 2 and 5. 

(c) This bulk hction of spheroidal grains (scale bar = l m )  was divided arbitrarily into the analysed 
fractions 1,3 and 4. 



Figure 3.12 



Red River Anorthosite Suite 7 

Figure 4.13 - Concordia diagrams for zircon, titanite, and rutile fbm the Red River Anorthosite Suite. (a) 
Zircon U-Pb data k m  sample BVM91-742. Elongate polygons are the 2a errors on the data h m  
prismatic grains and ellipses are the 20 errors on the data fiom spheroidal grains. (b) U-PI, data for 
titanite (fractions l m )  and rutile (fi-actions 3&4) b r n  sample RB9 l-ûS7. The indicated ages are based 
on 206~b?% and are inierpreted to indicate the time of pst-metamorphic coolhg t h u g h  titanite and 
rutile closure temperatures. 



Figure 4.14 - (a) CL and (b) BSE images of semi-prismatic and spheroidal zircon grains fiom the R d  
River Anorthosite Suite (BVM9 1-742; scale bars = 0.1 mm). A thin elongate prism like those of fractions 
2 and 5 (top) is weakly and non-rationaüy zoned and bas a thin overgrowth around one end. The 
spheroidal grain (bottom) Iacks clear growth zoning. These relations suggest multiple generations of 
zircon growth that complicate the interpretation of U-Pb results (see discussion in text). 
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h e  defined by the other fiactions for unknown reasons and is not included in the regression. The 

upper intercept is here considered a metamorphic age, based on the spheroidal morphology of some 

zircon fhctions in this sample, including the least discordant M o n ,  and the observation that the 

least deformed and metamorphosed anorthosite contains no igneous zircon. 

Another sample fiom the layered unit of the Red River Anorthosite Suite was selected for U- 

Pb analysis because it contains both titanite and rutile, and some grains of rutile have overgrowths 

oftitanite. It contains a signifiicant quantity of quartz, but quartz is dissemioated throughout the 

sample instead of concentrated in layers. The weak layering is defined by the relative proportions 

and alignment of mafic minerals and the elongation of recrystallised quartz aggregates. The 

sample contaios plagioclase, quartz, pale brown amphibole, and accessory miaerals including 

titanite, rutile, and apatite. Plagioclase grains are recrystailised into a polygonal mosaic texture. 

Plagioclase is roughly equidimensional(-0.4 mm) and altered to white mica dong hctures and in 

patches. Quartz subgrains are aiso roughly equidunensional(-0.4 mm-0.6 mm), but the 

aggregates are elongate paralle1 to the layering. Amphibole is present mainly as recrystailised 

aggregates, but rare large grains have a mned core that preserves skeletai clinopyroxene. 

The sample and mineral separates are shown in Figure 4.10e. The buk titanite m d  rutile 

fiactions were each abraded and separated arbitrariiy into two fhctions. The U-Pb concordia 

diagram for both minerals is presented in Figure 4.13 b. The two fiactions of titanite fiom the Red 

River Anorthosite Suite overlap one another and fraction 2 overlaps concordia (Figure 4.13b). The 

titanite &ta indicate a 2 0 6 ~ b / 2 3 8 ~  age of 424 +4/-3 Ma whereas the two rutile hctions yielded a 

2 0 6 ~ b / 2 3 8 ~  age of 4 10 2 Ma (Figure 4.13b). The ages are interpreted to indicate post- 

metamorphic coohg through the respective closure temperatures for titanite and rutile (Table 4.1). 
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A metagabbro sample was selected for 40Ar?9Ar d y s i s  because it contains relia gabbroic 

textures in which pyroxene is nearly completely aitered to recrystallised aggregates of homblende. 

Homblende is slightly altered to chlorite and epidote along btures.  The analysed homblende 

grains were large, dark green or black, and blocky with welideveloped cleavage. 

The 4 0 A r ? g ~  spctmm (Figure 4.15) is intedly  discordant with old apparent ages fiorn 

the low-temperature steps. The overail shape of the spectntm is sùnilar to that of a Mxed-phase 

spectrum (Hanes, 199 1), but measured 3 7 ~ d  'Ar ratios are in the range of microprobedetermined 

apparent Ca/K for all but the first two steps and one step in an anomalous low-age spike, 

suggesfing mostly single-phase sarnple outgassing. A large percentage (40%) of gas was released 

in one temperature step which, if broken d o m  into more steps, w u l d  probably reveal a saddle- 

sbaped spectmm typical of excess 40Ar. Thus, the 40Ar?gAr spezûum is here considered to 

provide no geologically meaningful age data. 

Otter Brook gneiss 

The Otter Brook gneiss was selected for U-Pb analysis because it is a distinctive (inferreci) 

meta-igneous unit that is spaîiaily separated fiom the major Proterozoic meta-igneous uni&. The 

analysed sample is shown in Figure 4.16, along with the buik hction of zircon grains. 

Minerai separates from the ûtter Brook gneiss sample yielded a large quantity of zircon, 

most of which were large semi-prismatic grains with slightly rounded corners and tips. Spheroidal 

zircon was relatively rare and equant grains were mostly multi-fêceted ovoid grains of probable 

igneous origin. No fiosted and pitted zircon grains, typicai of deeitai zircon grains in paragneiss, 

were observed. A CL image ofa typical semi-prismatic zircon from the Otter Brook gneiss 
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Figure 4.15 - 4 0 ~ r ? 9 ~ r  spectral diagram for hornblende (sample RB9 1-030) from the Red River 
Anorthosite Suite. Wiîh better resolution in the intermediateltemperature steps, the spectnrm wouid 
pmbably resolve uito a saddle shape typid of acess 4 0 ~ r .  Thedore, the specûum does not yield any 

geological1y meanin@ age data. The lower spectrum is 37A.r?9Ar and bar at lower right indicates the 

37Ar?9~r range calculated from microprobe CalK analyses. 



Figure 4-16 - Hand sample and analysed zircon grains fiom the Otter B m k  gneiss. 

(a) The dateci sarnple (BVM9 1495) is a quartzofeldspathic flaser gneiss typical of this unit. It contains 
coarse-patch perthite, plagioclase, biotite, homblende resorbed gamet, relict clinopyroxene, and titanite. 
The latter minerd is present as spincile-shaped grains in the amphibolite-facies foliation, 

(b) h g e  semi-prismatic zircon grains (scale bar = Imm). This buik fiaction was highiy abraded and 
divided arbitranly into the three analysed fractions. 



Figure 4-16 
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(Figure 4.17) shows rational internai growth toning and some resorption surfaces and is typicai of 

zircon grains of igneous origin. The consistency of U-Pb systematics (Table A4.1) h e m  

différent fiactions would not be expected fiom a detrita1 Prcon population and aIso supports the 

interpretation of an igneous protolith. 

AU three zircon hctions fiom the Oaer Brook gneiss Lie on a chord regressed fiom 423 20 

Ma, with a probability of fit of 64% (Figure 4.18a). The sùnilarity in 207~b/Z06~b ages (964-967 

Ma; Table A4.1) is unlikely to indicate only ment  Pb-toss because this sample was affiited by 

amphiboiite-facies rnetamorphism at ca. 423 M a  (see below). A line regressed through the three 

data points without a pinned lower intercept yielded upper and lower intercepts of 98 1 M a  and 482 

M a  with large errors, which also suggests that the data are not discordant toward a  recent Pb-loss 

age. The known rnetamorphic age, therefore, provides a more precise constraint on the lower 

intercept age. The upper intercept age of 978 +6/-5 M a  is interpreted to be the igneous 

crystailisation age of the protolith. 

Two fiactions of clear titanite were separated fiom the same sample of the Otter Brook 

gneiss used in the zircon analysis(Figure 4.19a). The analysed titanite grains are shown in Figure 

4.19b. Phlogopite was separated from a sample of sheared calc-silicate in the Otter Brook gneiss 

that contains phlogopite, diopside, and tremolite. Phfogopite defines the foliation, and wraps 

around augen of diopside and tremolite. The latter two minerals are highly Eractured, but are not 

pervasively altered, 

The concordia diagram for titanite data is shown in Figure 4.18b. Titanite in hction 4 

yields a 2 0 6 ~ b ? 3 8 ~  age of 423 * 6 Ma. Fraction 5 contains an extremely high common Pb 

component (Table A4. l), probably due to an unnoticeci inclusion of a high-Pb mineral such as 



Figure 4.17 - CL ixnage of a typical semi-prismatic zircon grain h m  the ûtter Brook gneiss (BW 1- 
695; scale bar = 0.1 mm). The rational intenial gniwth zoning and Iocatised resorption sucfaces are 
typicai of zircon grains of igneous origin. 
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Figure 4.18 - Concordia diagrams for zircon and titanite data from the Otter Brook gneiss (sample 
BVM9 1-695). (a) U-Pb data for zircon; elongate polygons are the 20 mors on anaIyses h m  semi- 

prismatic grains. (b) Titanite data (same simple); the indicated prefened age is based on the 206Pb?38~ 
age of fraction 4. 



Figure 4.19 - SIabbed hand sampIes colIected for titanite analyses and photomicrographs of analysed 
titanite fractions, 

(a) Hand samples of (clockwise from top right) Fox Back Ridge diorite/&ranodiorite @VM9 1-553, 
gneissic anorthosite in the PoIletts Cove River gneiss (BVM91494), Red River Anorthosite Suite (RB91- 
057), Sailor Brook gneiss (BVM9 1-773). Red Ravine syenite (BVM.90-12 1). Lowland Brook S y e ~ t e  
(SBSS-1038a), and (çentre) Otter Brook gneiss (BVM9 1-695). 

(b) Clear titanite fiom the Otter Brook gneiss (scaIe bar = lm). 

(c) Tan (ieft) and brown (right) titanite fiom a sampIe of gneissic anorthosite in the Polletîs Cove River 
gneiss ( d e  bar = hm). 

(d) Yeiiow titanite blades fiom the Red Ravine syenite (scale bar = Imrn). 

(e) Brown titanite fiom the Fox Back Ridge diorite/granodiorite (scale bar = lmm). 



Figure 4.19 



apatite or an opaque-oxide mineral. The age of fiaction 5 is thus rendered inaccurate and 

unreliable because, despite being a more precise analysis than fracton 4, the low U concentration 

makes the age almost totally dependent on the cornmon-Pb correction. The age of hction 4 is 

considerd the age of post-rnetarnorphic cooling of the Otter Brook gneiss through the cioçure 

temperature for titanite (Table 4.1). 

The 40Ar?9Ar spectnim of phlogopite (Figure 4.20a) fiont a calc-silicate lem in the ûtter 

Brook gneiss defines a plateau over steps L 0-13, and yields an age of 42 1 * 6 Ma. This is within 

error of the total gas age (Table A3.2) of 420 * 2 Ma. The data fit a Iine well @S = 8.3, n = 7) on 

the isotope correlation diagram (Figure 4.20b), with an inverse ordinate uitercept apparent age of 

423 i 4 Ma and an 40Ar?6Ar ratio of -165. The 40Ar?6Ar ratio is Iower than the present-day 

atmosphenc value; however, the cluster of points near the lower portion of this diagram rnakes for 

a large uncertainty in the Y-intercept. The 421 * 6 Ma plateau age is taken to represent the age of 

post-metamorphic cooling of this sample through the phlogopite closure temperatum (Tabie 4.1; 

Appendix A4.3). 

Sammys B m e n  granite 

The Sammys Barren granite was selected for zircon U-Pb analysis because it is a relatively 

undefomed, unmetamorphoseci granite which, based on field relations (Chapter 2), is thought to be 

the youngest plutonic unit in the Blair River inlier. The selected sample (Figure 4.21a) is coarse- 

graine. and comprises approximately equal amounts of oligoclase and rnicrocline, subordhate 

quartz, and minor amounts of yellow titanite with welldehed cleavage planes, and epidote and 

chlonte pseudomorphs after biotite. The least magnetic fraction of zircons consistecl mostly of 

small, stubby, doubly terminateci grains with sharp tips and corners on both the prismatic and 
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Figure 4.20 - (a) 40Ar?9~r spectd diagram for phlogopite data fhm a calc-silicate lem in the Oner 
Brook gneiss (sample BVM-90-137). @) Isotope corrclation diagmm for argon data. The Uidicated 
plateau age (steps 10-13; Table A4.2) is interpreted to indiate the time of pst-metamorphic cooiing 
through the closure temperature for phlogopite of this composition (Axml2, Tc = 410 * 50°C). 



Figure 4.2 1 - Outcrop photograph and U-Pb concordia diagram for tircon data fiom the Sammys Barren 
granite. 

(a) Sampled outcrop of Sammys Barren granite (BVM90-132). The dated sample is in direct intrusive 
contact with the Fos Back Ridge diorite/granodiorite. The sample is undeformeci, and contains non- 
perthitic microdine and large euhedrai titanite with weli-developed cleavages. 

@) Concordia diagram for U-P6 data of prismatic zircon grains (photomicrograph of dated fractions is not 
available) fiom the Sammys Barren granite (sample BVM90- 13 2). 
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pyramidal &ces. This morphology contrasts with thaî of most of the other prismatic zircons 

anaiysed in this study in that they had rounded edges and tips. The selected sarnple and U-Pb 

concordia diagram are shovm in Figure 4.2 1. 

Five fraaions of zircon were analysed from the Samrnys Barren granite and al1 are 

discordant (Figure 4.21b). Abraded fiactions 1-4 cluster dose to concordia and do not constrain 

precisely a discordia line. Therefore, M o n  5 was purposely not abraded in order to provide a 

more discordant point and thus enable more precise regression through the other four points. 

Fraction 2 plots to the nght of the trend of the other four fractions, perhaps because of a small 

amount of inheritance. Fractions 1,3,4, and 5 Lie on a discordia h e  with a 18.4% probability of 

fit and an upper intercept age of 435 +71-3 Ma. The upper intercept is interpreted to represent the 

approximate age of intrusion of the Sammys Barren granite because of the prismatic zircon 

morp hology . 

Gneissic morthosite 

Two fiactions of titanite were separated fiom a highly deformed and altered sample fiom a 

small outcrop of gneissic anorthosite on Polletts Cove River. This sample contains a swirled 

gneissic foliation defined by wispy green layen of chlorite and epidote. It contains plagioclase, 

biotite, epidote, chlorite, quartz, and titanite. Plagioclase is extensively altered to white mica. 

Epidote and chlorite are alteration products and fiacture-filhg minerais. Titanite occurs 

throughout the rock in 0.5 mm to 2 mm clusten of s m d  (0.1 mm) spindle-shaped grains, a 

morphology typicai of metamorphic titanite. 

Two titanite fractions wcre analysed from this sample. Fraction 1 contained dark brown 

grains which were relatively rare in the total population. Fraction 2 consisted of the more 
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abundant tan titanite. Titanite fiom fracton 2 overlaps concordia within error (Figure 4.22b), but 

M o u  1 contaios a higher U and lower cornmon Pb concentration (Table A4.1). Both fiactions 

yield 2 0 6 ~ b ? 3 8 ~  ages of 427 * 2 Ma, indicating the t h e  of pst-rnetamorphic cooling through the 

titanite dosure temperature (Table 4.1). 

Red Ravine syenite 

The Red Ravine syenite shares some important texturd similarities with the Sammys Barren 

granite and contrasts with the Lowland Brook S yenite (Chapter 2), but the chemistry of the syenite 

m e n  significantly fiom most of the late granites (Chapter 3). The sample sel& for U-Pb 

analysis (Figure 4.1 9) is an undeformed, coarse-graineci, subequigranular, red syenite that contains 

microche, plagioclase, chlorite, titanite, Fe-Mg oxide minerals, and accessory epidote, apatite, 

and zircon. Zircon grains are srnail and prismatic with sharp corners and tips and are 

morphologically similar to those in the Sammys Banen granite. 

Titanite occun as large yeiiow grains with welldenned cleavages and crystai &ces. The 

titanite habit suggests a magrnatic origin and contrasts with titanite ofmetamorphic origin from 

other samples which are cornmonly spinde-shaped grains or rims around Fe-Ti oxide minerals. 

Three fiactions of titanite were separated for U-Pb analysis. Fractions 1 and 3 were large grains 

bounded by crystal faces or hctured dong cleavage planes and hction 2 comprised srna11 

irregularly shaped grain fragments. The buik sample fiom which these £iactions were separated is 

shown in Figure 4.19. 

The titanite analyses are discordaut, and their ages do not overlap. Fraction 3 contains a 

very high component of cornmon Pb which could not be correcteci for by the mode1 of Stacey and 

Kramers (1975) and hence the age of this fkction is unreliable. It plots fhr to the right of 
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Figure 4.22 - U-Pb concordia diagrams for titanite data h m  minor units. (a) Data fiom gneissiz 
anorthosite in the Polletts Cove River gneiss (BVM9 1-694). Fractions 1 and 2 are the brown and tan 
titanite fractions, respectively. (b) Data fiom the bladed yeliow titanite in the Red Ravine syenite 
(BVM90-121). (c) Data from brown titanite in the Fox Back Ridge diontd&ranodiorite (BVM9 1-553). 

AU indicated ages are 2 0 6 ~ b ? 3 8 ~  ages and are considenxi the time of post-crystaiiisation or pst- 
metamorphic cooling through the closure temperature for titanite. 
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concordia with very large errors and is not included on the concordia diagram to allow clearer 

representation of the other two M o n s .  Fractions 1 and 2 plot nearer to concordia with 

2 o s ~ b / 2 3 8 ~  ages of 425 * 2 Ma and 4 14 + 1/-3 Ma respectively (Figure 4.22). An igneous origin 

for the titanite is uiferred fiom morphology and this is supported by the 208~b?06~b ratio which is 

an order of magnitude higher than that of metarnorphic grains. Because 2 0 8 ~ b  is a stable daughter 

of 2 3 2 ~  and Th is genedy more mobile in a rnelt than during rnetamorphism, 20$b?06~b ratios 

are generally higher in titanite of igneous origin. The 2 0 6 ~ b / ? J  age of fiaction 1 is taken to 

represent the time of post-crystdisation cooiing through the titanite closure temperature (Table 

4.1). 

Fox Back Ridge diorife/granOdion'te 

Both titanite and homblende were separated from a sample of the Fox Back Ridge 

diorite/granodiorite (Figure 4. Na). The sample is a granodiorite that is defomed by bnttle 

hctures, but lacks a pervasive deformational foliation. It contains homblende as both 

recrystallised phenocrysts and as small, more highly altered groundmass grains, plagioclase, K- 

feldspar, epidote, and titanite. Homblende phenocrysts are -2.5 mm to -4 mm in diameter and 

retain pseudomorphic amphibole outiines, but are recrystallised into srnall aggregates. The 

individual grains in the aggregates are relatively unaltered but are compositiody zone. with 

actinolitic compositions near the centres grading into magnesio-homblende toward the edge. 

Feldspar phenocrysts are also partiy recrystallisd to -0.5 mm equidimensiod aggregates around 

grain edges. Groundmass homblende is anhedral, contains nurnerous dusty inclusions, and is 

commody p a d d y  altered to biotite and chlorite dong hctures. Plagioclase is present only in the 

groundmass as small(-0.6mm) subhedral Iaths and is highly sericitized. K-feldspar grains are 
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also highly altered. Epidote is associateci with zones of intense alteration. Some titanite graias are 

euhedral with weildefined cleavage planes, but most grains are subhedral to anhedral with 

inclusions of groundmass minerais. None of the grains have the spinde-shaped morphology 

typicai of metamorphic titanite and, therefore, are considemi to be of igneous origin. 

The sample and bulk titanite fiaction are shown in Figure 4.19. Two fiactions of brown 

titanite nom the Fox Back Ridge unit overlap within emr  and have 2 0 6 ~ b ? 3 8 ~  ages of 423 * 3 

Ma. This age is taken to indicate the t h e  of post-crystallisation cooling through the closure 

temperature of titanite (Table 4.1). The igneous origin of the anaiysed titanite is also indicated by 

the hi& 208~b/Z06~b ratios. 

in order to avoid the altered groundmass homblende, only laige dean, translucent homblende 

grains were selected fiom this sample. Two hombiende separates were picked fiom the same 

coarse concentrate and irradiated in different batches. 

Age spectra and an isochron plot are s h o m  in Figure 4.23. Both 40Ar?9Ar spectra show 

broadly sMilar patterns, but fiaction 2 was analysed with s d e r  temperature increments, and 

thus its spectrum has higher resolution over the low temperature steps. The spectra have a typicai 

multi-phase patîern (cg., Hanes, 199 l), and this is supporteci by the anomalous 37Ar?9A.r spectra 

over the first 30% of the gas released. Over the latkr part of the gas release, there is good 

agreement between the two analyses, and the microprobe-determineci apparent Ca/K ratio agrees 

closely with the measured 37Ar?9A.r. 

The weighted mean ages of the latter portion of the spectra are 4 19 k 4 Ma for M o n  1 

and 422 3 Ma for fraction 2. Only the &îa fiom fiaction 2 pmduce an acceptable isotope 
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Figure 4.23 - (a) 40Ar?9Ar spectral diagram and @) isotope correlation diagram for hornblende from the 
Fox Back Ridge diorite/granodiorite (sampfe BVM9 1-553). The ages indicated on the spectmi diagram 
are weigfited-mean ages over the indicated temperature steps, not plateaux, Fraction 1 is shaded and 
fraction 2 is white. The best estimate for the time ofpost-metamorphic cooling through the hornblende 
closure temperature is considered to be that indicated by the isotope correlation diagram. The lower 
spectra are 37Ar?9Ar and bar at lower right indicates the 37A,/39Ar range caîdated fiom microprobe 
Ca/K analyses. 



correlation diagram (Figure 423b). These data indicate an inverse ordinate intercept apparemt age 

of 417 & 6 Ma and an apparent 4 0 ~ r ? 6 ~ r  ratios of 330 15. The LS of the iine is 47 (n = 10) 

which indicates excess scatter in the data, a result tbat is consistent with the relatively discordant 

nature of the age spectnun. The age obtained fiom the isochmn plot is here considered more 

satisf%ctory than ages derived nom the age spectra because the age spectra do not form plateaux. 

Therefore, 4 17 6 Ma is interpreted to indicate the tirne of post-metamorphic cooüng through the 

homblende closure temperature (Table 4.1). 

AmphiMite m>d metagabbro 

Two samples of amphibolite and one sample of metagabbro from widely separated areas in 

the Blair River inlier were selected for 40Ar?9Ar analysis of hornblende. A sbeared amphibolite 

sample from adjacent to the W i k e  Brook fault zone contains homblende, plagioclase, biotite, 

quartz, and Fe-Ti oxide minerals. The homblende grains form large elongate (up to 2mm long, 

4.2rnm wide) poikiloblastic blades aligneci within the foliation. These grains overgrew finely 

recrystallised groundrnass minerals including quartz and opaque minerals but the foliation as 

defined by feldspars and matruc biotite wraps around the Iarger porphyroblasts. At the t h e  it was 

selected for analysis, the outcrop fiom which this sample was obtained was mapped as part of the 

Blair River d i e r  in the WiUue Brook fàult zone. Subsequent mapping revealed that it is in the 

Wilkie Brook fàult zone adjacent to the Aspy terrane. This type of unaltered fresh, well-foliated, 

biotite-amphibolite is rare in the Blair River inlier, but cornmon in the Cape North Group of the 

Aspy terrane near the Wilkie Brook fàult zone (Wunapeera, 1992). Homblende nom this sample 

was analysed in an attempt to constrain the age of fault wne movement because the textures 

suggests recrystaliisation as a result of shear on the Wilkie Brook hult  zone. 
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A massive amphiboîite sarnple fiom the Polietts Cove River gneiss in the High Capes area 

consists aimost entirely of actiwiitic homblende and rninor amouots of opaque minerais. Chloritic 

alteration occurs dong nachres. The actinoiitic homblende is coarse grained (up to 3 mm) and 

grains are subhedrai and blocky. A metagabbro sample £iom within the Poiints Cove River gneiss 

contains homblende, plagioclase, and minor opaque rninerals. It retains relict subophitic texture, 

and pyroxene is altered to aggregates of homblende. The recrystallised hornblende aggregates are 

about 2 mm across and comprise individual grains on the order of 0.3 mm in diameter. 

Homblende from the sheared quartzofeldspathic amphibolite praduced a discordant 

40Ar?9~r spectrum (Figure 4.24a) which provides no rneiuiingful age data. The data plot on an 

isotope correlation diagram (Figure 4.24b) with an inverse ordinate intercept apparent age of 382 & 

4 Ma, and an apparent 40Ar?6Ar ratio of -345. The fit of the line is poor (XS = 94.9, n = 9). The 

age is comparable to the 4 0 ~ r ? 9 ~ r  hornblende ages fiorn amphiboiite and metabasite in the Aspy 

terrane near the Wilkie Brook fâult zone which are ci. 3 7 1 -3 84 Ma (Wunapeera, 1 992; Keppie et 

al., 1992). Therefore, the isotope correlation age is interpreted as the age of finai cooling through 

the homblende closure temperature for Aspy terrane rocks in rhis higher grade segment of the 

WiUUe Brook fàult zone (see Chapter 2). 

Homblende fiom the amphibolite sample in the High Capes area producd a discordant, 

saddle-shaped 40Ar?gAr spectrum (Figure 4.24~) that provides no geologicaily meaninal age 

information. An isotope correlation diagram (not shown) provides no additional insight. 

The 40Ar?gAr spectrum of hornblende from the metagabbro sample Erorn Polletts Cove 

River gneiss (Figure 4.24d) is also discordanf but the shape of the 37A,/39Ar spectrum suggests 



9 Figure 4.24 - 40~r? Ar spectral diagiams and isotope correlation dia- for hornblende fkom 
amphibolite and metagabbro samples. (a) Spectral diagram and (b) isotope correlation diagram for 
sheared amphibolite (CW86-3708). (c) Spectral diagram for metagabbro with actinolitic hornblende 
(SB85- 108 1). (d) Spectral diagram for metagabbro in the Polletts Cove River gneiss (RR8S-2 105). 
Spectra (a) and (c) show excess-argon type patterns and spectnun (d) appears to be afkcted by 
contamination by another phase. None of the spectra indicate geologically meanin@ ages but the 
isotope correlation diagram in (c) suggests an age that is comparable to amphibofites in the Aspy terrane 
(see text). The lower spectrwn is 37Ar?9Ar and bar at lower right indicates the 37Ar?9Ar range 
caidated fkorn microprobe CaK analyses. 



178 

multiphase contamination. The contaminant phase could be fine chlorite formed by alteration at 

grain edges, but the wide range in microprobedetermineci CaK for hornblende in the sample 

suggests that more than one composition of homblende is present. Because of the interna1 

discordance of the spectm.cn and fluctuaîions in the apparent Cam ratios, the 40Ar?9Ar data fkom 

this sample provide no meaning.  age information. 

Méat Cove and unnamed marble 

Two samples of marble were selected for 40Ar?9Ar analysis. A sample of Meat Cove 

marble was selected nom near the fàulted boundary zone with the Lowland Brook Syenite. This 

sample is compositiody layered and extensively altered dong fractures. Where less altered, the 

sample consists airnost entirely of diopside, with thin Iayers rich in muscovite. Muscovite grains 

were separated fiom the l e s t  altered portions of the sample. The other sample is from a marble 

lem withïn the Wilkie Brook fault zone. The lem is -1 m wide and highly sheared dong the edges, 

but is relatively undeformed near the centre. The sample contains carbonate, diopside, partiaily 

serpentinized olivine, phlogopite, and spinei. 

The 40Ar?9Ar spectra (Figure 4.2%) for two fiactions of muscovite from the Meat Cove 

marble have internaliy discordant spectra with shallow saddle-shapes and erratic spectra over the 

initial 10% of gas released. Data for the W 9 0 %  of 39Ar released fiorn £?action 2 are plotted on 

the isotope correlation diagram in Figure 4.25b. The inverse ordinate intercept age is 428 7 Ma 

with a good line fit (ZS = 15, n = 1 1) and an 40Ar?6Ar ratio of  670. The ca. 428 Ma age is 

interpreted to represent the tune of post-metamorphic cooling through the closure temperature for 

muscovite (Table 4.1). 



a 
500 , 

Meat Cove marbIe 
muscovite 

Wilkie Brook Fault Zone 
phlogopite 

X :: zoo :'7 
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0.04 - 

0.n a74 al6 an a o. 
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] Wilkic Brook Fadt Zone 

Y. 39Ar r c l w e d  

Figure 4.25 - 40Ar?9Ar spectral and isotope correlation diagrams for mart>le samples. (a) Data for Meat 
Cove &le; ftaction 1 is shaded and fiaction 2 is white. The segments indicated by the dashed Line are 
the segments used in the isotope correlation diagram in (b). The age indicated on the isotope correlation 
diagram is interpreted to be the time of coolhg of this unit through the closure temperature for muscovite. 
(c) Spectral diagram and (d) isotope correlation diagram for a marble lem in the Wilkie Brook fâuit zone. 
The near-plateau age is taken to indicate the tirne of cooling through the closure temperature of this 
composition of phlogopite ( A ~ I L ~  = 449 f 51°C). 
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Phlogopite fkorn rnarble in the W i e  Brook fhult zone yielded an 40Ar?9Ar spectnun that 

nearly defines a plateau (Figure 4.2%) with an apparent age of 522 * 2 Ma The data fit poorly 

(ZS = 86, n = 10) a line on the isotope correlation diagram (Figure 4.25d) but the best-fit line 

indicates an inverse ordinate intercept age of 525 * 5 Ma. The 522 2 Ma near-plateau age is 

here taken to represent the t h e  of coolhg through the phlogopite closure temperature (Table 4.1). 

This probably records the t h e  of cooling of this foreign b l d  because the block is located within a 

younger (see Chapter 2) chlorite-grade shear m e  and contains spinel augen wrapped by sheared 

phlogopite and serpentine after forsterite dong the edges of the lens, but the centre of the lens 

(where the sample was obtained) contains relatively fresh forstente and unfoliated phlogopite. 

4.3 Summary and discussion 

A minimum protolith age of 12 17 Ma and a metamorphic age of 1035 Ma were obtained 

fiom U-Pb analyses of igneous zircon grains in the Sailor Brook gneiss. The crystallisation age of 

the Lowland Brook Syenite is ca. 1080 Ma based on U-Pb analysis of igneous zircon grains. 

Metarnorphic zircon grains fiom the Red River Anorthosite Suite yielded an age ofca. 996 Ma. 

Igneous zircon grains fiom the Otter Brook gneiss yielded a protolith age of ca. 978 Ma. The 

Sammys Barren granite crystallised at ca. 435 Ma. Titanite 2 0 6 ~ b / 2 3 8 ~  ages are rernarkably 

consistent in the widely separated metamorphic and igneous rock samples (weighted mean of 425 

1 Ma for the seven ages in Table 4.2). These include titanite grains of Merent sizes, habits, 

morphologies, origins, and isotopic compositions. Given the rnany fhctors that may affect closure 

temperature (e.g., dinusion domain size which may be relaieci to grain size, cooling rate, mineral 

composition, Buid composition, fluid activity, and strain rate; Dodson, 1973; Mezger et al ., 1 99 1; 

Cherniak, 1993) and the wide variety of analysed titanite, it is aoteworthy that al1 of the precise 
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titanite analyses fàll in such a narrow age range. ReMvely rapid cooling, on the order of 9OUm.y. 

(e.g., Figure 4.26; contrast with a rate of -û.6-l.2°C/m.y. for slow cooüog accordhg to Scott and 

St-Onge, 1995), through the closure temperature could explain the similarity in ages arnong the 

types of titanite (e.g., Hearnan and Parrish, 199 1). The coasistency of the aga is interpreted to 

indicate that the Blair River inlier, including Paleozoic igneous and metamorphosed Proteromic 

rocks, cooled rapidly through the titanite closure temperature (550 * 50°C). 

Along with the units fiom which titanite was d y s e d ,  other integrai parts of the Blair River 

inlier are the Sammys Barren granite, the Fox Back Ridge dionte/granodiorite, and the anorthosite 

suite. As described in Chapter 2, the Meat Cove marble unit, the calc-silicate rock in the ûtter 

Brook gneiss, and the two hult zone rocks have uncertain relationships to the remainder of the 

inlier. 'Iberefore, îùrther constraints are placed on Paleozoic cooling by the assigneci 

crystallisation ternperaîure of 670 * 50°C (ternary minimum of iiquid + Qtz + Kfs at PH20 = 3 

kbar, Luth et al., 1964) for the Sammys Barren granite, closure temperature of 450 * 50°C for 

bornblende fiom the Fox Back Ridge unit, and closure temperature of 405 * 25OC for rutiie fiom 

the anorthosite suite. The Blair River inlier was at the surfàce by the tïme the Fisset Brook 

Formation was deposited. 

Plotkd on a diagram of temperature vs . tirne (Figure 4-26), tbese constraints irnply a linear 

cooling path with a slope of approximately 9°C per m.y. However, it should be noted that this 

excludes data from the two fâult zone samples, the Meat Cove marble, and the ûtter Brook gneiss 

calc-silicate, and that the hi&-temperature constraint provided by the Sarnrnys Barren granite is 

only a crude estimate. The two fault zone samples are anomalws and were not affecteci by the 

metamorphic event that reset or disturbed the radioisotope systernatics of the rest of the Blair 



Table 4.2 - Su- of geochronology results. 

Unit and Mineral U-P b & ~ r ? ' ~ r  Interpretation 

Saiior Brook gneiss 

pnsrnatic zircm ca 1217 
spheroidal zircon 1035 +12/-10 
rnetamorphic titanite ca. 431' 
hornblende N-GM 

Lowlruid Brook Syenite 

prismatic & sph zircon LOS0 +5-3 
metamorpbic titanite 424 * 3* 
bomblende N.GM 

Red River Anorâbosite Suite 

pnsrnatic & sph zircon 996 61 -5  
metamorphic titanite 424 +4/-3* 
metamorphic rutile 410 * 2' 
homblende N.G.M 

Otter B m k  gneiss 

prismatic zircon 978 +6/-5 
metamorphic titanite 423 * 6* 
phlogopite 421 * 6  

Sammys Barren granite 

prismatic zircon 435 +7/-3 
Red Ravine syenite 

igneous titanite 425 I: 2* 
Fox Back Ridge dioritelgtaoodiorite 

igneous ti tani te 423 * 3* 
homblende 417 k 6 

Gaeissic Anorthosite 

metamorphic titanite 427 * 2* 
Amphibolite md Metagabbro 

minimum age of protoiith 
hi@-grade metam, 
amphiboiite facies metam cooiing 
no interpretation 

igneous crystaiiisation 
amphibolite facies metam amling 
no interpretation 

contact(?) metamorphkm w/charnockite 
amphiboiite facies metam coohg 
amphibolite facies metam cooling 
no interpretation 

igneous crystallisation of protolith 
amphibolite facies metam cooling 
amphibolite facies metam cooling 

igneous crystallisation 

pst-igneous cooling 

pst-igneous mling 
amphibo iite facies metam cooling 

amphibolite facies metarn cooling 

actinolitic homblende (PCRg) N.G.M no interpretation 
hornblende (WBF) 382 1 4  pst-amphiboiite-facies shear on WBF 

Other Marbles and Calc-silicates 

muscovite (Mat  Cove) 428 * 2 amphibolite-facies metam cooling 
phlogopite (WBF) 522 * 2 pst-metam. coolinp: (of foreign block?) 

Abbreviations: sph = spheroidal, WBF = Wilkie Brook fault zone, N.G.M. = no geologically 

meanhgful age, * = 206~b/238~ age, 





River inlier, perhaps fiom a onceoverlying (or underlyiog?) metacarbonate unit that is now 

presewed only in shear zona. The data fkom the Meat Cove marble and Otter Brook gneiss calc 

silicate are also off the inferreci coolhg curve. If aii the assurnptions involved in coastniction of 

the curve are correct (e-g., closure temperatures, crystallisation temperature of the granite), then 

the Meat Cove marble and calc silicate rock in the Otter Brook gneiss may have been late additions 

to the the Blair River inlier. 

Low temperature data, for example 4 0 ~ r ? 9 ~ r  K-feldspar and fission track analyses, are 

needed to constrain better the cooling history of the Blair River inlier. Two possible low- 

temperature ux>Luig paths are shown on Figure 4.26. 



C&QPTER 5 - Metamorphism 

5.1 Introduction 

Previous metamorphic studies of the Blair River inlier have been of a reconnaissance nature 

(Raeside and B m ,  1992) and few attempts have been d e  to estimate the conditions of 

metamorphism (Mitchell, 1979; Bekken, 1993). Documentation of metamorphic mineral 

assemblages and any potential P-T cuDstraints are thedore important as part of the f h t  

systematic a c m t  of poIymetamorphism in the Blair River inlier. 

Metamorphic minerai assemblages in the Blair River inlier c m  be divided into three 

generaîions on the basis of mheralogy and o v e r p ~ t h g  relations. Proterozoic gneissic and 

metaplutonic rocks rarely preserve pyroxene-bearllig metamorphic mineral assemblages. In most 

uni&, however, amphibolite facies metamorphic mineral assemblages predominate and some of 

these samples contain vestiges of an earlier, higher-grade metamorphic mineral assemblage in low- 

strain zones and in samples that have a mineralogid, but not a strong deformationai, overprint. 

More highly deformed, foliated arnphibolites and schists rarely contain indications of pnor 

metamorphic assemblages. Low-grade rocks are mostly CM-Ab-Ep schists associated with late 

shear zones and these o v e r p ~ t  al1 other metamorphic and igneous mineral assemblages. The 

generalised categories of "high-grade", c'arnphibolite-fhcies'', and "Iow-grade" metamorphism, 

therefore, provide a convenient context for further discussion. 

Because hi&-grade mineral assemblages are poorly preserved and microstnictures that are 

indicative of reactions and texturd equiiibrium are alrnost completely obliterated by a secondary 

metarnorphic overprint, the data needed to constnict a detailed P-T-t path are not available and the 

insights they rnay provide into Grenvillian (e.g., Wodicka, L 994; Jarnieson et al., 1994; L 995) or 

Appalachian (e.g., Burgess et al., 1995) tectonic processes based on cornparisons with numencal 



models of orogens (e.g., England and Thompsoq 1984) ranain obscure. The seaion below on 

high-grade metamorphism, therefore, concentrates on an attanpt to derive qualitative and 

quantitative P-T uiformaîion fiom the Sailor Brook gneiss, Red River Anorhosite Suite, 

chamockitic rocks, and the Otter Brook gneiss in order to document the presence, extent, and 

general conditions of hi&-grade metamorphism. 

Nearly al1 samples fiom the Blair River inlier were affected, to some degree, by one or more 

amphibolite-facies or lower-grade metamorphic event(s). High-grade, pyroxene-bearing 

assemblages are commonly pady altered to amphibole-biotite-oligoclase assemblages. In some 

s a m  ples, distinctive alte ration textures and relict minerals allow for identifkat ion of a hi&-grade 

precursor and in other samples metamorphism accompanied by deformation bas largely erased any 

possibility of recognising the preexisting mineralogy. However, not ail amphiboiite-facies 

assemblages were necessarily produced during a single metamorphic event. Other possibilities 

include retrogression to amphibolite fkcies conditions following granuiite-ficies metarnorphism and 

one or more subsequent amphibolite-facies overprinting events. 

In Chapter 4 metamorphic titanite grains analysed for U-Pb geochronology were attributed 

to amphibolite-fàcies metamorphism and the Silurian titanite ages were interpreted to record the 

age of post-metamorphic cooling through 550 I 50°C. However, some important details leading to 

these inferences were not documented fiilly. Part of the aim of the section below on amphibolite- 

fàcies metamorphism, therefore, is to document the evidence that titanite is part of the amphibolite- 

facies metamorphic mineral assemblage. Additionaily, evidence for the temperature of 

arnphibolite-facies metamorphism is evaluated in an attempt to distinguish between the possibilities 

of regional post-metamorphic cooling of the Blair River Uilier through ca. 550°C after 



crystallisation of titanite (the p r e f e d  interpretation of Chapter 4) versus synchronous widespread 

growth of titanite below its closure temperature. 

Documenthg the extent, and constraining the conditions, of metamorphkm in the Blair River 

inlier also has implications for understanding the role of the Blair River inlier in Appaiachian 

orogenesis. For example, Cume (1987b) hcluded the Blair River Ullier in the Pleasant Bay 

Complex (part of the Aspy terrane) based, in part, on what he considered to be evidence for a 

s h e d  high-grade metamorphic history . Kep p ie ( 1990) considered the (presumed) shared 

metamorphic history to be evidence of a Precarnbrian linkage between the Blair River inlier, the 

Pleasant Bay Complex, and the Avalon terrane. Barr and Raeside (1990), however, refited the 

correlation based on important differences in metamorphic mineral assemblages. 

5.2 Approach to derivation o f  quantitative P-T data 

Quantitative geothermobarometxy is difncult in the Blair River inlier due to 

polymetamorphism and lack of metapelitic or well-equilibrated metabasic rocks. important 

metamorphic minerais, such as aluminosilicates, are absent and pyroxenes in alrnost ail samples 

are exsolved andor highly altered to hydrous arnphibolite- or greenschist-fgcies rninerals. Rare 

metamorphic gamet is ubiquitously resorbed adjacent to a later generation of Fe-Mg silicate 

Despite the texturai disequilibriurn of rnany samples, an attempt is made here to evaluate the 

potential for preservation of equiiibrium assemblages w i t .  sub-domains arnong texturally related 

su b-assemblages, relict mineral *en&, and reaction-texture assemblages and to provide 

quantitative constraints on metamorphic conditions using the TWQ multi-equilibrium approach of 
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Bennan (199 l), with the amphibole thermodynamic properties of Mader and Bernian (1992). 

Intersections of at least three independent equilibria constitute a P-T estimate ifthey lie witbui *I 

kbar and SO°C after one iteration of exclusion analysis to remove problernatic end-rnember 

components and intersections more than 1-5 O fiom the mean. intersections that satisfjr these 

criteria are suggestive, but not proof, of an equilibrium assemblage iftbey comprise two or more 

independently calibrateci equiiibria and if the thermodynamic data of included end-member 

components are diable. Calibrated and high-confidence reactions are listed in Table 5.1 and an 

highiighted in the discussion of TWQ diagrams. 

Component exclusion analyses and intersection statistics were evaluated by the program 

iNTERSX, an accessory program distributeci with TWQ. The standard deviation quoted on TWQ 

diagrams is a measure of the "tightness" of the cluster of intersections and is not an error on the P- 

T estimate because it does not include uncertahties in rnicroprobe analyses, themodynarnic 

properties, and solution models. Calculated P-T estimates are presented accurately on TWQ 

diagrarns, but are rounded to the nearest 0.5 kbar and 10°C in the text in order to avoid fàlse 

precision. Errors in this technique are assumed to be on the order of I l  kbar and k50°C (e.g., 

Berman, 199 1; Jamieson et al., 1995; Burgess et al., 1995). Errors arising fiom uncertainties in 

solution models can be large (e-g., Holland and Powell, 1985; Kohn and Spear, 1989) and 

represent the largest source of error in TWQ results (Becman, 199 1). 

Compositionai data were selected from subsets of 40-120 rnicroprobe analyses per thin 

section and 10-30 analyses of each mineral. Analyses were concentrated in 2-4 areas per thin 

section and, where possible, minerals in grain-boundary contact or close proximity were analysed. 

Matrix grains were andysed as well as porphyroblasts, porphyroclasts, and minerals with reaction 

textures. Both grain edges and centres were comrnonly analysed, using BSE images =id 



Table 5.1 - Selected (diirateci or highanfidence) equilïbria used in TWQ anaiyses and in conventionai 
thennobarometers. Numbered reactions correspond to numbered equilibria on TWQ diagrams, 
abbreviations correspond to conventional thermobarometers in Table 5.4 

a 
Geobarometers 

Opx-cpx 
22) K(82)nt,L(83) Iow-Ca Pyx = hi&-Ca 2526 
23) K(82)el+L(83) En+Hd = Fs+Di 2526 

Referaces, (1) Newton and Perkins, 1982; (2) Moecher et al., 1988; (3) Powell and Holland, 1988; (4) 
Mukhopadhyay et al., 1992; (5) Wood, 1979; (6) HoUand, 1 98 1; (7) Gasparik, 1984; (8) Mader and Berman, 1992; 
(9) Mader et al., 1994; (10) Percival, 1983; (1 1) Coolen, 1980; (12) Glassley and Sorensen, 1980; (13) Legm and 
Ferry, 1991; (14) Labotka, 1987; (15) Kohn and Spear, 1989 and 1990; (16) Ferry, 1988; (17) S h m a  and Jenkins, 
(18) Jenkins, 1991; 1994; (19) Ghemt and Stout, 1981; (20) Ellis and Green, 1979; (21) Ferry and Spear, 1978; (22) 
Perchuk and Laurent'eva, 1983; (23) Graham and Powell, 1 984; (24) Holland and Blundy (1 994); (25) Lindsley, 
1983; (26) Kretz (1982) 
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microprobe traverses across some minerals (eg., gamet) to check for compositional zoning. An 

average o f2  to 6 analyses fiom texturally related and compositionally similar grains were used in 

order to minimise the effects of random analyticai error. 

Mineral compositions were detennhed by electron microprobe d y s i s  usiag standard 

operating conditions as describeci in Appendix AS. 1. Mineral classification and nomenclature 

diagrams are presented with tabulateci microprobe data as weight% oxides, norrnaiised cations, and 

end-member wmponents in Appendix AS .2. 

5.3 High grade metamorphism 

5.3.1 Petrography, mineral chemistry, and textural relations 

Sarnples that contain metamorphic clinopyroxene with or without metarnorphic gamet and 

orthopyroxene occur in the Sailor Brook gneiss, parts of the Red River Anorthosite Suite, the 

cbamockite unit and the ûtter Brook gneiss. However, nearly al1 samples are altered or show 

retrograde reequilibration textures which have Iargely obliterated fine rnicrostmctures, for 

example reaction textures (coronas, symplectites, relict grains, porphyroblast/f'bric relations) and 

equilibrium textures (multigranular aggregates, unexsolved solid solution minerals, compatible 

minerals with unaltered grain boundaries) that are conunonly used to infer metamorphic reactions 

and evaluate potential equilibriurn minerai assemblages (Vernon, 1 996). Pyroxene grains in even 

the bat-preserved samples show aiteration textures like exsolution of fine-graiaed Fe-Mg oxide 

minerals (schiilerite in orthopyroxene) or are replaced by fiberous paie green amphibole (uralite in 

clinopyroxene), exsolution lamellae of plagioclase, and amphibole or biotite rims. In some cases 

the high-grade metamorphic minerd assemblage may be inferrd h m  relict mherals and 

distinctive al teration textures. The metarnorphic mineral assemblages (observed or inferred) of 
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representative sarnples fiom these four u& are summarised in (Table 5.3) and compositional and 

texturd relations are discussed below dong with an attempt to derive P-T information ushg 

qualitative infrrences and quantitative geothermobarometry techniques. 

Sailor Brook gneiss 

Petrography and mineral chemistry 

Four samples fiom the centre of the Saiior Brook gneiss (Le., samples that are not xenoliths 

or near the contact zone with the Lowland Brook Syenite), contain hypersthene, diopside, 

plagioclase (An40), K-feldspar, quartz, and Fe-Ti oxide rninerals in a medium-grained (0 -34.5 

mm) granoblastic texture. Thin (-0.5 cm wide) pyroxene-rich layen define a k t  metamorphic 

layering. Hypersthene in al1 sarnples is highiy altered with fine Fe-Mg oxide mineral inclusions. 

Diopside is dtered to fine-grained amphibole or granular homblende around grain edges, in 

fi-actures and preferentially dong exsolution lamellae (Figure 5. la). Fe-Ti oxide minerals are 

commonly rimmed by either granular homblende or acicular radiahg biotite. The high-grade 

assemblage in samples of intemediate composition is interpreted to have been Pl + Hyp + Di + Ox 

& Kfs Qtz (mineral abbreviations as in Table 5.2) and in more rnafic compositions it is Pl + Hyp 

Di + Bt + Ox. The poor preservation ofpyroxene and the lack of mineral assemblages that 

constrain pressure (e-g., gamet) make these sarnples inappropriate for quantitative 

geothermobarometry . 

Xenoliths in the Lowland Brook Syenite are some of the fiesbest granoblastic granulite 

samples (Figure 5.1 b). One particularly well-preserved sample contains hypersthene (En54-57), 

plagioclase (Ans5), K-feldspar, and Fe-Ti oxide minerais u biquitously Nnmed by orange-brown 



Figure 5.1 - Photomicrographs afgranuiite samples h m  the Saiior Bmok gneis 

(a) Highiy altered orthopymxene mas of fine-graineci minerais in cluster in upper right) and 
ciin~pym~xene aitered to uralte (green minerais dong left and right edges of the photomicm&raph). 

MU; pIane-poIanzed (PP) light; d e  bar = 1 ml. 



Table 5.2- Mineral Abbreviations ahr  Kretz (1 983). 

Act 
Ast 
Ab 
Aln 
Alm 
And 
Adr 
Ann 
An 
Ath 
AP 
Aug 
Bt 
Chl 
CPX 
Cal 
Cum 
Cu, 
Di 
En 

Actinolite 
Aegirine-augi te 
Albite 
Ailanite 
Almandine 
Andalusite 
Andradi te 
Annite 
Anorthite 
Anthophy llite 
Apatite 
Augite 
Biotite 
Chlorite 
Clinop yroxene 
Calcite 
Cummingtonite 
Clinozoisite 
Diopside 
Enstatite 

EP 
Fa 
Fs 
Fo 
Fprg 
Ftr 
Fts 
Grs 
Grt 
m l  
Hd 
Hm 
HYP 
Ilm 
K fs 
KY 
Mal3 
Mc 
Ms 
Ox 

Epidote 
Fay alite 
Ferrosilite 
Forsterite 
Ferropargasite 
Ferrotremolite 
Ferrotschermakite 
Grossular 
Gamet 
Homblende 
Hedenburgite 
Hematite 
H ypersthene 
llmenite 
K- feldspar 
Kyanite 
Magneti te 
Microdine 
Muscovite 
Fe-Ti oxide 

01 
OPX 
Or 
pg 
Phl 
Pl 
prg 
p rp 
Qtz 
Rt 
Sa 
SCP 
Ser 
Si1 
S P ~  
SP 
Tr 
Ts 
Ttn 
Zm 

Olivine 
O rthop yroxene 
Orthoclase 
Paragonite 
Phlogopi te 
Plagioclase 
Pargasite 
Pyrope 
Quartz 
Rutile 
S anadine 
Scapolite 
Sericite 
SiHimanite 
Spessartine 
Sphalerite 
Tremolik 
Tschennakite 
Titanite 
Zircon 
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biotite (Anaqw). Hypersthene Y not highly exsolved and there is no sigdicant compositional 

variation within or between grains, but rnany grains near Fe-Ti oxide minends have a thin 

overgrowth of biotite, fine-graineci green homblende, andior Mg-rich chlorite. Several other 

xenoliths are very similar to the hi&-grade samples from the centre of the Sailor Brook gneiss in 

mheralogy, grain size and texture, but pyroxenes are completely altered and larger (up to 1.5 mm) 

orange-brown biotite grains surround Fe-Ti oxide rninerals. 

Other granular, layered but poorly foliated, one- and two-pyroxene gneissic rocks are present 

in the undivided unit. Several samples contain highly altered orthopyroxene with oniy stightly 

altered clinopyroxene. These rocks were probably once part of a larger granulite-hies gneissic 

complex that included the Sailor Brook gneiss. However, a large granulite terrane cannot be 

mapped as a single unit because of extensive subsequent amphibolite-fàcia metamorphism and late 

displacements dong fauk zones. 

The widespread presence of preserved, relict, or ùiferred granulite-facies metamorphic 

mineral assemblages in the Sailor Brook gneiss, and in sùnilar sarnples throughout the undivided 

unit, suggests that a large portion of the Blair River inlier underwent regional high-grade 

metamorphism. The preservation and enhancement of granular textures and two-pyroxene mineral 

assemblages in gneissic xmoliths in the Lowland Brook Syenite suggests that the syenite intruded 

the Sailor Brook gneiss at granulite-facies conditions. 

P- T comfruints 

Widely applicable and well-calibrated geobarometric equilibna for grandite-facies rocks 

require alurninosilicate, gamet, andor O iivine (cf., Essene, 1982; 198 9) and Fe-Mg exchange 
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geothemometen are known to be very sensitive to retrograde requilibration in evai the best of 

cases (e.g., Pattison and Newton, 1988). Therefore, no sarnples h m  the Sailor Brook gneiss were 

considered adequate for quantitative geothermobarometnc anaiysis. However, the two-pyroxene 

metamorphic minera1 assemblages h p l y  gramdite-facies conditions in the general range of 700- 

1000°C and 4-12 kbar (Turner, 1968; Anovitz and Essene, 1989). At relatively higher pressures 

in matic and ultramafic granulite, orthopyroxene reacts with plagioclase to produce gamet and 

defines a high-P granulite subfàcies characteriseci by Grt + Cpx * Opx assemblages in metabasite 

(Green and Ruigwood, 1967). The lack of gamet in the most mafic, least siliceous, Opx + PI 

Qtz samples from the Sailor Brook gneiss, xenoliths in the syenite, and in the undivideci unit 

suggests fairly typical, moderate pressure, granulite-facies regional metamorphic conditions of 

about 6-8 kbar and 700-850°C (e.g., Newton, 1983; Bohlen, 1987; Harley, 1989; Essene, 1989). 

Red River Anorthosite Suite 

Petrography and minera1 chemzstry 

Preserved or relict pyroxene-bearing metamorphic mineral assemblages are rare in the 

interior portions of the Red River Anorthosite Suite. Metamorphic minerals are commoniy 

associated with a weak apparent flattenùig fabric defined in some anorthosite samples by 

symmetric augen and clusten of mafic minerals and by 3.5-8 mm plagioclase porphyroclasts that 

are recrystallised dong grain boundaries into elongate lenticular zones of O.S-û.7 mm diameter 

granular aggregates. The zones of recrystallised plagioclase lack interna1 or extemal asymmetry 

and also appear to be fiattening fàbncs. In many of the metamorphosed samples that are least 

affected by subsequent lower-grade alteration, some mineral relicts are presewed fiont the igneous 

precursor, but these are commonly partiy recrystallised to a texhirally and compositionaüy distinct 

metamorphic assemblage. As a whole, however, the Red River Anorthosite Suite does not preserve 



good mineralogid evidence of hi&-grade metamorphism because mafic rocks of suitable 

composition are concentrateci around the exiges of the suite where the arnphiboüte-hies overprint 

is most intense. 

Orthopyroxene in the Red River Anorthosite Suite is mostly bronzite (En70-78) and 

hypersthene (En5g-70). Bronzite is probably of igneous origin because these grains are large (0.44 

mm) with fine (100) exsolution lamellae of clinopyroxene. Bwnzite has weii-defhed cleavages 

along which plagioclase, and Fe-Ti oxide minerals are exsolved. By contrast, metamorphic 

hypersthene grains are srnd (0.1-0.25 mm) and lack significant exsolution textures. Hypersthene 

grains have pmrly developed cleavage, and occur as zones of granular aggregates with plagioclase 

and Fe-Ti oxide minerals around igneous grains. 

The most conunon plagioclase composition in the best preserved samples is calcic andesine 

and labradonte (A.114548). Unaltered, but partly or completely recrystailised granular-texture 

plagioclase is also labradorite in plagioclase-rich samples and zones, but these recrystallised grains 

Iose their iridescent-bhe hue in hand sample. In anorthosite samples that contain primary 

pyroxenes, both large igneous and smaller recrystallised plagioclase grains are progressively more 

calcic (An7g-88) in proximity to metamorphic reaction zones with Fe-Mg silicate minerals. 

Andesine is the most cornmon plagioclase composition in more mafic sarnpies (leucogabbro) fiom 

the Red River Anorthosite Suite that preserve high-grade metarnorphic textures and minerals. 

Highiy altered plagioclase grains in the Red River Anorthosite Suite are albite or oligoclase and the 

An content generally varies inversely with the degree of sericitic aiteration. In gabbroic samples, 
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clusters of orange-brown biotite rh Fe-Ti oxide minerais and in some deformeci sarnples the biotite 

rims help define the foliation. 

Anorthosite sample BVM91-584 was selected for detadeci study because it is one of the very 

few samples that preserves dekate reaction textures. The sarnple contains large augen-shaped 

clusters (0.5-2 cm long dimension) of orthopyroxene that are optically onIy stightly offket fiom one 

another and appear to have once been a single crystal. Subgrains (2-5 mm each) are common in 

strained and exsolved orthopyroxene megacrysts in other anorthosite bodies including the 

Labrieville and St-Urbain anorthosite bodies in Quebec (Dymek and Gromet, 1984; Owens and 

Dyrnek, 1995). The orthopyroxene subgrains have exsolved plagioclase blebs and larnellae and 

high Altot (3-3.75% of total cations) compared to nearby recrystallissd metamorphic orthopyroxene 

(1-2.25% of total cations). No attempt was made to re-integrate plagioclase and pyroxene 

compositions, but Al203 is up to 3.5 weight% in the centres of the largest grains. By cornparison, 

the re-integrated or bulk &O3 of high-Al megacrysts fiom other anorthosite massifk ranges tiom 

4- 12 weight%, but most are in the range 4 - 5 4  weight% (Ashwal, 1993; Owens and Dyrnek, L 995). 

The orthopyroxene clusters in sample BVM9 1-5 84 are, therefore, considered to be partly 

recrystaliised hi&-Al orthopyroxene megacrysts . 

The largest orthopyroxene augen are draped by metamorphic reaction rims and smalIer 

augen are altered completely to hornblende (Figure 5.2). On one side of a large auge the reaction 

zone comprises granoblastic hornblende with remnant fragments of orthopyroxene and rare relict 

clinopyroxene lamellae. On the other side of the orthopyroxene cluster is an Opx + Pl + Bt 

symplectite with localised patches of granoblastic homblende. Orthop yroxene grains in the 



Figure 5.2 - Partly recrystailised high-Al orthopyroxene megacryst draped by reaction rirns; fiom the Red 
River Anorthosite Suite. 

(a) Recrystailised orthopyroxene megacryst (BVM9 1-584; XP; scaie bar = L mm) 

(b) Photomicrograph in plane polarized light shows hornblende reaction around the top of the auge and 
symplectite with local granoblastic zones around the bottom of auge (BVM9 1-584; PP; scale bar = 1 mm). 

(c) Close-up of symplectitc and granoblastic reaction zones (BVM91-584; PP: *-cale bar = 1 mm). 



Figure 5.2 



symplectite are either granoblastic aggregates adijacent to and recrystalIised directly fiom 

orthopyroxene in the auge or are fine i n t e r g r o h  in a reaction-zone symplectite with plagioclase 

and biotite. 

BSE intensities of orthopyroxene grade fiom darker in grain centres to brighter at grain 

edges and in the symplectite (Figure 5.3) and this corresponds to decreasing Altot increasing 

Fe/Mg. The BSE intensity gradations correspond to compositions that range from En70 and Aitot 

= 0.5-1.3 (centres) to En6649 and Altot = -06--09 (symplectite). The d a t i o n  in BSE intensity is 

l e s  pronounced adjacent to the homblende rim in which the composition of orthopyroxene 

fragments grade fiom En68 to En66 and Altot fiom 0.06 to 0.03. Ahhough total Al contents are 

variable throughout the auge and reaction zones, they are generally much higher in the 

recxystailised orthopyroxene megacryst, much lower in the homblende rim and intermediate in the 

symplectite (Figure 5.4). Most other compositional parameters do not vas, signiscantly. 

Large (0 -5-2cm) plagioclase grains around the auge are ~ 4 . ~ 5 0  and are compositionally 

zoned adjacent to the reaction rims to A h g o  near the symplectite. The mning in plagioclase is 

apparent both opticdy and in BSE images (Figure 5.5a). Plagioclase compositions in the 

symplectite, in exsolution lamellae within orthopyroxene grains, and in the homblende Mn are also 

h g 0  (Figure 5.4). 

Clinopyroxene is rare in this sample and all grains are small fhgments or relict lamellae 

associated with granular homblende aggregates and in homblende-rich reaction Nns adjacent to 

orthop yroxene (Figure 5 -3). Small augen of granular homblende in the maûix (Figure 5.6) contain 



Figure 5.3 - BSE image mosaic of orthopymxene auge in morthosite sample B W l - 5 8 4  (pictured in 
Figure 5.2) from the Red River Anorthosite Suite. Micmprobe traverse A-A' is shown and corresponds to 
the selected compositionai parameters in Figure 5.4. Scale bar = 1 mm 
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Figure 5.5 - (a) BSE image mobaic of transitional zone between large igeous plagioclase grain @nom 
right) and sympleçtite (top l&), note plagioclase zonïng adjacent to the symplectite (scale bar = hm). @) 
Gianoblastic orthopyroxene and relatively u11u)ned hornblende (compare with that of homblende rh, 
Figure 5.3) in the symplectite (scale bar = hm). (c) Swailow-tail biotite grains in the symplectic rim 
( d e  bar = 0.5 mm). All are nom sample BVM91-584 of the Red River Anorthosite Suite. 



Figure 5.6 - Smaii auge of granular hornblende with relict IameIlae of clinopyroxene (BMV9 1-583; XP; 
sale bar = 1 mm). 
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relict salite @in-8 1) lameilae and clinopyroxene lamellae within the homblende reaction rim 

around orthopyroxene presewes a systematic gradation fiom D i n  to Di83, with the more 

magnesian compositions nearer to the orthopyroxene megacryst (Figure 5.4). A f w  chopyroxene 

analyses yielded compositions of pigeouite or subcalcic augite but these are from areas with very 

fine lameilae of orthopyroxene, homblende, and perhaps plagioclase, and probably do not represent 

the composition of any single phase. 

Hombiende grains in the reaction rims are individually zoned (Figure 5.3 and Figure 5.5b) 

with compositions ranging fiom tschemiakitic homblende at grain centres to rnagnesio-homblende 

at grain edges. HornbIende grains in the smaller augen that contain relict cünopyroxene lamellae 

are magnesio-homblende. Both the tscherrnakite content and the Fe/Mg ratio appear to be 

contïolled more by the mning within individual grains than by the proximity of the grain to the 

recrystallised orthopyroxene megacryst (Figure 5 -4). 

Swallow-tail biotite grains are present in the Opx + Pl + Bt symplectic reaction rirn 

surroundhg recrystallised megacrysts (Figure 5 . 5 ~ )  and rare blocky biotite grains are present in the 

homblende reaction rim and in granular homblende aggregates in the sympledic rim. Several 

biotite grains extend into orthopyroxene grains along IarneIlae that are othenvise occupied by 

plagioclase and Fe-Ti oxides. Biotite grains in the symplectite are Ann,32 and in the homblende 

reaction rirn are Ann-37. 

In many samples it is difncult to determine whether reaction rims around anhydrous igneous 

minerals (e-g., pady recxystaiiised orthopyroxene megacrysts) result fiom subsolidous late-stage 

igneous processes (including alteration fiom late-magmatic fluids and requilibration during post- 
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emplacement coohg) or a subsequent metamorphic episode (e.g., Buddiagton, 1939; Whitney and 

McCeUand, 1973; Johnson and Essene, 1982; Rivers and Mengel, 1988). The preservation of the 

symplectite, however, suggests a metamorphic origin because the fine textures and high surfkce 

energy grains would not be expected to sunive the high-grade thermal event that is hown to have 

affected the enveloping chamockitic rocks (see below) and probably coincidecl with Iate Middle 

Proterozoic metamorphic zircon growth (Chapter 4). By comparkon, orthopyroxene rnegacrysts in 

other massif-type anorthosite bodies are cornmonly large (several to tens of centimetres), blocky 

grains with internai exsolution textures and grain-boundary reaction rims that have a wide variety 

of mineral assemblages and textures (e.g., Ernslie, 1975; Dymek and Gromet, 1984; Owens and 

Dymek, 1995). Although few authors speculate on the origin of the secondary minerals, the 

general implication is that they result from late-stage igneous processes (Bhattacharya and 

Mukhe rjee, 1987; Ashwal, 1993; Owens and Dymek, 1995). Wodicka (1 994) inferred flaîtened 

polycrystalline aggregates of hornblende and plagioclase in the highly recrystallised rnargins of the 

Pany Island anorthosite to be metamorphosed orthopyroxene megacrysts. 

Some homblende rims around orthopyroxene megacrysts may result from secondary 

hydration of a late-igneous clinopyroxene corona. Owens and Dymek (1995) reported that red- 

brown biotite and green homblende are present around orthopyroxene megacrysts in the Labrieville 

anorthosite and that some of the secon- minerals have grown into the megacryst dong 

plagioclase lameliae. They attributed al1 of the megacryst requilibration, exsolution, and d o n  

textures to late-stage igneous processes. The opposite case, multiple stages of d o n  that 

produce anhydrous silicate minerals at the expense of early-formed amphibole and biotite, has been 

reporteci in coronitic gabbro from western Labrador (Rivers and Mengel, 1988). The homblende 

reaction rim in sample BVM9 1-584 may have replaced a clinopyroxene corona rather than directly 
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replacing orthopyroxene. This would explain the lack of zoning in orthopyroxene adjacent to the 

homblende rirn and the presence of relict clinopyroxene. 

AU of these h e s  of evidence and the cornpansons with s i d a r  textures in other anorthosite 

and maiïc rocks support the interpretation of metamorphism, ac~mpanied by deformation, as the 

origin for the reaction-rim mineral assemblages in sample BVM9 1-584 and the apparent flattening 

fkbric they help to dehe.  

P-T ~ o m m n i s  

Bekken (1993) attempted two-pyroxene thermometry on one sample each fiom the 

anorthosite, charnochte, and the layered unit but obtained unreasonably high temperatures of 

1 1 19- 1 930°C. Mitchell (1 979) also attempted two-pyroxene thermometry on a "banded gneiss" 

(perhaps layered unit or chamockite?) and obtained high, but more reasonable, metamorphic 

temperature estimates of 860-932OC. Neither study was of sufficient detail to assess the effects of 

polymetamorphism and disequilibrium. 

The Red River Anorthosite Suite is interpreted to have b a n  subjected to high-grade 

metamorphism baseci on recrystallisation textures and relict minera1 assemblages. However, most 

of the anorthosite suite is of inappropriate buk composition to have formed mineral assemblages 

appropriate for precise P-T constraints or the rocks have been subsequently overprinted by 

amphiboiite-fàcies assemblages. Therefore, the focus is here on an attempt to deterxnine the 

conditions of metamorphism implied by the reaction rims in sample BVM9 1-584. 

For TWQ analyses, closely associated minerals in srnall(<3mm) areas were adysed  fiom 

the symplectite, a small patch of granoblastic minerals in the symplectic Nn, and minerals in the 
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homblende rim. Minera1 compositions in the granoblastic patch were obtained h m  averages of 

four plagioclase analyses, three orthopyroxene analyses, two homblende aaaiyses, and three biotite 

analyses. It was deemed necessary to exclude biotite fiom TWQ analysis because Fe-Mg 

equilibria involvhg biotite plot at about 250°C and other equilibria are clearly outüers. Although 

this sample contains magnesio-homblende to tschennakitic homblende, aü six amphibole end 

mernben (Tr, Tsc, Prg, and Fe-equivalents) were included in the TWQ analyses an4 with the 

exception of the highly sensitive two-amphibole Fe-Mg equilibria, other equilibna involving 

amphibole are remarkably consistent, especially conside ring that uncertainties in the appropriate 

(equiiibriurn) amphibole composition commonly caused difficulties in other samples. 

In the resulting TWQ diagram (Figure 5.7a), Fe-Mg exchange reactions between 

orthopyroxene and homblende plot at about 760°C. Although these are not high-confidence 

equilibria, TWQ analyses using other combinations of orthopyroxene, homblende, and including 

relia clinopyroxene from the homblende reaction (e-g., Figure 5.7b,c), all produced Amph-Pyx and 

Cpx-Opx Fe-Mg exchange equilibna between 700-8 OO°C, but with widely varying pressure- 

constraining equilibria (not reproduced here). There is also fair agreement with the homblende 

end-member Schreinemakers bundle which, in many analyses of other samples, does not even plot 

within the P-T limits of the diagram, and is more reliable in this case because hornblende is Tr- and 

Tsc-rich (Le., more reliable thermodynamic properties - Mader et al., 1994; Jenkins, 1994). 

Applicable conventioaal thermorneters are luniteci by the lack of quartz, but the HBb(94) 

thennometer yielded a high temperature of 830°C (Table 5.4). 

Mineral compositions in the symplectite were averaged fiom two orthopyroxene analyses, 

three analyses of adjacent plagioclase (An-84), two analyses of granular homblende. in contrast to 
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Figure 5.7 - TWQ diagrams from assemblages in teaction rims around a partly recrystailized 
orthopyroxene rnegacryst fiom the Red River Anorthosite Suite. Assemblages are from (a) grandar 
aggregates, (b) symplectite, (c) hornblende reaction t-im. Quoted emrs are the 1.50 standard deviation on 
the cluster of intersections and not the accwacy of the P-T estimate. Numbered heavy equilibria are 
caii'brated or high-confidence reactions and correspond to Table 5.1. Circled Schreinemakers bundle is 
the Fe-Mg exchange equilibria between a m p h i l e  end-members. Lettered equilibria are listed in 
Appendix A5.3. 



Table 5.4 - Comparison between P-T results from TWQ analyses and conventional thermobarometry (T in O C  and P in kbar). 

Sample 584 584 584 144 739 739 057 714 714 717 
TWQ Figure 5.7a 5.7b 5 . 7 ~  5.13a 5.13b 5,13c 5.13d 5J7a  5.17b 5 . 1 7 ~  

Grt-Bt 
T-FS (7 8) 
T-IM(85) 

Grt-Cpx 
T-EG(79) 
T-GS(87) 
opx-Cpx 
TX(8 2)nt 
T-K(82)ex 
T-L(83) 

Errors on P and T are estirnated to be on the order of *1 kbar and *50°C as explained in text, *quartz not present in assemblage, parentheses indicate 
minerai composition outside range suggested by author of calibration. To facilitate P-T cornparisons within units, thermometric calculations assume P = 
3.5 kbar for BVM91-584 (except L(83) at 5 kbar), P = 9 kbar for BVMW-144 (exqt L(83) at 10 kbar), BVM91-739, BVM90-057, P = 10 kbar for 
BVM9 1-7 14, BVM91-7 17; baromeiric cdculations assume T = 750°C for BVM9 1-584, T = 77S°C for BVMW-144, BVM91-739, BVM90-057, T = 
700°C for BVM91-7 14, BVM91-7 17. Holland and BIundy (1994) teaction A (edenite-tremolite) is HBa(94), and d o n  B (edenite-richterite) is 
HBb(94). K(82)nt iC(82)ex are the calibrations of Krel(1982) for the Ca-Mg net-transfer and Fe-Mg exchange naclions respectively. Other calibration 
abbreviations as in Table 5.1. 
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granular homblende grains in the homblende reaction rim, these hornblende grains do not show 

significant zoning in BSE Unaga are texhirally stable. The equilibria yield Opx-Hbl exchange 

equiiibria that suggest a temperature of about 730°C (Figure 5%). The HBb(94) conventional 

thennometer yielded a temperature of 740°C (Table 5.4). Mineral compositions in the hornblende 

reaction Mi were combineci fiom the average of six granular, zoned homblende grain centres, four 

relict fkgments of orthopyroxene, the average of three clinopyroxene in relict lameliae, and three 

granular plagioclase graios within the reaction rim. The best set of intersections was obtained by 

excluding FeTr. Although the orthopyroxene, amphibole and plagioclase compositions Mer from 

the two preceding analyses, the positions of equilibria are rernarkably similar and indicate a 

pressure of 3 kbar and 750°C (Figure 5.7~). In this analysis, the two-pyroxene Fe-Mg exchange 

equilibrium plots within the d i a .  limits at about 800°C. The temperatures produced by 

conventional thennometers are higher thm TWQ for K(82)nt and HBb(94) at 890°C and 930°C 

respectively, but the K(82)ex temperature is 747OC (Table 5 -4). 

Charnockite 

Petrography and minerai chemistry 

Metarnorphosed chamockite samples contain the best preserved hi&-grade mineral 

assemblages in the Blair River inlier. Some samples contain clearly metamorphic two-Q yroxene 

assemblages, but others preserve grains of igneous ongin that are partly recrystaliised to a 

texturally distinct generation of pyroxene. Partly resorbed gamet and clinopyroxene are present in 

some samples, but no samples preserve texturally equiiibrated Pyx + Grt assemblages. The least- 

altered sarnples are fiorn competent lenses surrounded by chloritic schist in the W i e  Brook fault 

zone. The hi&-grade metamorphoseci chamockite difEers fiom the Sailor Brook grandite gneiss in 

that the chamockite is more felsic, many samples contain quartz, the hi&-grade assemblage is 
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commody oriented in a weak shav-preferred fabric, and igneous precursor grains are locally 

Igneous orthopyroxene grains are recognised by king generaliy large (1-4 mm), 

equigranular b r o ~ t e  with exsolved Fe-Ti oxides, clhopymxene, andior plagioclase. They are 

commonly bordered by recrystallised granula. aggregates of homogeneous (Le., unexsolved and 

unzoned) metamorphic hypersthene. Igneous pyroxene grains are also recognised by their 

association with large (up to -1 mm) perthitic K-feldspars, both of which are ccmnonly 

porphyroclasts in a ber-graineci recrystallised matrix that d h e s  a weak foliation and includes 

granular metamorphic orthopyroxene and two feldspars. Other metamorphic orthopyroxene (Engg- 

63) grains are large (up to 7mm) and elongate, defining a macroscopic foliation dong with layen of 

recrystallised equigranular and granoblastic feldspars and mosaicquartz ribbons. Metamorphic 

clinopyroxene (Di60-76) grains are eliipsoidal or round, the former being aligneci with the 

macroscopic foliation. In more highly altered samples, orthopyroxene is partly or completely 

altered whereas clinopyroxene is commonly unaltered, or rimmed by Hbl + PI + Qtz aggregates. 

In the least-altered hvo-pyroxene charnockite sample (BVM90- Wt), large elongate 

metamorphic hypersthene grains contain du* inclusions of an Feoxide minerai dong fractures 

and cleavage planes. Individual cleavage- or fiacture-bounded fhgmemts show a slight but 

systematic compositional variation from Ew2-7 in the centres of large fhgments, En61.540 in 

smaiier fragments, to En59 near zones of dusty inclusions. However, this compositional gradation 

is not resolved by BSE images which are of uniform intensity within fhgment. (Figure 5.8a). 

Ciinopyroxene grains have optically continuous rims of granular augite, diopside, and salite that 



Figure 5.8 - BSE images of pyroxene textures in chamockites. (a) Exsolved orthopyroxene that shows 
iittle variation in BSE intensity within cleavage-bounded fragments (BVM90-144; scale bar = lmm). (a) 
and (b) Exsofved clinopyroxene grains recrystallized dong grain edges to granoblastic aggregates wiîhout 
exsolution lameiiae (BVM90-144; sale bar = l m ) .  (c) Larger relict igneous clinopyroxene grains 
recrystaiiized around grain edges to separate &raaobIastic C p x + P l I ) S l  assemblage (BVM9 1-739; 
sale bar = h m ) .  (d) Close-up of granobIastic recrystallized minerals ( s d e  bar = 0.5mm). 
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lack exsolution textures surrouding larger cores with exsolution lameiiae of plagioclase, quartz, 

and Fe-Ti oxide minerals (Figure 5.8b). The granular r im are slightly Di-nch relative to the cores 

Orange-brown biotite occurs as rims around Fe-Ti oxide minerals in association with 

pyroxene clusters, but oxide minerals in the quartzofeldspathic matrix largely lack biotite rims. 

Large tabular biotite grains help define the foliation dong with elongate pyroxenes and 

amphiboles, recrystallised quartz ribbons, and zones of granular recrystallised feldspars (Figure 

5.9). 

Large (up to 2.5 mm) grains of both K-feldspar with fine-bead perthite and relict igneous 

plagioclase with deformeci twin lamellae Uccur in a fine-grained (0.2 mm) granular recrystallised 

ma&. Centres of large igneous plagioclase grains are An34-37, plagioclase grains near p yroxenes 

are An3l-34 and plagioclase exsolution lamellae and blebs in clinopyroxene are more d c i c  

Although textural disequilibrium is evident in chamockite sarnple BVM9 1-739, this sample 

is the only gamet-bearing granulite observed fiom the BIair River inlier. Large (0.75 mm) 

chopyroxene grains contain cores with exsolved lamellae of Pl + Ox and rims that lack (or have 

expelied) exsolved rninerds within about O. L mm of their edges. These grains are more magnesian 

towards their edges @i70-72) cornpareci to their centres @ k g ) .  Many large chopyroxene grains 

are mantled by finer-graineci (O. 14.3 mm) granobiastic aggregates of Cpx + Pl + Hbl + Ox that 



Figure 5.9 - Biotite grains and Fe-Ti oxide mineral that help to define a folation with elongate pyroxene, 
grandar hornblende aggregates and recrystaliized feldspars in charnocici te sample BVM90-057 (PP; sale 
bar = I mm). 
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help to defie a weak foliation. The compositions of clinopymxene grains in the granoblastic 

aggregates are comparable to large grain edges (Di7o-72). 

Gamet ( A h  > Prp > Grs) is highly resorbed dong grain edges and in fiadures to a locally 

symplectitic, very fhe-grained group of minerals that includes chlorite, muscovite, biotik, 

hornblende, plagioclase, and Fe-Ti oxide minerals (Figure 5.10). Microprobe traverses across 

remnaot gamet hgments show that almandine and spessartiae components increase dramaticaliy, 

whereas pyrope and grossular components decrease adjacent to the zone of fine-grained alteration 

minerals (Figure 5.1 1). This appears to be the result of partitionin3 during retrogression and rnay 

indicate that the gamet composition of the high-grade assembiage is preserved in the centre of 

larger grains. 

HombIende is present as large (0.5 mm) brown blocky grallis associated with clusten of 

ignews clinopyroxene and Fe-Ti oxide minerals where they are not significantly recrystallised. 

Green-brown magnesian hastingsitic homblende occurs as part of the granular recrystallised 

aggregates around large clinopyroxene grains. 

The centres of large (igneous?) plagioclase grains are An-40 and grain edges adjacent to 

clinopyroxene are An464 1, plagioclase in granoblast ic aggregates associated with recry stallised 

pyroxene is An4345, and plagioclase exsolution lamellae in large igneous clinopyroxene grains are 

An-50. Albite (An34 is the dominant plagioclase composition among the fine-graineci minerals 

around resorbed gamet. 



Figure 5.10 - Highly resorbed gamet in charnocki te. 

(a) gamet (centre-top, high-relief mineral) and altered orthopyrosene (fibrous brown spot beneath garnet) 
with oxide minerais that mimic pyroxene cleavage in chamockite sample BVM9 1-73 9. Gamet is rcpIaccd 
by a very fine-graineci, locdly symplectic, group of minerals that includes chlorite, muscovite, biotitc. 
hornblende, plagioclase, and Fe-Ti oxide minerais (PP; scale bar = 1 mm). 

(b) gamet fiom another spot in same sampIe (crossed polars) shows altention dong fracturcs (XP; scalc 
bar = 1 mm). 
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Figure 5.11 - (a) BSE image of highiy resorbed gamet nom charnockite (BW 1.739; d e  bar = lmm). 
@) End-member proportions in microprobe traverse across two gamet fnigments indicated as a and b on 
BSE image. 
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Clustefs of (-0.3 mm) biotite grains rim Fe-Ti oxide minerals adjacent to, or within, 

resorbed gamet. Biotite (Ann25-29) is part of the fine-grained gamet alteration assemblage, is 

associitwl with partly altered or rek t  igneous clinopyroxene (Ann~jg) ,  and forms small (An.14~- 

46) grains in granoblastic recrystallisation zones around clinopyroxene. 

In the best preserved honiblende-bearing granulite sample (BVM90-057), elongate, foliation- 

defïning mafic-mineral clusters consist of metamorphic hypersthene (E%l& dark green to brown 

pleochroic magnesio-hastingsitic homblende and orange-brown biotite. Orthopyroxene grains are 

large and elongate and contain inclusions of, or are associated with granular homblende grains and 

granular, tabular, or highly elongate biotite grains. Where orthopyroxene grains show the Ieast 

exsolution of fine oxide minerais, al1 three Fe-Mg silicate minerals have sharp, clean grain 

boundaries and are in texturd equilibrium (Figure 5.12). 

Orange-brown rnatrix biotite grains comrnonly Nn Fe-Ti oxide minerals and are flattened 

into the foliation, Biotite grains in mafic-mineral clusters are randornly orientai. Biotite in both 

occurrences is h34-37. The matrix arounà mafic minera1 clusters consists of coarse-gmhed 

plagioclase (An434g), granular hornblende aggregates aligneci parallel to the foliation and well- 

oriented orange-brown biotite. Quartz is absent from this sarnple. 

P-T coltstraints 

For chamockite sample BVM90-144, averages of analyses were used for TWQ from a 

cluster of rnafic minerais including the centres of three orthopyroxene cleavage-bounded fhgments, 

five plagioclase grain edges or s d  recrystaiiised grains adjacent to orthopyroxene, three granular 



Figure 5.12 - Elongate orthopyrosene grain (centre nearIy at ex-tinction) in charnocici tc (B VM90-057; XP; 
scaie bar = 1 mm) with textudly stable inclusions of biotitc and hombtende. 
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chopyroxene granules or grain edges lack exsolution textures, and two smaii biotite grains 

adjacent to the Opx-Cpx cluster. From tbis assemblage, O@ two-pyroxene and Cpx-Bt Fe-Mg 

exchange reactions plot within the P-T limits of the TWQ diagram (Figure 5.13a). The two- 

pyroxene thermometer indicates a temperature of about 670°C. Applicable conventional two- 

pyroxene thermometers yielded temperatures of ïSO°C (Table 5.4). 

In sample BVM9 1-739, an attempt was made to distinguish and analyse separately the 

compositions of relia igneous grains nom the recrystallised mafltIe graios. In order to assess an 

assumption that the relict igneous assemblage re-equilibrated (as indicated by exsolution textures) 

but did not totally recrystallise during metamorphism, a combination of the average of four grain- 

centre anaiyses fkom the highly resorbed gamet fragments, three grain centre analyses fiom the 

large exsolved clinopyroxene grains, five plagioclase grain centre aaalysa, and two analyses fiom 

large dark brown hornblende grains, were used in TWQ aaalysis. Quartz is not a part of this 

assemblage and biotite produced problematic equilibria. The TWQ results provide three 

independent reactions, including the Grt-Cpx thermometer and the AmphGrt-Cpx-Pl barometer, 

and an excellent set of intersections at 10 kbar and 790°C (Figure 5.13b). The disequilibrium 

between biotite and gamet is also evident in the conventional thermobarometry, both Grt-Bt 

thennometers produced unreasonably high temperatures but the minerals are of inappropriate 

corn positions. Conventional thermobarometry p roduced consistent resul ts (790-800°C) for the 

HBb(94), and EG(79) thennometers and a pressure of 10 kbar is indicated by the GS(87) 

barometer (Table 5 -4). 



component assemblage: 
An+Ab+DI+En+Hd+ 
Fs+Ann+Phl+Qtz 

800 1000 1200 

3 I.R. 
i 

Opx-Bt 

Figure 5-13 - TWQ diagrams for chamockite. Samples; (a) BVM90- 144, (b) and (c) BVM9 1-73 9, (d) 
BVM90-057. Quoted errors are the 1.50 standard deviation on the cluster of intersections and not the 
accuracy of the P-T estimate. Numbered heavy equilibria are calibrateci or high-confidenœ reactions and 
correspond to Table 5.1. Lettered equilibria are listed in Appendix A5.3. 
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In the recrystallised assemblage, analyses were averaged fiom the centres of four highiy 

resorbed gamet fragments, seven recxystallised granular clinopyroxene grains, thrce each of biotik 

and hornblende grains, and six plagioclase analyses, three fkom smail granular grains in 

recrystallisation zones and three nom large gmh edges adjacent to recrystallisation. Quartz is 

present only in highly altered areas and therefore is not included in the phase assemblage. Biotite 

equiiibria were widely scattered (but, again, Fe-Mg exchange equilibria were at about 200°C) and 

this mineral was also excludesi fiom the TWQ phase assemblage. Remaining equilibria, including 

the Grt-Cpx themorneter and the Amph-Grt-Cpx-PI barometer, provide a good cluster of 

intersections (Figure 5.13~) a- 8 kbar and 745OC based on three independent reactions. Biotite is 

problematic in W Q  and in conventional thennometry, but other calibrated reactions indicate 

temperatures in the range of 650-720°C and pressures of 9-10 kbar (Table 5.4). 

Compositions used for TWQ anaiysis from sample BVM90457, were averages of three 

amphibole, four orthopyroxene, three plagioclase, and two biotite analyses fiom the freshest mafic 

minerai cluster. From this assemblage, only Fe-Mg exchange reactions are available for use in 

TWQ analysis. Equilibria involving biotite are clearly out of equilibrium with the rest of the 

assemblage. Equilibria involvbg Fe-Mg exchange between orthopyroxene and am phi bole end- 

members plot between about 720-790°C (Figure 5.13d). Only the HBb(94) thermometer is 

applicable with this assemblage and it yielded a temperature of 770°C (Table 5.4). 

Otter Brook gneiss 

Petrography d mineral chemistry 

In some samples fiom the Oner Brook gneiss, rare reiicts of a high-grade precursor 

assemblage can be distinguished through a dominant amphibolite-facies mineralogical and 
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deformational overprint. Sample BVM9 1-7 14 was selected for daailed study beause it contains 

gamet, clinopyroxene relicts, and d o n  zones with the amphibolite-hies fibric. Another, 

sample (BVM9 1-717) lacks reiict pyroxene but contains hornblende and garnet (Figure 5.14). 

Gama grains are separaîed and resorbed dong fhctures and amphibolitc-hies mineral 

assemblages fdl the separated nachires. Although these samples clearly contain disequilibrium 

mineral assemblages, they are two of the best samples fiom the ûtîer Brook gneiss in tenns of 

presenation of relict high-grade minerals and reaction textures. 

Sample BVM9 1-7 14 contains large (1-4 mm), highly resorbed gamet (Ah > Grs > Sps > 

Ptp) grains that are corrodeci around their edges and are separated fkom Fe-Mg silicate minerals by 

a reaction zone of Pl + KtS * Ms. One gamet grain is resorbed and is draped by minerais that 

define the arnphiboiite-hies fàbric. Clinopyroxene hgments are preserved in the strain shadows. 

A microprobe traverse of this gamet grain (shown on the BSE image; Figure 5-15} reveals that the 

almandine component decreases slightly and the spessartine component incfeases near reaction 

m e s  with biotite, but levels off in the centre of the grain. Grossular components do not Vary 

greatly fiom grain edge to centre, but are slightly lower adjacent to reaction zones with biotite and 

are dramatically decreased in gamet relicts within reaction zones. The pyrope component 

decreases fiom about 8% in the centre of the grain to near zero at a reaction zone with one of the 

biotite inclusions, but to only slightly less than grain-centre values near the other two biotite 

inclusions. The spessartine component is relatively uniform across the grain at about 10% but 

increases to about 18% near the biotite grains with reaction zones. Gamet compositions adjacent 

to a smaU biotite inclusion that lacks a reaction zone are not significantly m r e n t  fiom the 

rel atively uniform grain centre compositions (Figure 5.15b). 



Figure 5.14 - (a) Augen-shaped gamet in Oner Brook gneiss sample BVM9 1-714 wrapped by. and 
separateci fkom foliation-defining amphibolite-facies minerais by a Kfs + PI + Ms reaction rim. Note 
smaU clinopyrosene hgments (Iight green) at tip of auge in a pressure-shadow position (PP; s d c  bar = 
hm). @) Fractureci and resorbed gamet grain (BVM91-717) with ml+ Pl + KT' filling thc scparatcd 
fractures (PP; scaie bar = Imm). 



gamet traverse In BVM9 1-7 14 

Figure 5.15 - (a) BSE image of same gamet grain s h o w  in Figure S. 14% showing microprobe traverse 
(scale bar = lm). (ô) End-member proportions fiom microprobe traverse indicated on BSE image. 
Analyses in gny bars are from small relict gamet hgments within reaction zones. 
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SmaU (<0.2 mm) bighly altered chopyroxene (Di37-44) fhgments are poorly preserved in 

the féldspathic layers of the gneiss and are rareIy present where the amphibolite-hies fabric has 

draped around gamet. Clinopyroxene can be attributed to a pre-amphibolite-hies mineral 

assemblage based on texturd relations but whether it was ever in equilibrium with gamet cannot be 

detennined. 

Biotite, plagioclase, q u w  zircon, and apatite grains are inclusions in gamet but cannot be 

assigneci definitively to a prior metamorphic generation because they do not define an interna1 

foliation and they are also present in the extemal arnphibolite-fkcies fabric. These are features that 

Vernon (1996) considerd to be unreliabIe microstructurai evidence for i d e n m g  relict 

metamorphic mineral assemblages. Large partly enclosed biotite inclusions have a reaction zone 

separating them nom gamet, but smaller completely enclosed biotite grains do not, suggesting tbat 

the gamet resorption reaction is not isochemical and that a co~ection to the matrix aiiowed for 

fluid access andlor exchange with rnaûix phases. Matrix biotite and biotite inclusions with 

reaction zones in gamet are uniforni at A~67-69, but the small, completely enclosed biotite grains 

without reaction zones are more variable at hn65-76. 

Two generations of hornbIende are recognised based on colour, texture, association with 

other minerais, and composition. Brown to O live-green pleochroic hastinpitic homblende C'brown 

homblende") is commody associated with, but not an obvious alteration product of, clinopyroxene. 

In felsic layers, where clinopyroxene fragments are largest and least altered, brown hornblende is 

also least altered, shows a welldenned amphibole cleavage, and rarely preserves granular grain 

shapes. in mafic Iayers the brown homblende is altered to biotite and a second generation of olive- 
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green to blue-green pleochroic fempargasitic hornblende C'green homblende"). Green hornblende 

is cornmon in fine grained mosaics with plagioclase and quartz, and takes the f o m  of more 

elongate and fibrous grah that help to define the amphibolite-hies foihtion. The brown 

hastingsitic hornblende is considered part of the pre-amphibolite h i e s  assemblage. 

Maeiix K-feldspars (Le., those away fiom Fe-Mg muierals and reaction zones) are large 

(1 5 3  mm) irregularly shaped grains with sutured boundaries ~r^i coarse patches of exsolved 

plagioclase. The plagioclase compositions are oligoclase (An21-27) but rare small (e0.3 mm) 

separate plagioclase graios in the matrix are An-14 and this is similar to the composition of 

plagioclase inclusions in garnet (An10-16). Most plagioclase grains adjacent to Fe-Mg silicate 

minerals show compositional zonbg f?om cores of h - 2 5  to edges of h 1 3 .  K-feldspar in 

reaction zones between gamet and Fe-Mg silicate minerals is Oql-88 and plagioclase in these 

zones is albite (Ans). 

In sample BVM9 1-717, gamet grallis are separated from amphibole and biotite by a fine- 

grained reaction rim that l d y  hcludes plagioclase, K-feldspar, muscovite, and chlorite. Most 

gamet grains are separated andior resorbed dong hctures which are filleci with the amphibotite- 

facies assemblage Hbl+PI+Kfs (Figure 5.14b and Figure 5. L6a). The centres of garnet fiqments 

range up to about 60% ahandine component and this decreases to about 50% adjacent to the 

d o n  zones with matrix homblende (Figure 5.16b). The almandine component decreases to a 

lesser extent adjacent to the fractures filleci with HM+ Pl + Kfs. Grossular and pyrope contents 

show a slight variability in the £îagments and the spessartine component increasa dramatically at 



-O- Alm 

-6- Sps 

! 
! 

I 

Figure 5-16 - (a) BSE image of nght two fiagments of same fractureci garnet grain nom the Otter Brook 
gneiss (same as shown in Figure 5.l4b; scaie bar = hm). (b) End-member proportions h m  traverses 
across several garnet fiagments. 
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grain edges adjacent to reaction zones with the matrix comparecl to fiagrnent centres (Figure 

S.l6b). 

Hornblende in îhis sample is otive-green férroan pargasitic to magnesian hastingsitic 

homblende but cannot be separated into distinct generatioas based on textures as was possible in 

BVM9 1-7 14. Homblende grains are locally firactured and altered to biotite and the extinction and 

pleochroism of these grains suggests that they have cornplex compositionai zoning. Biotite occua 

as both large grains in the matrix and as dteration zones in homblende and both have lenticular 

inclusions of K-feldspar (e-g., Figure 5.14b) and are partly altered to chlorite. Biotite is not 

present in the separated fractures in gamet grains. Plagioctase in the matrix is h l ,  in the 

separated hctures in gamet is An34-38 and is h g  in the reaction zones separating gamet from 

matrix Fe-Mg silicate rninerals. Quartz is present in the matrix, in association with aItered biotite 

and hornblende, and in the separated fractures in gamet. 

P- T collsfraints 

There is no evidence that orthopyroxene was ever present in any sample fiom the Oner 

Brook gneiss. Therefore, the assemblage that predates the amphibolite-fàcies fàbric is interpreted 

to have been Pl + Kfs + Hbl t Cpx + Grt + Bt for sample BVM9 1-714 and PI + Kfk + Hbl + Grt 

+ Bt for BVM9 1-717. Thae assemblages are characteristic of upper amphibolite fàcies or 

homblende-granufite h i e s  and may persist to the granulite fàcies at high m O .  The presence of 

relict PI + Hbl + Grt * Cpx assemblages in samples of differing buik composition, however, 

suggests that upper amphibolite facies is most kely. The P-T range qualitatively assigned to, or 
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quantitatively denved eom, upper-amphiboiite transitional to granuiitefhcies assemblages is 

generaliy regarded as about 600-700°C and 4- 10 kbar numer, 198 1; Essene, 1989). 

For quantitative thennobarorne$ry, mineral compositions in sample BVM9 1-7 14 were 

averaged fiom four clinopyroxene fhgments in feldspathic layers, k e e  grains of brown 

bastiogsitic homblende, five grainantre analyses away h m  inclusions in the largest gamet grain, 

and three analyses from two small biotite grains that are completely enclosed by, and that lack 

d o n  rïms adjacent to, gamet. These data were selected because the compositions are relatively 

consistent and are distinct fkom those of the overprint assemblage or, in the case of gamet, distinct 

fiom the compositions adjacent to reaction zones. The minerals from wbich the selected 

compositions were obtained are thought to represent the best estunate of the preoverprin~ higher- 

grade minerai assemblage based on the texturd relations described above. However, there is no o 

prion' basis for assuMng that these represent equili brium minera1 compositions. 

Feldspars were excluded from TWQ analysis because most grains are highly exsolved to 

coarse-patch perthite and antiperthite and could not be re-integrated to a bulk composition. Quartz 

is excluded fiom the phase assemblage because it is not present in the feldspathic rnatrix in this 

sample, and is associated mainly with mafic layers and Hbi-Qtz aggregates where it appears to be 

a product of pyroxene alteration. Both Mg and Fe end membea were included in the component 

assemblage for clinopyroxene and biotite, and Grs, A h ,  and Prp were included for gamet. Only 

FePrg and Prg amphibole end members were included in TWQ analysis because inclusion of the 

other four amphibole end memben are dilute in these grains and thus produceci spurious equilibria. 

Remaining equilibria after exclusion of problernatic components are Fe-Mg exchange 

mictions, and provide oniy temperature estimates. Equilibna involving Fe-Mg exchange with 
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gamet and the Cpx-Fh, Fe-Mg exchange equilibrium cluster tightly at about 8OO0C (Figure 5.17a). 

The Cpx-Hbl equilibrium intenects the other equiiibria, but at a low angle and the vertical 

position of this equilibrium is very sensitive to srnail variations in homblende composition, thus the 

intersections do not constrain pressure estimates. The steeply sloping segment of this equilibriurn 

generally agrees with the ca. 800°C temperature estimates of the other Fe-Mg excbange equilibria. 

Four conventionai thennometen produced temperatures of 7 10-750°C and the GS(87) 

thennometer was higher at 940°C (TabIe 5 -4). 

Many more equilibria are made possible by hcluding a plagioclase composition (An=) that 

is the average of matrix grains, the average gamet core composition, the average of four 

clinopyroxene analyses nom within the strain shadow, and the average composition of two brown 

hornblende grains. These compositions were selected in order to assas the quality and position of 

equïiibria intersections denved from grains that are Iocated as near as possible to one another. The 

resulting TWQ diagram displays a relatively good cluster of intersections at about 650°C and 12 

kbar and the Fe-Mg exchange equilibna indicate temperatures closer to 750°C (Figure S. 17b). 

Conventional thermometers yielded temperatures of between 700-780°C (Table 5.4), which are 

within error of the TWQ temperature. Pressures estunated from conventional barorneters (Table 

5.4) are bot-  higher and lower than the TWQ result at 8 kbar and 12 kbar. 

In sample BVM9 1-7 17, it is not possible to ascnbe the different compositions of plagioclase, 

gamet, biotite, and homblende to discrete metamorphic generations based on texnird evidence. 

Nevertheless, for a first approximation, average gamet grah centre compositions were cornbineci 

with the average compositions of hastingsitic homblende grain centres, matrix plagioclase grah 

centres and the least-altered biotite grains. Quartz is present in the ma& and in association with 



Figure 5.17 - TWQ diagrams from the Otter Brook gneiss. (a) and @) Analyses k m  quartz-absent 
ganiet-clinopyroxene-amph'bole assemblages in sample BVM9 1-7 14 with difEerent selected camponent 
assemblages and compositions as described in text, (c) Analysis fiom quartz-present gamet-amphibote 
assemblage in sample BVM9 1-717. Quoted errors are the 1.5a standard deviation on the cluster of 
intersections and not the accuracy of the P-T estimate. Numbered heavy equili'bria are calibrated or high- 
confidence reactions and correspond to Table 5.1. Lettered equilibria are listed in Appendix A5.3. 
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al1 alteration and retrogression texhires and, therefore, quartz is included in the phase assemblage. 

Equiiibria involving biotite were clearly outliers in the pre- diagrams and were, therefore, 

exciuded subsequently. 

The resulting TWQ diagram provides a reasonable clustering of intersections at about 12 

kbar and 825°C (Figure 5.17c), but the Fe-Mg exchange equiiibria plot at about 800°C. With the 

same mineral compositions, includiug the questionable biotite composition, most of the 

conventional thennometers indicate temperatures of around 700-800°C and the KS(90) 

geobarometer yielded a pressure of 10 kbar (Table 5.4). 

5.4 Amphibolite facies metamorphism 

Based on the widespread presence of altered granulite, the Blair River inlier appears to have 

been a grandite-facies terrane that was subsequently affected by one or more metamorphic and 

deformational episodes at arnphiboiite facies and lower gracies. Amphiboiite sampla cornmonly 

contain defonnational fabrics of variable intensity and preserve dBerent types of retrogression or 

overprinting textures. In foliated amphibolites, the presence of rare pyroxene relicts and varying 

degrees of replacement by amphibole, reflects heterogeneous deformation and fluid innltraîion. 

Rare samples show static (i .e., nondefocmat ional) amphi bolite-facies overprint of hi&-grade 

metamorphic assemblages or anhydrous igneous minerals . Samples that dis play static o v e r p ~ t  

textures preserve Fabrics attributable to their granulite gneiss or igneous rock predecessor but are 

composeci mainly of amphibolite-facies metamorphic mineral assemblages. 

Regional overprinting of high-grade assemblages du ring a prograde event requires large- 

scale fluid infiltration and this is most kely to occur in regions undergohg deformation (Brodie 

and Rutter, 1985). Distinguishing behveen prograde and retrograde metamorphism, therefore, 
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requires preservation of diffkring types, or a sequence of overprinting texturd reIaîions.The two 

texairally distinct types (static o v e r p ~ t  vs. foliated) of amphibolites in the Blair River inlier are 

discussed below dong with their texturd relationships with metamorphic titanite, and the 

implications for the timing of amphibolite-hies.rnetamorphism. 

5.4.1 Static overprint of high-grade or anhydrous igneous assemblages 

In the Blair River inlier, progressive static overprinting of anhydrous (metarnorphic or 

igneous) mineral assemblages by amphibolite-hies assemblages cm be identifieci in some 

metamorphosed mafk rocks. Igneous and metamorphic pyroxene-beariog samples provide the best 

examples of these textures. 

Figure 5.1 8 shows an example fiom the Lowland Brook S yenite of progressive stages of 

static overprinting. Igneous clinopyroxene grains in the freshest syenite sarnples cornmoniy have a 

homblende rim (Figure 5.18a) that may be of late magrnatic (deuteric) origin and feldspars are 

microperthite. In samples with increasing amounts of recrystallised matrix and coarsely exsolved 

feldspar, mane grains of dark-green or brown homblende replace pyroxene to increasingly pater 

degrees and homblende xims are progressively wider (Figure 5.1 8 b) . At fùrther stages, the centrai 

core of ciinopyroxene is altered completely to a mosaic-texture aggregate of Xbl+Qtz. ui many 

samples titanite Nns begin to develop around Fe-Ti oxide minerals at this stage, especialy in 

samples that also have some ChkEp replacing homblende ahd biotite. The mosaics comprise 

Light-green actinolitic homblende and are rimmed by coarse darker-green or browa magnesio- 

homblende (Figure S. Mc). Samples that are completely altered to amphibolite-facies assemblages 

cornrnonly contain significant amounts of titanite, both as rims around Fe-Ti oxide minerals and as 

spindle-shaped matrix grains. In samples within or near shear zones or highly fkctured areas, 



Figure 5.18 - Example of progressive igneous pyroxene alteration to amphiboiite-facies assemblages h m  
the Lowland Brook Syenite, 

(a) igneous clinopyroxene inclusion in microperthite from an undeformed sample (SB86-3 140; XP; scaie 
bar = lmm). The clinopyroxene grain has an igneous (deuteric?) homblende reaction rim. 

(b) initial stage of metamorphic alteration of clinopyroxene grain, with the growth of coarse green-br~wn 
homblende and exsolution of Fe-Ti oxide rninerals (SB85- 1030; PP; scale bar = 1 mm). 

(c) mosaics of Hbl+Qtz replacing what was once a core of clinopyroxene that was rUnmed by coarser- 
grained homblende. Note that there is no fine-grained exsolved Fe-Ti oxide mineral present in the 
mosaic, that titanite rims large Fe-Ti oxide minerals, and that there is a small degree of Chl+Ep 
alteration, (SB85-1047; PP; sale bar = h m )  

(d) Chi+Ep pseudomorphous d e r  clinopyroxene in a sample that was affiécted only by late, low-grade 
alteration associated with a fracture that cuts the thin section, Note lack of titanite around Fe-Ti oxide 
minerals (SB85- 1049; PP; scale bar = lmm). 



Figure 5.18 
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clinopyroxene is replaced M y  by chlorite and Fe-Ti oxide rninerals are r i m e -  by biotite or 

chlorite instead of titanite (Figure 5. I 8d). 

Mafic units in the Red River Anorthosite Suite also show progressive alteration textures. 

Some samples of leucogabbro have a granular rirn of brown homblende around ciinopyroxene 

(Figure 5.19a) and, at further stages the granular hornblende is highiy mned and clinopyroxene is 

replaced by Hbl+Qtz mosaics Figure 5. Nb). The layered unit also shows progressive alteration 

textures. Amphibolequartz mosaics contain relict clinopyroxene cores and clinopyroxene is 

progressively aitered to hornblende or Act+Chi with rims of fine-grained epidote (Figure 5.19c, d). 

The relationship between progressive pyroxene alteration and titanite growth in the R d  River 

Anorthosite Suite is unclear. Sarnples that contain either titanite rims around Fe-Ti oxide minerais, 

or separate titanite grains, most wmmody contain Chl+Ep assemblages, but whether titanite grew 

during a previous stage of development of the amphibolite-&cies overprint is uncertain. 

In the Sailor Brook gneiss and the undivided unit, mafic and intermediate gneiss samples 

shows progressive alteration nom pyroxene-bearing to pyroxene-bearing assemblages to Hbl+PI or 

Chl+EpIAb assemblages. In some cases, the entire progression is contained withh the area of a 

single thin section (Figure 5.20a). Figure 5.20b shows an example fiom the Sailor Brook gneiss of 

static amphibolite-fiscies overprint of a pyroxene-granulite with well-preserved relict pyroxene 

cleavage in homblende. A gneiss of intermediate (granodioritic) composition from the undivideci 

unit shows incipient development of ml+(& mosaics and preserves Fe-Ti oxide inclusions that 

mimic pyroxene cleavage (Figure 5 -20~). 



Figure 5.19 - Progressive alteration textures in the Red River Anorthosite Suite. 

(a) primary pyroxene and Fe-Ti oxide grains are rUnmed by granular green-brown hornblende. The 
green-brown homblende is altered around grain edges to a paie-green amphifile and clinopyroxene 
grains are m e r  dtered to actinoiite and chlorite, but retain Fe-Ti oxide indusions that mimic original 
pyroxene cleavage. (leucogabbro, RB91-009b; PP; scale bar = lmm) 

(b) at fiuther stages of alteration, pyroxene is replaced completely by amphibole aggregates. Each grain of 
the aggregate is zoned h m  tremolite-rich at the centre to tschermakite-rich at the edge and the aggregate 
as  a whole also shows compositional mning, with generally darker green aggregates around the edge. 
The adjacent grains retain part of a previous mosaic texture, but appear to have locally expelleci quartz to 
form multi-granuiar aggregates, (leucogabbro, SB86-3 13 9c; PP; scale bar = I mm) 

(c) textures iike those of (a) grade into Hbl+Qt. mosaics with hints of prior pyroxene cleavage surrounded 
by granular hornblende (layered unit, BVM9 1-774; PP; scale bar = h m )  

(d) at hrîher stages of retrogression, mafic minerai clusters develop a rim of very fine-grained EptChX 
between hornblende and plagioclase (iayered unit, BVM90-065; PP; s a l e  bar = lmm). 



Figure 5.19 



Figure 5.20 - Examples of retrogression textures in the Sailor Brook gneiss and undivideci unit, 

(a) cores of exsolved clinopyroxene surrounded by fine grained Hbl+Qtz mosaics (RR2047a; PP; scaie bar 
= lm), 

(b) medium-grained granular amphibolite with relict pyroxene cleavage in hornblende (BVM9 1-526; PP; 
scale bar = 1 mm). 

(c) retrograded grandite with p a t e r  degree of amphibole recrystallisation, but that still retains relict 
pyroxene cleavage defined by opaque inclusions (BVM9 1-773; PP; scaie bar = 1 mm). 



Figure 5.20 
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In the samples that show a staîic amphibolite-hies overprint, lower grade rnineral 

assemblages progressively overgrow or replace minerals from a higher grade or anhydrous 

assemblage. Alteration of pyroxene to homblende appears to be sequentially fôliowed by alteration 

of hornblende and biotite to chionte and epidote. The static arnphibotite-facies o v e r p ~ t  is, 

therefore, interpreted to result nom eograde rnetamorphism of a granulite-hies or anhydrous 

igueous assemblage. At least some titanite growth, pariicularly as Nns around Fe-Ti oxide 

minerals, is associated with retrogression. Samples that sbow a static overprht directly to 

Ch.i+EpaAb assemblages generally lack titanite and are associateci with late shear zones. 

5.4.2 Foliated amphibolites 

By contrast with static retrogression, foliated amphibolites are commonly homblende- 

chlcïite-epidote-plagioclase gneiss, or chlorite-biotik-amphibole schist. These rocks generally lack 

textures or relict minerals from a higher-grade precursor, or they rarely contaui textures that are 

the deformed quivalents of the retrogression textures described above. 

In gneissic samples nom the Lowland Brook S yenite, Hbl+Qtz mosaics are deforrned and 

help define the foliation. Biotite replaces homblende around the edges of the s h e d  mosaics, and 

biotite is locally altered to ChkEpfKfk Titanite rims around Fe-Ti oxide rninerals anz cornmon in 

the gneissic syenite and the rims are most commonly associated with ChttEp alteration of 

honiblende and biotite (Figure 5.2 la). 

n i e  predomiaant minerai assemblage in foliated amphibolite samples nom the gneissic units 

is HbldeBt+An-21-33*Ws+Chl+Ep+Ab+Ttn. Some samples preserve rare indications of a 

pnor anhydrous mineral assemblage, for example, the samples fiom the Otter Brook gneiss 



Figure 5.2 1 - Textures of fo liated amphibolites. 

(a) sheared Hbl+Qtz mosaic fiom gneissic syenite (FD85-548; PP; scale bar = hm). Biotite has partly 
replaced hornblende amund the edges of the mosaic, but the biotite is itselfaltered to chlorite and epidote. 
Titanite rims around Fe-Ti oxides OCN adjacent to chlorite, 

@) ciinopyroxene porphyroclast mantied by feldspar and wrapped by amphibolite-facies fabnc iacluding 
coarse rhomboid titanite (Otter Brook gneiss, BVM90-13 8; PP; scde bar = lmm). 

(c) fine-graine& highiy foiiated epidote-amphiiIite gneiss (Act+Chi+Pl+EptAb) with abundant titanite 
?mth as rims around Fe-Ti oxide minerats and as separate spindle-shped grains within the deformational 
fabric (undivideci unit; BVM90-094; PP; scale bar = lmm). 



Figure 5.21 
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describeci in Section 5.3.1. However, in ali cases, the hi&-grade minerais are relicts. There is no 

indication in any foliated amphibolite-Iacies sample of the incipient development of clinopyroxene 

or gamet. A foliated amphibolite from the Otter Brook gneiss contains a fabricdefiniog 

assemblage of Hbl+An24+Bt+Ep+Chl+Ttn. Clhopyroxene grains in this sample are preselved 

only where manded by feldspar and the foliation wraps around the rnantled clinopyroxene augen 

(Figure 5 -2 1 b). The amphibolite-facies fàbric includa large titanite grains with the coarse 

rhomboid habit of those of igneous origin. In the undivided unit, many foliated amphibolites 

contain the assemblage Hbl+EpIAct+Bt+Chl+Ab (Figure 5 -2 Lc). Other me-grained 

amphibolites in the undivideci unit contain Hbl+Pl with Chl+Ep alteration dong firacnires. 

5.4.3 Textural and mineraiogical relations and P-T constraints . 
The amphibolite-facies rocks in the Blair River inlier are poor candidates for quantitative 

thermobarometry. There is no newly-grown gamet in the amphibolite-facies assemblages and pre- 

existbg gamet is resorbed adjacent to biotite and amphibole, amphibole grains are commonly 

mned, multiple generatioos of amphibole may be present in one sample, and amphiboles of 

retrograde origin are incompletely altered pyroxene and are themselves partly altered to chlorite 

and epidote. m e r  solid solution minerals, for example plagioclase, are also zoned, altered, or of 

variable composition throughout the sample. Given these diaiculties, equilibrium mineral 

compositions are ambiguous and therefore most amphibolite samples were not analysed in detail. 

Microprobe analyses were, however, conducted on several samples that show static 

retrogression textures and the compositional/textural relationships could not be deciphered. For 

example, a sample from the layered unit (BVM9 1-774) contains homblende aggregates 

pseudomorphous after pyroxene. Individuai homblende grains are optidly zoned (Figure 5 . 1 9 ~ ) ~  
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varying in composition fiom actinolitic hornblende to tschennakitic homblende and plagioclase 

compositioc1s vary from An29 to An32- However, there is no texturally justifiable cntena with 

which to select combinations ofcompositions. Using combinations of homblende and plagioclase 

compositions, the Holland and Blundy (1994) thennometen yielded temperatures of 630°C to 

1 03Z°C. The lowest temperatures imply that retrogression occunwi above 600°C, but there is no 

basis on which to assess whether any of the minerai compositions are valid equilibrium pairs. 

A necessariIy more general approach is taken here to constrain P-T conditions of 

amphibolite-hies metamorphism based on mineral paragenesis, interences fiom reaction limits, 

and assemblage stability fields. There are two distinct texturd and mineralogid types of 

amphibolite in the Blair River inlier (Table 5.5). and both lack any evidence for the incipient 

crystailisation, or stable coexistence, of pyroxene or gamet. Therefore, the amphibolites did not 

reach uppermost amphibolite tàcies conditions. The upper-amphibolite transition to homblende- 

granulite or pyroxene-grmu tite assemblages in mafic and ultramafic rocks is generally considered 

to be at about 650-700°C and 8 kbar (Green and Ringwood, 1967: 1972; Turner, 198 1; Essene, 

1 989). Cummingtonite is an intermediary retrogression product (i .e., Opx+Cum-Ca-amphibole) 

during the amphibolitisation of d c  granulite at Iow pressure (<) kbar, cg., Mongkoltip and 

Ashworth, 1986; Turner, 198 1). However, cummùigtonite was not recognised in any thin section 

of either type of amphibolite; al1 analyses are Ca-amphiboles and, where o p t i d y  detemiinable, all 

colourless or very pale green amphiboles (including the centres of zmed grains, eg., Figure S. 19c) 

are tremolite or actinolite. Both types of amphibolite in the Blair River uilier are therefore 

cousnaineci to less than about 675°C and between 3-8 kbar on the basis of phases absent from 

their pamgeneses. 



Table 5.5 - Summary of distinctions between styles of amphiblite-facies metamorphism. 

Static Retrograde Amphibolite Foliated Prograde Amphibolite 

Characteristic textures relict Fyx partly alted to Hbt common, HbltQtz 
mosaics, zoned Hbl, little deformation, 
preservation of some high-grade meliunorphic 
reaction textures by subsequent overprint 

Characteristic minera1 zoned green-brown Hbl, An22.30, Qtz, *Bt, *Chi, 
assemblage *EP 

Metamorpic facies amphibolite facies 

Inferred P-T range 550-650°C 3-5.5 kbar 

Relationship to titanite rare Ttn with Hbl+Pl assemblages, some may have 
crystallized prior to retrogression (e.g., igneous) 

Interpretation 

Ttn rims common around Ox in local areas 
retrogresseci to ChltEp 

retrograde metamorphism during cooling 
following high-grade metamorphic ment 

Age of metamorphisrn any time behveen Ca. 1 0 0  Ma and final cooling at 
ca. 425 Ma 

little evidence for rclict high-grade rninerals, 
sheared or flatteneci Hbl+Qtz mosaics, shape- 
preferred alignment of coarse amphibole and 
bioite, quartz ribbons, little evidence presemed of 
prior lower grade reactions 

unzoned blue-green or green Hbl, Anzcr2s, *CM, 
Ep, Bt, * Act, *Ab, 

epidote-arnphibolite subfacies 

375-60O0C 5-7 kbar 

Ttn rims on Ox cornmon 

abundant separate spindle-shapeû grains in coarse 
foliated samples 

igneous Ttn of same age in intrusive units 

prograde metamorphism assoçiated with 
petentrative deformation dwing a discrete thermal 

immediately preceding final cooling at ca, 425 Ma 



2 s O  

Unfoliated amphibolites contain mostly magnesio-hornblende or tschedtic-homblende, 

plagioclase (An21-33), with or without significant biotite. Actinoiite, chlorite, and epidote are 

minor phases concentrated dong late frachires. Severai lines of evidence suggest that thae 

amphibolha formed during a retrogression event. Relatively fresh granuîite and pyroxene-beariog 

igneous rocks have a patchy distribution throughout the outcrop area (Le., in the Lowland Brwk 

Syenite, Sailor Brook gneiss, and undivided unit), the arnphibolites lack a pervasive foliation, and 

commonly preserve relict high-grade minerals tbat are successively overgrown by lower-grade 

muierals where sequential reaction textures are recognisable. Because static retrograde textures 

are locally deformeci and overprinted by a second geneaion of fàbric-d-g amphibolite-hcies 

rninerals (e.g., see description of Oner Brook gneiss), the static retrogression is interpreted to have 

occurred du ring cooling from grandite-fàcies cmdi tions . Rdrograde re-equiiïbration at 

amphiboiite-facies conditions is a common occurrence in moderately or slow l y cooled granulite 

terranes (e-g., Hadey, 1989; Martingale, 1992; Lucassen and Franr, 1996). Most of the static- 

texture amphibolites were not retrogradeci to epidote-arnphibolite facies assemblages and, 

therefore, they are interpreted to have fomeci at conditions withui the stability field of common 

Hbl+Pl amphibolites. Apted and Liou (1983) and Liou et al. (1985) detemiined experimentaiiy the 

positions of epidoteout reactions (Le., reactions that separate epidote-arnphibolite-subhies fiom 

arnphiboiite-f'âcies assemblages) for metabasaltic rocks and placed the reactions in the range of 

550-625OC at 5.5 kbar. With increasing f @, these reactions move to higher temperature and 

lower pressure, therefore, the retrograde amp hibolites are constrained to 5 50-650°C and 3 -5.5 

kbar. 
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The foliated arnphiboiites that fom the bulk of the Blair River Ullier are characteriseci by 

actinoiitic or magnesio-hornblende and plagioclase (Anz~g)  but contain significant quantities of 

epidote, actinolite, and patches of chlorite and albite. The presence of defiormeci relicts of static 

retrogression textures within the fotiated amp&bolites, and the othexwise very rare enridence for 

prior hi&-grade assemblages suggests that the foliated amphibolites represent a discrete prograde 

thermal and deformational episode that achieved epidote-amphibolite subfacies conditions. This 

contrasts with the static overprint which produced Hbl+Pl amphibolites; the characteristic textural 

and mineralogical distinctions between the two are summarised in Table 5.5. Liou et al. (1985) 

coristrained the chiorite-out reactions that separate greenschist ficies assemblages fiom epidote- 

amphibolite-subfkcies assemblages to a minimum of about 37S0 (independent of pressure), thus the 

field for epidote-amphibolite-subfacies assemblages is at higher pressure (>5 kbar at 500°C) over 

the same temperature range as  Hbl+Pl*Chl amphibolites. Therefore, the epidote-amphibolite- 

subfkcies event occurred at temperatures above 375°C to perhaps as high as 600°C at higher 

pressure (5-7 kbar) andor higher f than the static retrograde overprint. 

Metamorphic titanite rims around Fe-Ti oxide minerals are very rare in retrogracie 

amphibo iite, but are common in foliated amphibolite. Spinclle-shaped titanite grains, some of 

which may have been igneous grains, are present in both types of amphiboiite, but are more 

comrnon in foliated amphibolite. The buik of the metarnorphic titanite is associateci with samples 

affeaed by prograde epidote-amphibolite-subfacies metamorphism accompanied by deformation 

and in retrograde amphibolite samples that have some degree of localiseci alteration to chlorite and 

epidote. Titanite is weii documented as part of lower amphibolite- or greenschist-hies 

assemblages. For example, in prograde metamorphism to mid- or upper-amphibolite-hcies, 
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decreasing arnounts of titanite accompany chlorite- and epidote-out feactiom, increasingly caicic 

plagioclase, increasingly titaniférous amphibole, and ilmenite-in d o n s  (Spear, 198 1; Apted and 

Liou, 1983; Liou et al., 1974). 

The inférred temperatures of amphibolite-hies metamorphic events (550-650°C and 375- 

600°C) are close to the inferreci U-Pb systematics closure temperature for titanite (500d00°C). 

Metarnorphic temperatures are not coastrained sufficiently to distinguish between the possibiiitiu 

of regional molhg and synchronous crystallisation to account for the close correlation between the 

U-Pb titanite ages (Chapter 4). However, synchronous crystallisation is unlikely given the 

sires, types ( t h  rims around rutile and opaque oxide minerais, spindle-shaped matrix grains, 

coarse crystalline igneous grains), origins (two different metamorphic parageneses and ca. 435 Ma 

igneous units) and wide varyations in rock composition. It is much more likely tbat the ubiquitous 

ca. 425 Ma titanite ages were produceci by regional cooling of the Blair River inlier, including the 

Paleozoic igneous units (Le., Samrnys Barren granite, Red River syenite, and Fox Back Ridge 

diorite/granodiorïte), through the closure temperature for titanite. 

5.5 Low grade rnetamorphism 

In the Blair River inlier, greenschist-facies retrogression is most common along hi&-level 

bnttle faults. Some sarnpla near hi&-level iàults are not highly deformed but contain the 

assemblage Ep+Chl+AMct which overprints both high-grade and amphibolite-ficies precursors. 

Moa of these smples aiso contain reiicts of blue-green homblende coexisting with actinolite. 

Carbonate is present in a fm samples in association with small highly retrogressed zones or 

pockets near hctures. Greenschist-facies minerd assemblages also predominate in highly s h e d  

rocks in the Wilkie Brook fault zone, in interna1 shear zones, and along zones of highly fractureci 
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rocks, most commody forming Chl+Ep+Ab+h&Cal schists. These low-temperature assemblages 

probably f o d  when the Blair River inlier was at a hi& structural level. In the case of the 

W ' i e  Brook tault zone, these assemblages probably formed in response to deformation associated 

with the dockhg of the Aspy terrane (Chapter 2). 

The reactions that separate sub-greenschist, greenschist, and amphibolite h i e s  assemblages 

occur over a small temperature range and no sub-greenschist Mnerals (eg., prehnite, pumpeliyite, 

lawsonite) were observeci in any sarnple, i n d u h g  in Iow-grade metamorphoseci and aitered gabbro 

and diabase dikes. The parageneses of greenschist-facies assemblages suggest conditions in the P- 

T range of about 4-7 kbar and 250-350°C (Liou et al., 1985; Apted and Liou, 1983). 

5.5 Summary 

The Blair River inlier lacks metapetites, and most metabasites are partly retrograded and 

have disequillibrium textures. Few sarnples preserve metamorphic gamet, whch is necessary for 

many geobarometers, and gamet grains are partly resorbed (suggesting compositional 

disequilibrium) in all sarnples that contai gamet. Quantitative thennobarometry is, therefore, 

ciifficuit in these rocks. Nevertheless, the few samples that preserve equilibnum or reaction 

textures provide some insight into metamorphic conditions, and known or inferred mineral 

assemblages provide for further constraints. Granulite-facies metamorphic conditions in the range 

of 6-8 kbar and 700-850°C are inferreci, based on the two-pyroxene, gamet-absent minera1 

assemblages of the Sailor Brook gneiss. In the Red River Anorthosite Suite, the combination of the 

TWQ approach (Berman, 199 1) and conventional thennobarometers uidicates temperatures of 

about 700-800°C and about 3 kbar for the reaction rims around high-Al orthopyroxene 

megacrysts. These conditions may record decompression following either igneous crystaIIization 
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or high-grade metarnorpbism, as is consistent with the sympiectitic reaction zone textures (e-g., 

Harley, 1989; Clarke and Powell, 199 1). Two-pyroxene metamorphic minera1 assemblages are 

best preserved in the charnocicite uni+ TWQ and conventionai d y s i s  of recrystallized granular 

chop yroxene-bearing w emblages indicate temperatures of about 700-800°C and pressures of 8- 

1 O kbar. Rare relicts of a chopyroxene + gamet assemblage are preserved in the Oaer Brook 

gneiss. Geothennobarometrïc analyses of these rocks indicate metamorphic conditions of about 

700-850°C and higher pressures than the other uni& at about 10-12 kbar. However, it should be 

noted that the Otter Brook gneiss resuits are less reliable due to the uncertainty of recovered 

mineral compositions as a result of the strong affects of retrograde andor overprinting 

metamorphic events. Both static and dyoamic amphibolite-hies overprint metamorphic events are 

recognized based on metamorphic mineral textures. The latter event is Uiterpreted to have ofcureci 

after the former based on overprinting relations of progressive deformation and new amphibolite- 

facies minera1 growth over the static retrogression textures. Metamorphic titanite grains are 

associateci with the dynamic, foiiation-forming amphibolite-tàcies event. Conditions of 

metamorphism could not be constraind precisely enough to determine if the grains grew 

simultaneously below their closure temperature or whether they cooled through their closure 

temperature together. The latter interpretation is prefered for the reasons presenteti in Chapter 5 .  

Based on paragenetic inferences and calibrated greenschist-fàcies reactions, the low-grade 

metamorphism that is concentrate. dong late fkult zones, and that o v e r p ~ t s  both hi&-grade and 

amphibolite-facies assemblages, is inférred to have occurred in the P-T range of 4-7 kbar and 250- 

350°C. 



CYHPIISR 6 - Summary md D i s ~ ~ ~ s i o n  

6.1 Introduction 

The Proterozoic history of the Blair River inlier is preserved in major gneissic and plutonic 

units. Cornparisons of rock types, chernical charactenstics, ages, and the timing and conditions of 

metamorphism provide a specific basis for the geueral correlation of the Blair River inlier with the 

Grenville Province as iaferred by previous workers usiag various iines of evidence (Brown 1973; 

Currie, 1975; Macdonald and Smith 1979; Raeside et al., 1986; Barr et al., 1987a; 19876; Dickin 

and Raeside, 1990; Barr and Hegner, 1992; Ayuso and Barr, 1991; 1993). Defining the bais for 

correlation between the Blair River inlier and the Grenville Province is critical to understanding the 

role of the inlier in Paleozoic tectonic events dong the Laurentian continental margin. 

6.2 Correlation with the Grenvüie Province and alternative interpretations 

An important part of the present study has been acquisition of data to test the hypothesis that 

the Blair River inlier is an exposure of Laurentian basement rocks, and thus helps to constrain the 

geometry and style of Appalachian terrane interactions. Alternative interpretations for the origin of 

the inlier are that it is an exotic piece in, or basement to, Gondwanan terranes (eg., Murphy et al., 

1989; Keppie et al., 1990; Keppie and Dostal, 199 1, Keppie, 1992), and that the inlier could be 

Grenville-age but not denved nom Laurentia. These alternative interpretations are part of recent 

tectonic models proposed by Keppie et al., (1996) and Lynch (1996). Keppie et al., (1996), 

suggest that the Blair River inlier could have Seen derived h m  a broadly "Grenville-age" orogenic 

belt dong the Amazon Craton (western South America) and was accreted to North America in the 

Ordovician Taconian orogeny. Lynch (1996) considered the Blair River inlier to be part of the 

"Cabot nappe" of Gondwanan af5n.ity in the Central Mobile Belt. In his mode1 the nappe was 
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accreted during Silurian and Devonian thick-skinned, thnist-related accretiomy events pnor to 

Late Devonian to Carboaif'erous extensional exhumation. 

In the mode1 proposed by Lynch (19961, the inclusion of the Blair River inlier in the Cabot 

nappe is based on two lines of evidence. The first is the correlation of metasedimentary units 

("George River Group") throughout Cape Breton Island. The Meat Cove Marble (at that tirne 

considered to be part of the Polletts Cove Brook Group) in the Blair River inlier was correlateai 

with the "George River Group" by early workea (e.g., Milligan, 1970) at a time when aIi 

crystaliine rocks on the island was comidered a single iithotectonic block. Parts of the "George 

River Group" in southem Cape Breton Island are interpreted to be Proterozoic carbonate and 

detrital-clastic sheif sequences that formed on the margin of Gondwana (e.g., Keppie, 1989; 1992). 

Therefore, the correlation of the group acmss the four Iithotectonic zones proposed by Barr and 

Raeside (1989) is critical to defining the Gondwanan afEnity of the Blair River inIier. The second 

iine of evidence for inclusion of the Blair River inlier in the Cabot nappe is the mntinuity of thnist- 

related deformational fabrics between the main décollement beneath the Cabot nappe (HigMands 

Shear Zone) and the Wilkie Brook fault zone. 

The idea of a singie Cape Breton Island-wide, Proterozoic-age, "George River Group" must 

be abandoned, as has been suggested by many other workers (e.g., Iamieson and Doucet, 1983; 

Cume, 1987a; Hül, 1988; b i d e  and Barr, 1990; Lexicon of Canadian Stratigraphy, Vol. VI, 

pg. 137). The correlation is overly simplistic and does not take into account the likelihood that the 

uni& that make up the "group" are ofvery different ages, and are parts of disparate tectonic 

blocks. Furthemore, Sangster et al., (1 WOa; 1 WOb) showed that the isotopic characteristics of 

the Meat Cove marble in the Blair River inlier are dissimilar to those in the rernainder of Cape 

Breton Island wïth the exception of the Lime Hill gneissic cornplex. They cleariy stated that an 
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island-wide correlation cannot be made on the basis of isotopic characteristics, despite the claim by 

Lynch (1 996; p. 95) to the contmy. Sangster et ai., (1990b; p. 3 1 ) nirther stated that, "Marble- 

hosted zinc occurrences at Lime Hili and Meat Cove on Cape Breton Island are geologically, 

geochemically, and isotopically (S and Pb) sirnilar to a distinctive group of zinc occurrences hosted 

by Grendie Supergroup marble in Ontario, Quebec, and New York". Major and trace-element 

geochernicai characterisation of units once thought to be part of the 'George River Group" led Hill 

(1988; p. 173) to conclude, "Carbonates underIying the Cape Breton Highlands are a third type. 

These metalliferous marble units are unrelatai to carbonates of southem Cape Breton Island". The 

obsolete notion of a single island-wide metasedïmentary unit is an inadequate basis for a 

correlation with the important implications proposed by Lynch (1996). 

Despite the depiction of the WiEie Brook fâult zone as a northwest-dipping thmst fault 

(Lynch, 1996; bis figure 3), he presents no structural data to support such a clairn. Structural 

data presented in this study, by Raeside (1 Mg), and by Raeside and Barr (1 992) have 

demomtrated that the W i e  Brook fàuk zone is a steeply-dipping, predominantly strike-slip fàult. 

Thus, when considerd in detail, b t h  arguments fkil and the incIusion of the Blair River infier in 

the Cabot nappe cannot be substantiated on the grounds proposed by Lynch (1996). ifthe Blair 

River inlier m o t  be demonstrateci to be part of the Cabot nappe, then there is no basis for 

including the inlier in the Central Mobile Belt or in the Gondwanan terranes. 

The tenane transfer model of Keppie et al., (1996) proposes the possibility that the Blair 

River "terne" is exotic to North America and was accreted during Taconian collision between 

Laurentia and western Gondwana (Le., Amau,nian craton of South America). They do not 

propose a specific tectanic model for terrane -fer involving the Blair River inlier. Instead, 

Keppie et ai., (1996) consider the possibility of a South Amencan origin because basement 
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terranes with Lawentian ages are found in the centrai Andes (e.g., the Precorddiera terrane; Ramos 

et al., 1986) and the Grenvilie-age Goochland Terrane in the Appafachian orogen rnay be exotic to 

North America (Hïbbard and Samson, 1995). Furthemore, early Paleozoic tectonic 

reconstructions (e-g., Daiziel 199 1) place Laurentia adjacent to western South America where ca. 

1000-1200 Mk orogens and ailochthonous terranes exist (e.g., Tosdal, 1996). Therefore, the 

present location of basement terranes does not uniquely identify their origin. Keppie et al., (1996) 

proposed that it may be possible for portions of cratonic South Amencan to have been accreted to 

Laurentia U1 the sarne rnanner as the Laurentian Precordillera terrane was accreted to South 

America ("terrane transfer"). 

The terrane trander model, whiie possible (and plausible in the case of the PrecordiUera) is 

not applied in a specific marner to the Blair River inlier, but is instead based on its generalised 

identity as a "Middle Proterozoic basement terrane". Because few highprecision radiometric ages 

are available fiom potential South American source regions, there are insufficient data with which 

to compare and contrast tectonothemial historia. However, the Blair River inlier lacks any 

indication of typical Gondwaoan thermal events (e.g., ca. 600 Ma) that would be expected in South 

American basement rocks. Furthemore, the terram transfer model Keppie et al (1996) fàils to 

explain the continuity of the Blair River inlier with the Laurenîian side of the orogen as suggested 

by gravity and magnetic data, and fails to explain the conhuity of events recorded in other parts of 

the Laurentian margin. 

In the absence of unambiguous criteria to link the Blair River inlier to either Laurentia or 

Gondwana, the sirnplest explanation that wi account for aii the known characteristics of the idier 

must be the prefemd interpretation. As explaineci in more detail below, every Proterozoic unit in 

the Blair River inlier has a Lithologic and temporal counterpart in the Grenville Province. 
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Furthemore, isotopic characteristics of the Blair River inlier are consistent with a Laurentian 

origin and these data contrast with the Gondwanan and periGondwanan outboard tertanes in Cape 

Breton Island (Barr and Hegner, 1992; Ayuso et al., 1996). The implications of possible massif- 

type anorthosite recovered fiom drill ares in Gondwanan rocks in New Bnuiswick (Boyle and 

Stirling, 1994) cannot be evaluated at present due to the scarcity of material, the lack of observable 

field and structural relations, and codicting reports of the significance of associated 

"chamockitic" rocks, which yielded a ca. 390 Ma crystailisation age (S. Barr, pers. mrnm., 1996). 

6.2.1 Cornparison of Proterozoic rocks of the Blair River inlier with the Grenville 
Province 

The Sailor Brook gneiss is lithologically similar to pre-Grenvillian (Le., older than about 

1200 Ma) trondjhemitic, tonditic, dioritic, and grandoritic gneisses in the Adirondack 

Mountains, the Central Metasedimentary Belt, and in basement inliers in Vermont and New York 

(Figure 6.1; Pride and Moore, 1983; Lumbers et al., 1990; McLeIland and Chiarenzelli, 1990a; 

Ratcliflie et d., 1988, 199 1). These suites belong to either an older (ca. 1350- 13 10 Ma) or 

yotmger (ca. 1285-1230 Ma) p e n d  of igneous activity, but both generations are dacnbed as part 

of the "Elzevinan orogenic event" (e-g., Moore and Thompson, 1980; Gower et al., 1990; 

McLelland and ChiaremIli, 1990a) or 'TIzevirian phase of the Grenville orogeny" (e-g., RatclSe 

et al., 199 1). Rocks of the older phase are present in Vermont, the Adirondack Highlands, and 

dong the northwestem rnargin (Bancroft terrane) of the Central Metasedirnentq Belt. Rocks of 

the younger phase are widely distributeci throughout the Central Metasedimentary Belt, including in 

the Eizevir terrane and the Adirondack Lowlands, and potassic plutons of this age are dso  present 

in Vermont. The Sailor Brook gneiss, however, is not trondjhemite in the sense of Streckeisen 

(1976; tooalitic rock with <IO% mafic minerals) or Lumben et al., (1990; oligoclase-bearing 

tonaiite with 4 5 %  biotite and amphibole). 



Mid-Roterozoic M e r s  
in Appalachian orogen 

anorthosite-mangente- 
charnocicite suites 

Figure 6.1 - GrenviIlian inliers in the Appalachian Orogen (soiid black) and tectonic subdivisions of the 
Grenville Province (modined after Rankin et al., 1993 and Rivers et al,, 1989). Black dots in the Elzevir 
terrane are K-rich plutons (&et Comveau and Gorton, 1993). AH = Adirondack Highlands, AL = 
Adirondack Lowlands, AT = aliochthonous ternes,  B = Bancroft terrane, BGD = Baltimore Gneiss 
Domes, BM = Berkshire Masse CMB = Centrai Metasedimentary Belt, E = Elzevir tenane, F = 
Frontenac tenane, FBM = French Broad Massif, GFTZ = Grenville fiont tectonic zone, GM = Green 
Mountain M a s e  HB = Honey Brook Upland, LR = Long Range Inlier, PB = parautochthonous beft, PM 
= Pine Mountain Belt, RP = Reading Prong, SaM = Sauratown Mountain Massif, SM = Shenandoah 
Massif (PedIar and Lovingston massifs), SMT = Steel Mountain Terrane (Corner Brook Lake). 
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The Vermont tonalite-trondjjemite suite was metamorphosed to granulite facies in the 

Middle Protemzoic and was retrograded, altered, and l d y  deformed in the mid-Paleomic 

(RatcIifE et ai., 199 1). The late trondjhernite-tonalite suite in the Central Metasedimentary Belt is 

Mnably deformeci and metamorphosed from greenschist fâcies in the Hastings metamorphic low to 

sporadicaliy distributed granulite hies .  The Sailor Brook gneiss, like the Vermont and 

Achondack suites, lacks interiayered pelite, psamrnite, calc-silicate or other unequivocal 

metasedimentary rocks, and lacks a recognïsable stratigraphy among lithologic vari-ants. However, 

unlike the Vermont and Adirondack suites, the Sailor Brook gneiss also lacks recognisable relict 

prhary  volcanic or igneous textures. 

The ca. 1035 Ma age of metamorphic zircon in the Sailor Brook gneiss is similar to 

metarnorphic mineral ages of the ûttawan phase (1 100-1000 Ma; Moore and Thompson, 1980) of 

Grenvillian orogenesis. Metamorphisrn of this age is widespread throughout the Grenviile Province 

(Easton, 1986; van Breemen et al., 1986; Scharer et al., 1986), uicluding in the Central Gneiss Belt 

in Ontario and Quebec (Corrigan, 1990; Jarnieson et al., 1992; Culshaw et al., 1990; Culshaw et 

al., in press) and dong the Central Metasedirnentary Belt Boundary Zone (ca. 1065-1029 Ma; van 

Breemen and Hamner, 1986; Cosca and Essene, 1988). The peak ofthe Grenvilfian Orogeny in 

the Adiroudacks region of New York also occurred during the Ottawan phase (Rawnsley, L987; 

Mezger et al., 1988; McLelland et al., 1988; McLelland and Chiarenzelli, 1990a; 1990b). Other 

Ottawan-age events in the Central Metasedimentacy Belt appear to be restricted to plutonisrn 

without sigdicant deformation (Lumbers et al., 1990; Corriveau et al., 1990). 

The ûtter Brook gneiss is comparable in age and in general lïthology to a band of ca. 956 to 

966 Ma granite, monzonite, and quartz syenite bodies in eastem Labrador. The units in Labrador 
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are part of a more extensive belt of late-Grenvifian plutons that extend into eastem Quebec, as 

inférred by Gower et al. (199 1). based on map patterns, general îithologic simiiarities, and 

geophysical evidence. Potentially related plutonic and gneissic units in the age range of 980-950 

Ma are present in basement inliers of western Newfoundland, Vemonf and Virginia (Baadsgaard 

et al., reportai in Owen and Erdmer, 1990; Karabinos, 1988; Karabinos and Aleinikoff, 1988; 

1990; Herz, 1984; Herz and Force, 1984). 

The Lowland Brook Syenite is closely comparable in field relations, chemistry, and age to 

ca. 1089-1076 Ma K-rich plutons in the Elsevir terrane of the Central Metasedimentary Belt 

(Figure 6.1; Corriveau et al., 1990; Comveau and Gorton, 1993). Like the Lowland Brook 

S yenite, the Grenvillian syenite plutons have the characteristics of Group DI ultrapotassic rocks 

(Chapter 3; Corriveau and Gorton, 1993; Foley et al., 1987) and are interpreted to have intruded a 

high-grade gneissic terrane during the wanuig stages of Grenvillian deformation and high-grade 

metamorphism. Unlike the Grenvillian plutons, however, the Lowland Brook Syenite experienced 

subsequent Paleozoic metamorphism and deformation. 

Bekkers (1993) concluded that the major, trace, and rare-& element chemistry of the Red 

River Anorthosite Suite, although altered due to Paieozoic metamorphism and low-grade alteration, 

is similar to those of well-characteriseci anorthosite suites in the Nain Province and are typical of 

Proteromic massif-type anorthosite bodies in the Grenville Province. Charnockitic rocks in the 

Blair River inlier envelop the northwestern margin of the Red River Anorthosite Suite and appear 

to be gradational with the layered unit of the suite. n i e  paragenetic association of massive 

anorthosite, massive gabbro and leucononte-leucotroctolite, layered anorthosite/gab bro/ 

leucononte, and rocks of chamockitic affinity (AMCG suite; Emslie and Hunt, 1990) is well 

documented in the Grenville Province (Figure 6.1; McLelland and Chiaremelli, 1990b; Easton, 
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1990; Emslie, 199 1) and in other Pre~a~brian ternes (Wiebe, 1978; 1990; Giest et ai., 1990). 

Phanerozoic anorthositic complexes (ca. 560 Ma; Higgins and Doig, 198 1) in eastern North 

America are part of layered mafic bodies with a srnail volume of massive anorthosite compared to 

the large intrusions in Quebec and Labrador. The Paleuzoic age of the Arden Pluton in Delaware 

(Foland and Muessig, 1978) is based on Rb/Sr whoie-rock &ta and has not been confirmed by U- 

Pb geochronology. 

Proterozoic massif-type anorthosite bodies are, in general, large in areal extent and include 

anorthosite, leuconorite, Ieucogabbro, andor leucotroctolite, minor voIurnes of more mafic rocks 

and rare ultrarnafic rocks. These anorthosite suites contain cafcic andesine or labradorite, high-Al 

orthopyroxene megacrysts, and are cornmonly associated with chamockitic rocks (Ashwal, 1993). 

The Red River Anorthosite Suite shares al1 of these features. Most anorthosite bodies in the 

Grenville Province are either massif-type or are associated with layered mafic intrusions (Easton, 

1990). Howwever, no ngorous criteria discriminate between the two types and most bodies show 

some characteristics of both (Frost et al., 1989). Large, relatively undeformesi Proterozoic massif- 

type anorthosite is cornmon in the allochthonous terranes of the Grenville Province (Figure 6.1) but 

is less abundant and comrnonly deformed in the parautochonous belt (Emslie, 1978; Rivers et al., 

1989; Easton, 1990; Gower et al., 1990). 

Older anorthosite suites in the Grenville Province intruded between ca. 1600 and 1400 Ma 

during periocls of apparent crusta1 stability (Gower et al., 1990) and were overprinted to varying 

degrees by Grenvilhan metamorphism and deformation (e-g., Easton, 1990). A younger period of 

broadly Grenvi11e-age or slightly older anorthosite magmatism includes some of the best-studied 

Grenvillian anorthosite bodies, for example the Morin, Lac S t.-Jean, and Havre-Saint-Pierre, and 

Marcy bodies (ca. 1160-1 125 Ma; Higgllis and van Breanen, 1989; Doig, 1991; van Breemen and 
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Higgins, 1993 McLeUand and ChiarenzeUi, 1990b). Some of these may have been emplaced either 

during ca. 1200-1090 Ma extension (Gower et al., 1990) or during the main phase of Grenvillian 

orogenesis itself (e.g., Emslie and Hunt, 1989; McLeiiand et al., 1 988; McLeIland and 

Chiarenzeili, 1 WOa). 

The traditionai view of the relationship between members of the AMCG suite is one of 

bimodal, cogenetic but not cornagrnatic, magmahm resultiog h m  ponding of enriched made- 

derived basalt. Plagioclase accumulation produces anorthosite and country rock anatexis produces 

the chmockitic rocks (e.g., Emslie, 1978; 1985; 199 1, Morse, 1982, McLelland and Whitney, 

1990; Whitney, 1992). However, mens et ai. (1993) pointed out that this interpretation is based 

mainly on cornparisons between the alkali-granite and anorthosite end-members and Iargely 

excludes the roIe of the intemediary mangerite and jotunite. In the case of the Morin anorthosite, 

the AMCG suite crystallisation process tmk -20 m.y. Doig (1 99 1) obtained ages of ca. 1 155 Ma, 

1 146 Ma, and 1 135 Ma fiom Morin anorthosite, jotunite, and mangerite respectively. McLeUand 

and Chiarenzelli (1989; 1990b) used a sùnilar time lag to argue against comagmatism for the 

Marcy Massif 

Ifthe differentiation scheme proposed by Owens et al. (1993) and the relative age differences 

obtauied by Doig (199 1) and McLelland and Chiarenzelli (1989; 1990b) are characteristic of 

AMCG suites, then ages obtained fiom charnockitic end-members would be minimum ages for the 

suite, and rnay be significantly younger than the anorthosite. The tirne for crystallisation of the 

sequence from anorthosite to chamockite might require long periods (e-g., -20 m.y.; e.g., Doig, 

199 1) of tectonic quiescence, and the charnocicitic rocks could intrude, metasomatise, and 

metamorphose the anorthosite. h the case of the Red River Anorthosite Suite, contact 

metamorp hism and metasomatisation related to the intrusionlcrystallisation of the charnockitic 
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border phases couid explain the blurring of the contact and the production of metamorphic zircon 

in nearby anorthosite. This could aiso explain why other dated Grenvillian uni& in the Blair River 

inlier show no indication in their U-Pb systematics of the ca. 996 Ma metamorphism. 

Regardless of magmatic models, the important field and geochemical relationships between 

anorthosite and related charnockitic rocks as outlined by Duchesne (1984), Whitney (1992), 

Ashwal(1993), and Owens et al. (1993) from a variety of Grenviliian AMCG suites corresponds 

closely with those of the Red River Anorthosite Suite and charnocicite. This characterisation 

fùrther demonstrates that these distinctive rock types in the Blair River iniier are in no significant 

way (age, petrogenetic relationships, or tectonic relationships) anomalous compared to those of the 

Grenville Province. 

SmMd data for the Blair River inlier were provided by Dickin and Raeside (1 WO), Barr and 

Hegner (1992), and unpublished data fiom R Raeside and S. Barr. Depleted mantle model ages 

(DePado, 198 1) are 1690- L 500 Ma for the gneisses, 1660- 1470 Ma for the syenite, 1224 Ma for 

the anorthosite, 1 3 80 and 96 1 Ma for the granites and 1 O00 Ma for the rhyolite. The model age of 

the anorthosite is close to its inferred crydlisation age (betweeu ca. 1217 and ca. 1080 Ma), an 

indication of the mantIedenved nature of the magma. The other rnodel ages reflect the mean 

mantle separaîion ages of the source rocks involveci in their petrogenesis. Initial  EN^ values (Figure 

6.2) plot within the c'enveiope for Grenville age rocks" of Patchet and Ruiz (1989) with the 

exception of the late granites and rhyolite. Barr and Hegner (1992) interpreted the latter data as an 

indication of a mixture of juvenile magma and Grenvillian cnistal sources. 

Pb-isotope data were presented by Ayuso et al. (1996) for the Lowland Brook Syenite, 

Delaney Brook Anorthosite, and the Samrnys Barren granite. The syenite and anorthosite sarnples 



Figure 6.2 - Initial E N ~  plotted against age (modified fiom Barr and Hegner, 1992) for samples fkom the 
BIair River inlier. Also plotted are fields for the Mira, Aspy, and Bras d'Ch terranes in Cape Breton 
Island, isotopic evotution envelope for GrenWan rocks (after Patchett and Ruiz, 1989; Dickin and 
McNutt, 1989). The envelope for Avalonian rocks (after Murphy et al., 1995; Dostal et ai., 1996) 
includes data fiom New Brunswick (Whalen et ai., 1994), Newfoundland (Fryer et al., 1992), and Cape 
Breton Island (Barr and Hegner, 1992). 
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are characteriseci by nonradiogenic Pbcompositions, which Ayuso et al. (1996) interpreted as an 

indication of an old (Le., Grende-age) source region of mantlederived materid with minor 

crusta1 contamination. The Sammys Barren granite data are consistent with derivation of the 

magma fiom a source with Pb-isotopic compositions similar to the Proterozoic rocks of the Blair 

River inlier, but the data are distinctly less radogenic than other granites in Cape Breton Island. 

Sangster et al. (1990a) presented Pb and S isotope data fiorn the Meat Cove marble and 

Sangster et al. (1 WOb) showed that the Pb compositions are distinctly non-radiogenic compareci to 

other mineralised metasedimentary units in Cape Breton Island. Sangster et al. (1990b) concluded 

that the isotopic characteristics fiom the Meat Cove marbles are comparable to those of the 

Grenville Supergroup. The isotopic characteristics of rocks of the Blair River inlier are distinct 

f i o ~  those elsewhere in Cape Breton Island, including those thought to characterise Avalonian 

basement, but are consistent with a North Amencan Grenvillian afEnity (Barr and Hegner, 1992; 

Murphy et al., 1993: Dostai et al., 1996; Ayuso et al., 1996). 

In summary, the major Proterozoic gneissic (Sailor Brook gneiss and Otter Brook gneiss) 

and igneous (Lowland Brook Syenite Red River Anorthosite Suite) uni& in the Blair River inlier 

have close lithological and temporal counterparis in the Grenville Province. These counterparts are 

located widely throughout the southeastem Grenville Province, and provide a basis for general 

correlation with the Blair River inlier. A specific correlation with a single terrane, domain, or 

subdivision of the province is not warranted at present due to the lack of data at the same Ievel of 

detail fiom the allochthonous terranes in western Quebec and southem Labrador, the nearest 

exposed portions of the Grenvilie Province. Furthemore, because lithotectonic subdomains are 
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generally subparallel to the strike of the orogen, there may be no directiy correlative subdomain 

exposed in the Grenville Province. 

6.3 The Blair River inlier as part of the Laurentian continentaï margin 

Renmants of the Laurentian continental rnargin in the northem Appalachian orogen 

constitute the Humber Zone (Wiiams, 1979). The zone is characterized by Middle Proterozoic 

basement units overlain by Cambrian to Ordovician passive rnargin sedimentary sequences that 

were deformeci and metamorphosed during Appalachian orogenesis (Williams and Stevens, 1974). 

Ifthe Blair River inlier is part of the Laurentian continental margin, then the inlier should share a 

generai lithostratigraphy and thermal history, with the established parts of the Humber Zone in the 

northem Appalachian orogen. Other dong-strike comparisons between the Blair River inlier and, 

for example, the Blue Ridge Province are unwananted at prwent because of the paucity of detailed 

petrologic and geochronologic studies in other basement inliers and because large-swle 

Lthotectonic variation in Laurentian basement is to be expected over large distances. The following 

discussion concentrates instead on the nearest Laurentian basernent and cover units, those in 

western Newfomdland. The key lithological features and the timing of Paleozoic thermal events in 

the northern Appaiachian Humber Zone are outlined below for the purpose of comparisons with 

those of the Blair River inlier. The body of geophysicd data that suggests that the Blair River 

inlier lies on the western side of the Appdachian orogen is also reviewed. 

Laurentian basement exposures in westem Newfoundland occur in the Long Range Inlier, 

the M a n  Head Range, and the Steel Motintain terrane . In the Long Range Mier, basement 

comprises granoblastic granulite-hies and amphibolite-fhcies granitic, granodioritic, and tonaiitic 

orthogneiss and minor paragneissic units dong with marble and calc-silicate rocks (Owen and 

Erdmer, 1990). Preliminary U-Pb zircon ages of ca. 1503 Ma and ca. 1020 Ma have been 
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ob*iined nom granulite and arnphibolite gneissic units, respectively, in the basement gneiss 

complex (Heaman et al., 1996). The gneiss complex was intntded by plutons at ca 1080-960 M a  

(reportai in Owen and Erdmer, 1990). and Heaman et al. (1996) obtained preliminary ages of 

1025-998 M a  for 6 granitoid plutons. The Indian Head Range contains mainly orthogneissic rocks 

with compositions of anorthosite, gabbro, norite, diorite, and chocki te  dong with minor screeas 

of metapetitic rocks. Basement is unconfomiably overlain by plaeformal Cambrian to Ordovician 

carbonate and clastic units (Riley, 1962; Wiams, 1975). The Steel Mountain terrane consists of 

ailochthonous thnist slices that inciude granuîite-hies gneiss, massif-type anorthosite and 

associateci gabbroic rocks, and their retrograded quivalents (Currie, 198 7c; Currie et al, 199 1). 

Granuiite gneiss yielded a U-Pb zircon age of ca. 1498 Ma and a late granite, with unclear 

stratigraphie and contact relations to older UNts, gave an age of ca. 608 Ma. Basement uni& in the 

Steel Mountain t e m e  are locally overlain by metasedimentary units of the Fleur de Lys 

Supergroup (Hibbarci, 1983; Currie, 1987~). These three major basement blocks in the Humber 

Zone of western Newfoundland have long been accepteci as exposures of Laurentian basement and 

as correlatives of the Grenville Province (Williams and Stevens, 1974; Erdmer, 1984; Owen and 

Erdmer, 1989; Rodgers, 1995). 

The Fleur de Lys Supergroup comprises metamorphosed continental margin deposits 

including medium- to high-grade metapelitic and metapsammitic s c h i ~ ,  amphibolites and eclogite 

pods (de Wi& 1980; Hibbard, 1982; Hibbard, 1983; Jarnieson 1990). The supergroup is 

interpreted to be unconforniable on Laurentian basement units (Cawood and van Gool, 1992). 

Correlative deformed and metamorphosed cover units are tectonically interleaved with basement 

near Corner Brook Lake (Figure 6.1; Cawood and Van Gool, 1992; Ca\vood et al., 1996). 
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Until recently, Paleozoic metatnorphism in the basement cornplex in the Long Range Iniier 

was thought to be conEuid to a 15-km-wide zone of epidote-amphibolite and greenschist facies 

assemblages at its southem margin (Owen and Erdmer, 1989). However, the ment surprishg 

discovery that the Taylor Brook Gabbro cornplex, which has a signifiant aureole and was thought 

to have contributed substantiaiiy to the thermal budget of Grenviiiian metamorphism in the uilier 

(Owen and Erdmer, 1989), is actudy Silurian (ca. 429 Ma; Heaman et al., 1996) indicates that 

the hue extent of Paieomic metamorphism is not known. Similarly, very little is known about the 

possibility of a Paleozoic thermal overprint in the Indian Head and Steel Mouahin basement 

exposures . However, DaUmeyer (1978) obtained '%d3'~r ages of ca. 880 Ma from hornblende 

and ca. 825 Ma from biotite in granitoid gneisses fiom the Indian Head Range and interpreted the 

ages to reflect slow cooling following a Grenville-age metamorphic episode. 
e 

The Fleur de Lys Supergroup and relateci rocks in the Baie Verte Peninsula and near Corner 

Brook Lake, have clearly been affêcted by Paleozoic metamorphism and plutonism, and the ages of 

these events are well constrained. In the Baie Verte region, Cawood and Dunning (1993) obtained 

U-Pb monazite, zircon, and titanite ages of ca. 427-4223 Ma fiom syntectonic melts in, and plutons 

associated with, the Fleur de Lys Supergroup. Daheyer  (1977) obtained *Ar/39Ar hornblende 

and muscovite ages ofca. 429 to ca 421 Ma fiom rocks in the Fleur de Lys Supergroup west of 

the Baie Verte Line. In the Corner Brook Lake region, C a w d  et al (1994) obtained a U-Pb 

zircon age of ca. 434 Ma fkom a pegmatite that intxudes both basement and cover and a gamet- 

kyanite schist yielded similar metamorphic ages fiom monazite (ca. 430 Ma) and rutile (ca. 437 

Ma). Cawood et al., (1994) also report 40Ar/19~r ages of ca. 427-424 Ma on hornblende and ca. 

429-4 13 Ma on muscovite. 
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The Blair River inlier is simüar in general lithologic makeup to Proterozoic basement in the 

Humber Zone of western Newfioundiand. Both the Blair River iniier and the Humber basement are 

dominated by orthogneissic units including granulite-fàcies gneisses that were intmded by ca. 

1 100-960 Ma plutons. Some details ciifFer, for exarnple, the largest basernent exposure, the Long 

Range Inlier, does not contain massif-type anorthosite and the oldest known unit in the Blair River 

inlier, the granulite-hies Sailor Brook gneiss, may be sign.ï.ficantiy younger (minimum of 12 17 

Ma) than the oldest known granulite-kies gneisses in western Ndoundland (ca. 1500 Ma). The 

differences and similarities b e e n  these Middle Proterozoic inliers are explained most easily by 

dong-strike variation in Laurentian basement. Analogous dong-strike variation, at a larger scale, 

is seen in the Grenville Province between, for exarnple, eastem Labrador and Ontario-New York. 

The Blair River inlier lacks the passive-rnargin and related cover units. Rare sniall lenses of 

marbIe and cdc-silicate rocks in fàult zones and dong the fàulted contacts of several major uni& 

may be remnants of cover, tectoniwlly interleaved with basement units dong late high-level fault 

zones. The lack of an overlying continental margin sequence may be the result of tectonic removal 

of sedimentary cover, or of exhumation of the Blair River inlier from middle to lower crustal 

depths, below the basement-cover unconfonnity. Furthemore, Cambrian to Ordovician cover 

dong the entire length of the Laurentian margin was thinner on the promontories than in the re- 

entrants (Rankin, 1976; Thomas, 1977; Read, 1989), thus, the St. Lawrence promontory may have 

had only a thin cover sequence. Because the Blair River iniier is smali relative to other Laurentian 

basement-cover exposures, Cambrian to Ordovician passive margin units may be present, but 

perhaps buried beneath Carboniferous clastic units. 

Although the Blair River inlier lacks pre-Carboniferous cover successions, the basement 

units record amphibolite-hies rnetamorphism and associated minor granitoid plutonism at the 
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same tirne as similar events in basement and cover units in western Newfoundand. The timing of 

both the plutonism (ca. 435 Ma) and post-metamorphic coolùig (ca. 425 Ma) are remarkably 

consistent in this segment of the northern Appalachian Humber Zone. Silurian tectonothennal 

wents, including widespread metamorphism, deformation, plutonism, volcanism and 

sedimentataion, are documented in the Humber Zone as well as parts of the Central Mobile Belt in 

Newfioundland and in New Brunswick (Bevier and Whalen, 1990; Dunning et al., 1990a; O'Brien 

et al., 1991; Dubé et al, 1993, 1996; Cawood et al., 1994; Lin et al., 1994). Displacement dong 

the boundary between the Central Mobile Belt and the Avalon Zone has been correlated with 

Silurian events in southern Newfoundland (O'Brien et al., 199 1; Holdsworth, 199 l), thus 

documenthg the orogen-wide nature of a Silunan peak of orogenesis. in detail, however, the 

Silunan thermal record in the Blair River inlier is more closely comparable to that of the Humber 

Zone than the events recorded in the Central Mobile Belt of the Aspy terrane and southwestern 

Newfoundland (Figure 6.3). The Md-Paleomic Sammys Barren granite (ca. 435 Ma) is the same 

age as plutonism in western Newfoundland (ca. 434-423 Ma; Cawood et ai., 1994), and is similar 

in age to the older of the two pulses of plutonism in the Central Mobile Belt (ca. 435-430 Ma and 

ca. 420-414; Dunning et al., 1990a; 1990b; van Staal et al., 1994). Silurian metamorphism and 

post-metamorphic cooling (Figure 6.3) through ca. 550-300°C in the Blair River inlier (ca. 425 

Ma) predates by about 10-14 m.y. that of the Aspy terrane and Central Mobile Belt of southern 

Newfoundland (ca. 4 15-4 1 1 Ma; Meson  et al., 1986; Dunning et al., 1 WOb; Barr and lamieson, 

199 1; Dubé et al., 1996; Reynolds et al., 1989; Keppie et al., 1992; Wunapeera, 1992; Dallmeyer 

and Keppie, 1993; Dubé et al., 1994). The timing of Silurian metamorphism and magmatism in 

the Blair River inlier suggests continuity with Silunan events documented dong the northwestern 

margin of the Appalachian orogen. 





274 

The contemporaueity of Silurian events between the Blair River inlier and the Humber 

Zone in western Newfoundland does not canclusively identify the Laurentian parentage of the Blair 

River iniier because wemts of similar age are also recorded in the Appalachian outboard te rnes .  

Other h e s  of evidence must be considered in order to dernonstrate that the stnicturai zonation of 

the orogen is consistent with the Blair River inlier forming part of the along-strike extension of the 

Humber Zone (Le., major stnictures must strike into, rather than around Cape Breton Island, as 

earlier models predicted). A variety of geophysical &ta provide this additional evidence. 

Bougeur gravity anornaly and niagnet maps (Figure 1.4; Loncarevic et al., 1989) show that 

the structural grain of the orogen trends into Cape Breton Island and that the Blair River inlier is 

north of (on the Laurentian side of) the dong-strike extension of the Cabot Fault, the southeasteni 

boundary of the Humber Zone in southwestern Newfouodland. Langdon and Hall (1994) traced 

upper crustai, Paleozoic, structures using a dense network of shallow seismic data and also 

concluded that the offkhore extension of the Cabot Fault system trends into northem Cape Breton 

Island and links, in part, with the Wilkie Brook Fault Zone. Durling and Marillier (1990) and 

Maflier et ai., (1989) interpreted deep seismic Lines (LITHOPROBE East profiles 86-2 and 86-4) 

on either side of Cape Breton Island as showing that Grenvillian basement dips gently south and 

southeast, fkom near the sufice to near the Moho, at about 10 seconds two-way travel t h e .  The 

top of this Grenville block would be at considerable depth ifprojected below the Blair River inlier. 

However, Marillier et al., (1989) interpreted LITHOPROBE East line 8605% which is nearer to 

Cape Breton Island, to show a steeply dipping boundary for the Laurentian basernent block 

extending to near the surface. Keppie (1990) disputed this boundary, claimllig that this Fault is not 

clear on the profile. Because of poor resolution toward the top of the seismic section, 

LITHOPROBE East line 86-Sa provides no real conNaiots on the degree to which the Blair River 
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iniier may be ailochthonous. However, M e r  et al., (1 989). Duriing and Marillier (1 990). 

and Loncarevic et al., (1 989) alI agree that the geophysical data are consistent with Laurentian 

lower crust extending into the Gulf of St. Lawrence to at least as far as northern Cape Breton 

Island. 

The geophysid evidence aione does not conrtitute conclusive prwf  of a Laurentian origin 

for the Blair River inlier. However, the combination of the geopbysical data tbat suggest the Blair 

River inlier lies on the western margin of the orogen, the presence of basement units that are, in 

every aspect, compatible with Laurentian basement and correlative with the Grenville Province, 

and a Paleozoic thermal history that is nearly identical to that of Laurentian margin rocks in 

western Newfoundland and that has some important contrasts with the thennal history of 

Appalachian outboard terranes, argues strongly that this is the simplest and currently most credibIe 

explanation explanation for the obsewations and data. Furthemore, this interpretation is 

consistent with evolving, detailed tectonic models for the northem Appalachian orogen as descnbed 

in the next section- 

6.4 The Blair River inlier in northem Appalachian tectoaic models 

Silu rian sinistral transpression between the Laurentian and Gondwaaan margins resulting in 

metamorphism, deformation, plutonism, and sedimentation, rnarked the culmination of orogenesis 

in the northern Appalachian orogen (e-g., Dunning et al, 1990a; Doig et al., 1990; Bevier and 

Whalen, 1990; Soper et al,, 1992; Dubé et al., 1993; 1996; C a w d  et al., 1994; Lin et al., 1994; 

van Staai, 1994). The Taconian (Ordovician) orogeny is recorded by overthmsts of oceanic 

fragments, including ophiolites, ont0 the Laurentian margin. In the northern Appalachians, 

Devonian (classic Acadian) tectonic events include hi&-level fiulting and thntsting and large- 

scaie, right-lateral shear systems (Waldron and Milne, 199 1; Barr et al., 1995; Ma10 et al., 1995) 
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developed during continueci convergence h e m  Laurentia and Gondwana. Aiieghanian 

(Carboniférous) strike-siip fàuliiag resulted in the development of large sedirnentary basins. 

It is now widely recognised that the itiherited geometry of continental margins, notably the 

pattern of promontories and re-entrants, must be considered in models and reconstructions of the 

style and timing of tectonism in the Appaladuan orogen (Hatcher, 1983; Stockmal et al., 1987; 

1990; Keppie and Dostal, 1994; Cawood et al., 1994; Lin et ai., 1994; Mdo et ai., 1992; 1996). 

For example, in the central and southem Appaiachan orogen, the (Devonian) Acadian orogeny is 

typically interpreted to have resulted from continentcontinent coilision (Glover et al ., 1983; 

Rankin et ai., 1993). Cawood et al., (1994) aitributeci the clifference in the style and timing of peak 

orogenesis between the northern and centrai-southeni segments to initiation of continent-continent 

coliision in the northem Appdachians at promontories in either one, or both, of the continental 

margins. Lin et al., (1994), adapted the tectonic mode1 of Stockmal et al., (1987; 1990) to include 

the possibility of promontos;promontory collision in the northem Appalachian orogen. Ma10 et 

ai., (1995) modifieci the Stockmal et al., (1987; 1990) mode1 to take hto account the 

tectonothermai evolution of the Quebec re-entrant and proposed that the St. Lawrence promontory 

acted as a rigid indentor, with thstdominated tectonics in the re-entrant and dextrai tmnscurrent 

faulting dong the southem flank of the promontory These structures resulted in the nearly 200 lon 

offset in Appalachian structural trends between the promontory and the Quebec reentrant. 

Detailed tectonostratigraphic correlations of terranes between Cape Breton Island and 

NewfoundIand require that orogen-scale teaonic models developed for Newfoundland and Quebec 

be applicable also to Cape Breton Island (e.g., Barr et al., 1995). The close correspondence 

between the Humber Zone of western Newfoundland and the Blair River inlier, in tenns of their 

position within the orogen and their Paleozoic thermal histories, suggests that some of the details of 



more specific models for the structural and thermal history of the Humber Zone in western 

Newfoundland (most notably basement-involveci thnisting; Waldron and Stockmai, 1994) may 

apply as well to northern Cape Breton Island. 

The teetonic mode1 of Stoclcmal et al., (1987; 1990) postulates that the large-scale structure 

of the northern Appalachian orogen resulted fiom subrthogonal collision between the St. 

Lawrence promontory and either a linear or cuMlinear combineci Gondwanan margidperi- 

Gondwanan arc cornplex. They reconstnicted lower-crusta1 blocks nom the present terrane 

configuration by palinspastic restoration dong major fàult systems. Theu model, with 

modifications after Lin et al., ( 1994)- MaIo et al., (1 999, and with refinements in timing of events 

to account for a Silurian thermal peak in Cape Breton Island and Newfoundland (e-g., C a w d  et 

ai., 1994; this work), is used here to describe the role of the Blair River inlier in constraining the 

geometcy, timing, and style of northern Appalachian orogenesis. The proposed tectonic mode1 is 

shown schematically in Figure 6.4. 

There is no evidence to suggest that the Blair River inlier was near to the suf ice  at any tirne 

pnor to the mid-Pdeozoic. The inlier lacks Middle and Late Proterozoic sedimentary successions, 

the major high-grade gneissic uni& are interpreted to have had plutonic protoliths, and grandite- 

facies metamorphic minera1 assemblages (6-8kbar, 700-850°C; Chapter 5) and a hypenolvus 

pyroxene-syenite body (>7OO0C ; cf, Morse, 1970) indicate deep crustal conditions. Some degree 

of post-orogenic exhumation, perhaps during rifting to form the Iapehis Ocean, probably brought 

the Blair River inlier nearer to the surfafe and may have resulted in partial retrogression of the 

high-grade assemblages. Therefore, the mode1 presented here begins following Iapetan rifüng with 

the Blair River inlier located near the tip of the St. Lawrence promontory at mid- to lower-crusta1 

levels (Figure 6.4a). 



Ca 500 Ma 
passive margin 

Laurentian basement 
Laurentlan margln deposlts 
lapetan oceanlc crut 

Figure 6.4 - a) Pest-riq passive margin conîïguration of the Laurentian continental margin. Plan4ew geometry is baxd on interpretation of gravity and 
magnetic data (after Loncarevic et al., 1989; Miller, 1990). Blair River inlier @RI) is inferred to have been located in the middle- to lowerînist near the 
tip of the promontory. b) Configuration prior to onset of Appalachian orogenesis. lncipient Aspy arc is projected ont0 the cross-Secfion. Relative 
positions of Gondwanan margin and Iapetan volcanic arcs is diagramrnatic. 
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Figure 6.4 (continued) - e) Dextral strike-slip along the Laurentian margin jwctaposed the Blair River inlier and Aspy terrane at a high enough structural 
level to preclude widespread resetting of mineral ages in the Laurentian basement rocks. Carbongerous pull-apart basins (e.g., Magdalin Basin is shown 
schernatically) also kgan  to form accompanied by deposition of clastic sequences over Blair River inlier, and (if prescrit) rernnants of passive margin 
sequences and Iapetus oceanic fragments. Final uplifi and exhumation of the Blair River inlier, through the Carboniferous cover, to the s u ~ a c c  occuned 
subsequently, perhaps in the Mesozoic, due to reactivation of thmst andor strike-slip fa'dts. bi 

O 
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The Gondwanan continental margin and Iapetan volcanic arc ternes approached 

Laurentia (Figure 6.4b) in the Ordovician, pnor to the (Silurian) thermal peak. in Ndoundland 

thrusting resuited in abduction of ophiolites and thmsting of peri-laurentian fragments of Iapetus 

(Notre Dame terrane) over the Laurentian continental matgin. No Ordovician events are recordeci 

in the Blair River inlier. Collision of the continental rnargui occurred between the St. Lawrence 

promontory and Gondwanan rnargidarc terranes (Figure 6.4~) in the Late Ordovician (J. Waldron, 

1996, pers. comrn.). This resulted in downwarping of the proximal Laurentian margin, and in the 

initial development of fàult systems (thnists in Newfoundland) that interleaved basement and 

Laurentian margin sedimentary sequences. At this time the Blair River inlier experienced 

amphiboiite-facies metamorphism, localiseci deformation, rninor granitic melt generation (Le., 

Sammys Barren granite), at conditions above the closure temperature for titanite and rutile. Any 

remoants of Iapetus near the St. Lawrence promontory rnay have overthnist the tip of promontory 

by this t h e  and the thin cover of Laurentian rnargin sequences rnay have been peeled back off the 

promontory. Tear-fkulting in the Gondwanan rnargin occurred dong the iderreci Cabot Fault 

system providing for the ca. 200 km of dextral offset of the Central Mobile belt (Iapetan 

components and arc terranes) between the St. Lawrence promontory and the Quebec reentrant. 

Continued Silurian convergence and continent-continent collision resulted in tectonic 

exhumation of the Blair River inlier, perhaps dong previously developed hult  systems (Figure 

6.4d). Exhumation and denudation allowed for m l i n g  of the Blair River d i e r  through the closure 

temperature for titanite, soon followed by homblende and rutile. By this t h e ,  any cover sequences 

or Iapetan rernnants were thrust weli over the tip of the St. Lawrence promontory. Continued 

movement on the Cabot Fault system enhanced the offset at the southem nank of the promontory- 



In the early Carbonifèrous, the overd tectonic style changed from suborthogod 

convergence to a large-scaie, dextral strike-slip regime (e.g., Hibbard, 1994; Dubé and Lauziére, 

1996; Figure 6 . k ) .  This movement assexnbled most of the tectoaostratigraphic comjmnents of 

Cape Breton Island to near their present-day positions. The Aspy terrane was juxtaposecl with the 

Laurentian margin at the tip of the promontory. However, Devonian homblende coohg ages in 

rocks deformed by an early stage of movement dong Willae Brook fault zone (Wunapeera, 1992), 

and the lack of widespread complete resetting ~ f ~ ~ A r ? ~ A r  systematics in the Blair River inlier, 

suggest that the inlier was at a hi& structural b e l  relative to the presentday level of the 

neighbouring Aspy tenane during this stage of movement. The Carboniferous strike-slip regime 

aiso resulted in the opening of sedimentary bains, for example the Magdalin Basin (e.g., Langdon 

and Hall, 1994). Thick Carboniferous clastic deposits blanketed much of the northern 

Appalachian orogen at this t h e .  Fuial juxtaposition of the Blair River inlier with the Aspy t e m e  

and exhumation of both through the Carboniferous cover units occurred dong late, hi@-level 

brittle fiults (e.g., the WiUae Brook fàult zone adjacent to the Blair River inlier). Fission track 

data (e-g., Ryan and Zentilli, 1993) record Mesozoic uplift and erosion of Carboniferous rocks in 

the Maritimes Basin and is associateci with reactivation of older fault systems (Langdon and Hall, 

1994). 

6.5 ConcIusions 

Middle Proterozoic units in the Blair River inlier have close lithological and temporal 

counterparts in the Grenville Proviace that provide for a generai correlation b e e n  the two areas. 

Tectonic models that consider the Blair River iniier to be Gondwanan basement or a Proterozoic 

fragment in the Central Mobile beit are based on either inamplete idonnation or inaccurate and 

out-of&te interpretations. These models do not take into account the many specific details (eg., 
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gravity, magnetic, and seismic data, iithologic and teaonostratigraphic comlations, isotopic 

contrasts with Appalachian outboard tenanes and similanties with Grenvillian rocks, continuity of 

ages ofplutonism and metamorphism dong the Laurentian rnargh) that, when taken together, are 

explained easily if the BI& River inlier is interpreted as a hgment o f  Laurentian basement 

derived from the St. Lawrence promontory. Models developed for the northem Appdachian 

orogen to explain the tectonics of collision at an irregular margui (e.g., Stockmai et al., 1987; 

1990), modified slightiy to account for recent recognition of  Silurian interaction between the 

Laurentian and Gondwanan margins (e.g., Dunnirig et al, 1990a; Dubé et ai, 1996; Cawood et al., 

1994; Cawood and Dunning, 1993; this work) are consistent with the style of  tedonism fiom 

Quebec (e.g., Mdo et ai., 1995) to Newfoundland (e.g., Waldron and Stockmal, 1994, Cawood, 

1993). 



C . m R  7 - Conclusions 

1. The Blair River inlier consists of the pre-Devonian rocks that form the crystailine 

core of the northwestern Cape Breton Highlands in northem Cape Breton Island, NOM Scotia. 

The complex is bounded to the southwest by the Red River fâult zone, to the east by the Wif ie  

Brook fàult zone, and elsewhere by Late Devonian and Carboniferous volcanic and clastic 

sedimentary cover rocks. 

2. The uilier comprises seven Proterozoic units, the Sailor Brook gneiss, Polletts Cove 

River gneiss, Otter Brook gneiss, Lowland Brook Syenite, Red River Anorhosite Suite, 

charnockitic rocks, several srnalier anorthosite bodies (Delaneys Brook, Salmon River, High 

Capes, and Poile$ts Cove River anorthosites). The Fox Back Ridge diorite/granodionte, 

Sammys Barren granite, and Red River syenite are Silurian units. Various srna11 bodies and 

dikes ofgabbro, diabase, and rhyoiite, as well as rnarble and cdc-silicate rocks were 

metamorphosed or deformed in the Silurian, but their ages are otherwise unconstrained. 

3. The tonalitic to dioritic Sailor Brook gneiss is the oldest unit in the Blair River 

inlier; the plutonic protolith crystallised pnor to 1217 Ma based on U-Pb (zircon) data. The 

gneiss has a granular texture, weak compositionai bandin& mignÿititic leucosomes, and locally 

preserves granulite-facies metamorphic minerai assemblages that indicate conditions of about 

6-8 kbar and 700-850°C. Metamorphic zircon associated with the granulite-facies 

metamorphism crystaUised at 1035 +LU-10 Ma and titanite associated with the amphibolite- 

facies overprint fàbric cooled through titanite closure temperature at ca. 43 1 Ma. High-grade 



metamorphic mineral assemblages are largely overprinted by arnphibolite-hies 

metamorphic assemblages that locally define a deformational fàbric. 

4. The Otter Brook gneiss is cbaraderised by biotite- and honiblende-rich, gamet- 

bearing, augen to flaser quartzofeldspathic to amphibolitic orthogneiss, but locally contains 

sheared calc-silicate rocks. A quartzofeldspathic orthogneiu component of the gneiss 

crystallised at 978 +6/-5 Ma. It was subsequently metamorp hosed at up per-amphibolite 

transitional to granulite-facies conditions in the range of 600-700°C and 4-10 kbar. Cooling 

ages following arnphibolite-fàcies metamorphism are recorded by metamorphic minerai ages of 

423 * 6 Ma (titanite) and 42 1 * 6 Ma (phlogopite). 

5 .  The Lowland Brook Syenite is coarse-grained with pelthitic and antiperthitic 

feldspars and contains a gneissic foliation defined by biotite and homblende, but in low-strain 

zones contains microperthitic feldspars and clinopyroxene. The syenite is alkaline, shoshonitic, 

and metaluminous. It intmded the Sailor Brook gneiss at 1080 +5/-3 Ma, was defomed an 

metamorphosed at amphibolite-facies conditions, and subsequently cooled through the titanite 

closure temperature range at 424 * 3 Ma. 

6. The Red River Anorthosite Suite consists of a gradational sequence of massive 

anorthosite, leucogab bro, and layered gabbroic rocks. The suite has lithological and chernical 

characteristics typical of P roterozoic massif-type anorthosite bodies. Metamorphism of the 

anorthosite occurreù at 996 IS Ma (U-Pb ages of metamorphic zircon). Metamorphic 

minerais associated with this eveat suggest a relatively low pressure of about 3 kbar and 

temperatures of 730-760°C. Titanite a d  rutile fiom samples affecteci by amphibolite-facies 



metamorphisrn cooled through their dosure temperatures at 424 +4/-2 Ma and 4 10 * 2 

Ma, respectively. 

7. The Sammys Barren granite is undefomed, medium- to coarse-graineci and, based 

on geodiemicai contrasts, does not appear to be nlated to post-tectonic granite and rhyolite in 

the neighbouring Aspy terme. The Sammys Barren granite intmded the Fox Back Ridge 

diorite/granodiorite at 435 +7/-3 Ma (U-Pb zircon crystallisation age of the granite). 

8. A cooling rate of about 7- 12OC/rn.y. foUowed a widespread Silurian t h e d  episode 

in the Blair River inlier. The rate is constrained by the Sammys Barren granite, which is 

interpreted to have crystallised at about 670 50°C, and by the ages and inferreci U-Pb closure 

temperature of titanite and rutile. The titanite grains m e r  in origin, paragenesis, and s k ,  and 

are f?om uoits throughout the Blair River inlier. However, al1 record near-synchronous cooling 

ages of about 425 Ma. Honiblende fiom the Fox Back Ridge unit cooled through 450 * 50°C 

at 4 17 * Ma and rutile fiom the anorthosite suite mled through 405 2S°C at ca. 410 Ma. 

9. The chronologie, geochemical, and petrologic characteristics of the Proteromic units 

in the Blair River dier are consistent with a general correlation with the Grenville Province. 

Deep seismic data in the Gulf of St. Lawrence indicate that Laurentian basement extends, at 

depth, to at least as Eu as northern Cape Breton Island. Gravity, magnetic, and shaIiow 

seismic data in the northem Appalachian orogen indicate that major tectonostratigraphic 

boundaries trend fiom southem Newfoundland into, rather than around, Cape Breton Island. 

These daîa also indicaîe the Blair River inlier occupies a position within the Appalachian 

orogen in Cape Breton Island tbat is the dong-strike equivalent of the Humber Zone (deformed 

Laurentian margin) in Ndoutldland. The Blair River inlier records Silurian metamorphisrn 



and minor plutonism that are nearly identicai in age to thermal events in the Humber 

Zone of western Newfoudand. The Blair River inlier, therefore, is interpretecf to be an 

exposed fiagrnent of Laurentian basement rocks and to provide a surficial constraint on the 

minimum southeasterward extension of the Humber Zone in the northem Appaiachian orogen. 



A3 - Appendu to Cbapter 3 

A3.1 Whole-rock geochemistry anaiytical techniques 
40 sarnples were selected for whole-rock geocheMcal analysis. Major and trace element 

contents were measured on a Philips PW-1400 sequeutid X-ray fluorescence spectrometer with a 

Rh-anode X-ray tube at St. Mary's University XRF laboraîory. Major elemeat oxides (Si02, 

TiO2, A1203, MgO, F Q O ~ ~ , ~ ,  Cao, Na20, K20, and P2O5) and trace elements (Ba, Rb, Sr, Y, Zr, 

Nb, Th, Pb, Ga, Zn, Cu, Ni, V, and Cr) were analysed, with 5% and 510% precision respectively, 

fiom fuse. glas disks and pressed powder pellets respectively, using in-house standards for 

calibration. Samples were heated in an electric furnace for 1.5 hrs at 1050°C to determine loss on 

ignition (LOI). iron is reporteci from the XRF laboratory and in Table A3.1 as femc, but is 

recalculated as ferrous as requued in some diagrams assuming the relationship: 

which is a defàult recalculation method of the geodiernical plotting program NewPet v. 

93.02.16 @. Clarke, Memord University of Newfoundland). 



sich 
ma 
Alto, 
Feaa 
Mg0 
Mn0 
Ca0 
NerO 
)(rO 

P a l  
L0.I. 
Total 

Ba 
Rb 
Sr 
Y 
23 
Nb 
Th 
Pb 
Ga 
Zn 
Cu 
Ni 
Cr 
v 

Table A3.1 Major and Trace Element Data 
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Major elements in W.% oxides. All iron determined es FeAh 
Trace elements in parts per million 
See end of table for explanation of abbrevtations 
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Major elements in wt.% oxides. Al! iron deterrnined as Fe& 
Trace elements ln parts pet million 
See end of table for explanation of abbreviations 
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Table A3.1 (continued) 
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Major elernents in M.% oxides. All iron determined as Fe& 
Trace elernents in parts per million 
See end of table for explanatlon of abbreviations 
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Table A3.1 (continued) . , . . 

)VM9&13P FD85-577. CW85-085' CW85-087' CW8WQl1 RR85-2045' SB8!%lO2Y SB85-1024' SBB5-1030' 8885-1034' 
imsBr-greini Undiv-granite LBS LBS LBS LBS LBS LBS LBS LBS 

- 

Major elements in wt.% oxides. All iron detennlned as Fe203 
Trace elements ln parts pet million 
See end of table for explanation of abbreviations 
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Table A3.1 (continued) . 

iB8SlO38' 5885-1 043' SB85-lll2' SBW-3140. SD87-01' S087-02' BVMQ1-S45* RR85-2105* BVMQl-574* BVMQ1-698. 
.BS CES LBS LBS LBS LBS metagabbro metegabbro Undiv-amphl OBg 

Major elements in wt.% oxides, All iron determined as F e A  
Trace elements In parts pet million 
See end of table for explanatlon of abbreviations 
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Table A3.1 (continued) 
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Major etements in wt,% oxides, All iron determined as FetDI 
Trace elements in parts per million 
See end of table for explanation of abbreviatlons 
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Table A3.1 (continued) 

Major elements in W.% oxides. All iron determined as Fe203 
Trace elements in parts per million 
See end of table for explanstion of abbreviations 
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Table A3.1 (wntinued) . . . . 

Major elements in M.% oxides. All iron determined as Fc& 
Trace elements in parts per million 
See end of table for explanation of ebbreviations 
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Major elernents in M.% oxides. All iron determined as Fe& 
Trace elements in parts per million 
See end of table for explanation of abbreviations 





Table A 3 2  Rare Earth Element Data 
Sample CW85-085l SBB5-1024' 5885-1030' BVM91-584' R001-02P RB91-043a RB914081 BVMQI-CIS'P BVM9Q.1442 BVM914251 
Lithology LBS t 8 S  LES RRAS-an RRAS-ha RRAS-lay RRAS-leucg b RRAS-leucg cham cham 

a 

4.75 4.18 4.18 1 0.74 0.80 0.73 
All values in parts per million 

Unit and Litholoav Abbreviations: 

17.42 15.44 8,836 
55.3 39. OB 27.13 

8,017 5,705 4.138 
36.45 28.48 19.56 
8.36 6.681 4.905 

1.556 1.765 1.36 
8.181 7.044 5.04 
1.235 1.087 O, 77 1 
7.758 7.046 4.835 
1,559 1 A52 0.985 
4,508 4.395 2.84 
0.ô47 0.631 0.402 
4.413 4.264 2.484 
0.624 0.61 1 O. 366 

All values in parts per million 

DB = Delaneys Brook anorthosite amphib = amphibolite 
FER = Fox Back Ridge dioritelgranodiorite an = anorthosite 
Fiss = Fisset Brook Formation aph = ephanitic 
HC = High Cape anorthosite bas = basait 

LBS = Lowtand Brook Syenite cham = chamockite 
OBg = ûtter Brook gniess ha = highly eltereâ 
PCR = Polletts Cove River anorthosite lay = layered 

RR syn = Red River syenite leucgb = leucogabbro 
RRAS = Red River Anorthosite Suite pyxite = pyroxenite 

SBg = Sailor Brook gneiss 8 gabbro 
SmsBr = Sammys Berren granite Data Source wht rx = 'mi te rock" 

SR = Salmon River anorthostt This study rhy = rhyolite 
Undiv = undivided unit ' Deveau, 1988 

a Bekkers, t 903 
S. Barr, unpublished 



A4 - Appendir to Chapter 4 

A4.1 Analytical methods 

U-Pb 
U-Pb dating was wnducted at the Memonai University geochronology laboratory. Zircon, 

titanite, and rutile were separated from bulk cmshed rock using a Wïey table and a wmbination 

of beavy liquids and Frantz magnetic s e p d o n .  Mineral separates were sieved to size fhctions 

and hand-picked under a microscope to obtain highqu;Ility, inclusion-fke, morphologically similar 

grains. Ail hctions were abraded, using the technique of Krogh ( 1982), to remove outer surtaces 

of the crystal which are more likely affected by Pb loss. Sieve-size fiactions and abrasion t h e s  

are shown in Table A3.1. FoLlowing abrasion, grains were washed in distiiled HNO3, H20, and 

acetone, spiked with a mixed 2 0 S ~ b ? 3 S ~  üacer and dissolveci with HF and HNOj in Tefioo 

pressure-dissolution capsules at 220°C for 5 days (zircon and rutile) or in Savillex capsules at 

90°C for 3-5 days (titanite). U and Pb were collected using ion-exchange chemistiy, modifieci after 

Krogh (1 973), and loaded on a single Re filament using phosphoric acid and silica gel. Isotopic 

ratios were measured in the temperature range 1400°C-1550°C (Pb) and 1500°C-1600°C (U) on a 

Finnigan MAT 262 rnass spectrometer using multiple Faraday detectors in static-coLlection mode. 

Samples with small U or Pb concentrations were measured by peak jumping on a secondary 

electron multiplier-ion counter. 

Measured isotopic ratios were corrected for Eractionation within the mass spectrometer and 

procedural blank (in the range 5-15 piwgrams when these analyses were cmied out). Further 

corrections were made for the isotopic composition of initial common Pb in excess of procedural 

blank ushg the mode1 of Stacey and Kramen (1975). Uncertahties in the isotopic ratios, reported 

at 20  in Table 1, include propagated uncertainties in U and Pb fractionation and blank 
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composition, spike weight, and measurement precision of 238~/%, 207~b/Z06~b, 207~b/to5~b, 

207~b/20$b, 207~b?04~b ratios. The fitting of regression lines is afkr Davis (1 982). 

Uncertainties in the ages are reported at the 95% d d m c e  level. Analytical data are praented in 

Table A 4  1. 

4 0 ~ r f 9 ~ r  

Dating of homblende and mica using 40Ar?9Ar techniques was conducted at the Dalhousie 

University geochronology laboratory. Bulk cmshed rock was sieved to fraaions between 0.25mm 

> O.Smm. Hornblende and micas of this size interval were concentrateci using a Frantz magnetic 

separator, and hand picked under a microscope to include only the least altered inclusion-free 

grains. Mmeral concentrates of - 10 mg, or las, were irradiateci and analysed in a VG 3600 mass 

spectrometer coupled to and intemal tantalurn mistance fumace of the double-vacuum type. The 

standard flux monitor is homblende MMhb-I with an accepted age of 5 19 3 Ma (Alexander et 

al., 1978). I-parameter values determineci using this standard were plotted against position in the 

can to determine sample J-values (Table A U ) .  Random anaiytical uncertainty in J-values are the 

major source of error in the final age calculation. Other laboratory methods are describeci in 

Muecke et al- (1988). 

Analyti* data are presented in Table A4.2. Errors on individual steps are reported at the 

l a  level bas& on the uncertainties in the correction for atmospheric argon composition and 

rneasured 40Ar and 3 9 ~ r .  Apparent CalK ratios are calculateci from microprobe analyses by: 
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The value of B was calibrateci over time using the laboratory standard and has rernained 

f3iirly constant. Signifiant discrepancies between the microprobedetennïned apparent 37Ar?9Ar 

and the measured 37Ar?9Ar (e.g., Fig. 3.8a) may iadicate that the correction factor D does not 

apply to this sample, perhaps because ofsiguifïcant compositional differences between the sample 

and standard. 

A4.2 Interpreting geochronologic results 

CuihodoIuminescence and Backscatter EIectwn Ihmgiing 
Backscattered scanning electron microscopy images and cathodoltsininescence microscopy 

images of zircon grains were obtained at the Dalhousie University electron microprobe laboratory 

using standard operating conditions. Zircon grains were mounted on a glass slide using standard 

thin sedon epoxy and ground and polished to approximately halftheir original width in order to 

expose a cross-section of their internal structure. 

Zircon grains with euhedral morphologies (prismatic and pyramidal grains with sharp 

terminations and corners and flat crystal faca) are commonly considered to have crystailised from 

melts, whereas spheroidal, or multi-fàceted ovoid grains are typically considered to have 

crystallised during metamorphism (e.g., van Breemen et al., 1986). This interpretation is not 

universally tme, but it provides a starting point for interpreting the geologic significance of age 

data. A wide variety of irregular grain shapes is present in most of the samples fkom the Blair 

River Complex between the pnsmatic and spheroidal end memben, but oniy the best examples of 

similar morphoIogic classes were selected for analysis. 

Cathodoluminescence (CL) and backscatter electron @SE) imaging techniques reveal a 

cross-section of the internal morphology of a zircon grain. These images allow for evaluation of 
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the growth a d o r  resorption bistory of zircon grains with similar extemal morphologies, thereby 

helping to interpret the geologicai significaftce of the age data (Hanchar and Miller, 1993). CL 

images reveal minor differences in the relative concentrations of trace constituents substitutiog or 

trapped in the & o n  crystal structure (Smith and Steastrom, 1965; Yang et ai., 1992), and 

variations in the brightness of BSE images are directly relateci to the variation in mean atomic 

number (Krinsley and Madey, 1989; Paterson et al., 1989). BSE an CL images rnay reveal semi- 

concentrîc zoning patterns that can result fiom either crystaiiographic preferential inclusion of 

trace constituents, or inclusion of varying arnounts of trace constituents d u ~ g  growth stages 

(Vavra, 1990; Benisek and Finger, 1993). The latter essentiaily records the growth history of the 

mineral. 

Zircon resorption is possible a result of changes in magma temperature, pressure, or 

chernjstry during crystaiiisation of an igneous body, or in metamorphic rocks as a result of 

feacfions during themial or fluid-fiw events. Resorption causes dismption of the zoning patterns 

and, if overgrown by a subsequent generation of zircon, an unconformity is produceci between 

zoning patterns in the core and overgrowth. Unconforrnable zoning relationships may also result 

nom overgrowths on a xenocrystic zircon. Although these images must be interpreted with some 

degree of caution (e.g., Paterson et al., 1992), the ernpirical obsetvations of relationships between 

growth zones, resorption, and overgrowth can be useful in interpreting isotopic data. 

Since the intensity of the BSE image is related to mean atomic number, which is controlled 

Iargely by the substitutions of largeion lithophile elements (II, Th, Hf, La being the most 

abundant), the relative intensity of BSE images gives a qualitative masure of trace-element 

chemistry. An empirid observation made during the acquisition of BSE images in this study was 

that images of spberoidal zircons commonly required increasing BSE gain and wntrast, suggesting 
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signincantly lower concentrations of  h i & - a b c  number (relative to Zr) elements. This is 

confinned by the measured U concentrations of spheroidai zircons for al1 fiactions except those 

fiom the Lowland Brook Syenïte uab le  A4.1), which are interpreted to be of igueous origin. 

U-Pb abta 
Ali zircon U-Pb data presented in Chapter 4 are discordant. The assumption that 

discordance is the result of oniy Pb-loss during a single metamorphic event may yield unreliable 

lower intercept ages if independent constraints on the age of metarnorphisrn are lacking. The data 

presented below, however, fit well on regression liaes and have geologicaily reasonable upper 

intercept ages. Discordia Lines regressed through &con data points alone have lower intercepts 

that either suggest recent Pb-loss or have lower intercepts within error (albeit large, because points 

cluster near the upper intercept) of independent metamorphic titanite. The metamorphic minera1 

control provides a reasonable estimate for a lower intercept ""pin" (a more precise constraint on the 

lower intercept) and, in hm, produces a better refhement of the upper intercept age. Pinning the 

lower intercept does not significantly affect the quality-of-fit statistics for these discordia lioes. 

The assessrnent of discordant data fiom titanite and rutile must include a discussion of the 

effects of non-radiogenic Pb that is incorporated into a mineral at the tirne of its growth or closure 

with respect to the diffiision of Pb (initial common Pb). Many factors may contribute to the 

isotopic composition of initial comrnon Pb and Pb-evolution models cannot accommodate al1 of 

these factors. Therefore, corrections of U-Pb data for the amount of common Pb cannot always be 

accurate. The effects of uncertainties in initial comrnon Pb compositions are most important for 

minerals such as titanite and rutile which may contain large arnounts of cornmon Pb of an 

uncertain isotopic composition. 



Due to the high proportion of common Pb in many of the titanite and rutile analyses 

presented below, the composition of the initiai cornmon Pb used in the correction is critical. The 

mode1 of Stacey and Krarners (1975) requins nedy quai  2 0 6 ~ b  and 2 0 7 ~ b  corrections for 

minerais of mid-Paleozoic age, yet titanite ofthis study commonly contain an order of magnitude 

less total 207~b .  Thus, 2 0 6 ~ b  is, by an order of magnitude, less affécted by the common Pb 

correction, and the 2 0 6 ~ b ? 3 8 ~  age is therefore l e s  affected by inaccuracies in the mode1 initial 

common Pb composition. 

The 2 0 6 ~ b ? 3 8 ~  ages presented in Chapter 4 are consistent between widely separateci 

samples, separate fiactions fiom the same sample, and analyses with widely varying proportions of 

common Pb. These relationships suggest that discordance on the concordia diagrams is the result 

of  data points displaced to the nght dong the 2 0 7 ~ b ? 3 5 ~  axis due to an incorrect mode1 common 

Pb value for 207~b/Z04~b, rather than displacecl down a 207~b/206~b discordia Iine due to Pb-loss. 

Therefore, the 2 0 6 ~ b / 2 3 8 ~  age fiom titanite and rutile analyses are here considerd to represent the 

best approximation for the age of mineral growth, or of post-metamorphic cwling through the 

closure temperature o f  the mineral. 

4 0 ~ d 9 ~ r  

Data fiom 4 0 ~ ? 9 A r  step-heating anaiyses produce a spectral plot of the apparent age 

(calculated fiom the 40Ar?gAr ratio of the gas released at each temperature step) versus 

cumulative percent 3 9 ~ r  released. A "plateau age" is dehed by the age (within analytical 
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uncertainty) of two or more contiguous gas naaions, each representing >4%, and together totalling 

>50% of the 3 9 ~ r  released (Fledc et al., 1977). 

In the case where no plateau is defineci, an isotope correlation diagram can help to elucidate 

meanhgfûl geochronologic information as well as to assess the reliability of the data and the 

accuracy of some assumptions. These diagrams plot 39Arb0Ar against 3 6 ~ r P o ~  the resulting 

(inverted) isochron plot is analogous to that of the RbISr method. The use of this diagram assumes 

that sample argon is a combination of pure radiogenic and pure atmosphenc argon incorporated 

into the sample at the t h e  of formation. If all assumptions hold (McDougal and Harrison, 1988), 

the inverse of the X-axis intercept of a line regressed through the data is proportional to the age 

and the Y-ais intercept is the inverse of the atmospheric argon composition. The cntical 

assumption is that the data points represent degrees of mixing of pure atmospheric and pure 

radiogenic gas components. The inverse Y-intercept provides a test for the assumption that 

trapped argon is of atmospheric e O ~ r ? ~ ~ r  = 295.5) composition. The fit of the line provides a 

test of the assumption that the sample argon is a mixture of ody trapped and radiogenic source 

reservoirs. Significant scatter (i.e., ES values much greater than n-1 ; York, 1969) indicates that 

this condition is not met, and may suggest a cornponent of excess 40Ar, or disruption of 40~r?9Ar 

Excas argon cornmody results in a "'sacicile-shaped" spectrum with old apparent ages in 

both the Iow-temperature and high-temperature gas release increments. An age cannot be inferrd 

f?om this type of spectnun, even ifa plateau is dehed in the bottom ofthe saddle, because the 

ages are often older than the known age of the minera1 (e.g. Harrison and MacDougal, 198 1; 
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Roddick et al., 1980; Foland, 1983). The bottom of the sadde can, in some cases, approach the 

tme age but this camot be known without independent age control. 

Hombleude spectral diagrams include a plot of the 3 7 ~ r ? g ~ r  ratio of each temperature step. 

Because 3 7 ~ r  is produced by irradiation of Ca, the 3 7 ~ r ? 9 ~ r  ratio is a proportional to the CalK 

ratio in the minerai. Significant changes in the 3 7 ~ r ? 9 ~ r  (apparent C a )  ratio during step- 

heating couId indicate the presence of more than one minerai phase. In the low-temperature steps 

this is generally thought to be the result of cornpositional heterogeneity or a non-monomineralic 

sample (e-g., multiple generations of the minerai, exsolution phases, small biotite or chlorite 

inclusions in, or a l t edon  of, hornblende, etc.). At higher ternperatures, phase transitions (for 

example, dehydration reactions) rnay account for disruptions of the apparent CalK ratio. T h e  

high-temperature disruptions are commonly associateci with anornalous 4 0 ~ r ? 9 ~ r  apparent aga. 

Electron microprobe analyses provide an independent measure of Ca/K ratio and can be compared 

to the 37Ar?9Ar ratio in order to assess the purity of the anaiysed minerai separate and the 

temperature steps over which the mineral(s) release most of their gas. 

A4.3 Mineral Closure Temperatures 

The closure temperature of a minerai dated by the 40Ar?9Ar technique, as defined by Faure 

(1986, p. 82), is ''the temperature at which the loss of 4 0 ~ r  by dinusion out of a particular minerai 

becornes negligible compared to its rate of accumulation". An analogous definition applies to the 

U-Pb system. Closure temperatures are specific to the mineral under investigation and the 

radioactive parent and radiogenic daughter elements used in the geoduonometer. Table 4. L lists 

the assumed closure temperatures of relevant minerals in U-Pb and 40Ar?9Ar isotopic systems. 



308 

Himison et al. (1985), Norwood (1 974), and Giletti (1974) demonstrated the dependence of 

the activation energy on the composition and grain-size for annite and phlogopite. Their 

experimental calibrations show that decreasiag mole percent annite compositions have an inverse 

(apparently iinear) relationship to the activation energy of Ar, which is related to closure 

temperature via the weli-known Dodson equation. Quantifiabte uricertaintties in this method are 

acco~modated by errors caiculated in both the activation energy and the frequency -ors derived 

fiom Arrhenius plots. Nonquantinable uncertainties include the reliability with which 

experimental conditions can be extrapolated to geologic conditions, and parameters of the Dodson 

equation which require assumptioas, such as the geometric fàctor and the effeaive diffusion radius. 

Harrison et al. (1985) noted that biotite diffusion parameters fiom natural geologic settings are 

nearly identical to the parameten of their experimental studies and that the effective diffûsion 

radius of 150-200 pm is common to aU micas. The actual radius of micas analyseci in this study 

are an order of magnitude larger (0.25mm - 0.5m.m) than this range of radii, thus implying that the 

effective difision radius used by Harrison et al. (1985) also applia to the Mw of this study. 

Using the Dodson equation and the method descnbed by Hamson et al. (1985), closure 

temperatures for the two phlogopite analyses were calculateci assuming an infinite cylinder 

d f i s ion  and a log-linear extrapolation of Do fiom Ann3 (Giletti, 1974b) to An1156 (Hartison et a[., 

1985). The respective closure temperatures were found to be: 

calc-silicate in ûtter Brook gneiss (8VM-90- 137) h l 2  = 4 10 150°C 

MarbIe in Wiikie Brook fkdt zone(BVM-9 1-635) AIILS = 449 G 1°C 



~;--,, 
hhhhhh 
0 0 0 0 0 0  
0oci000 





Table A4.2 - Blair River Cornplex - Argon Isotopic Data 311 * 

S d l o t  Br& Gneiss - (BVM-91-773) hornblende 
7% 6 3  240 485.9 19.9 48.90 5.38 
9% 1 2 3 0  4 3  4253 11.4 33.70 10.09 

Totd G a  Age = 476.4 J = 0.002215 

Lowiand Brook Symite - (SB87-3137) hornblende 

750 4.50 3-x) 681.9 34 23m 3-71 
950 10.40 7.30 633.1 13 9.80 5.1 9 

Io00 49.00 34.M) 513.7 2.4 2.30 4.87 

1050 51.40 36.30 4521 2.2 1.90 4.66 

1100 9.10 6.40 765.9 57.3 4.30 4.60 

1150 16.90 11.90 497.7 3.6 7.20 5.45 

Total Gas Age = 520.5 J = 0.002203 

Red River Anorthosite Suite metagabbro - (RB-9 1 430) hornblende 

750 210 0.40 4786.û 58.6 4.50 8.43 .O001 55 
950 7.70 1-40 2XM.S 32.6 5.50 24.89 .O00187 
Io00 1920 3-70 1 179.9 8.6 6-40 18.81 .O00217 
1025 53-40 1 0 3  1106.4 5 4.10 15.59 .O00139 
los0 198.40 38.40 831 .ô 3.4 2.90 14.95 .- 
1065 1 4 3  280 583.2 10 15.20 1435 .O00516 
1080 5.20 1.00 676.1 31 20.10 15.96 -000683 
1 IO0 9.00 1.70 6623 11 14.70 15.67 .O00499 
1125 23.00 4.60 734.9 S 9.2û 15.35 .O00311 
1150 38.00 7 3  815.3 4.4 52û 15.24 .000177 
1200 124.00 24.00 785.6 33 3.80 14.93 -000128 
1300 16.10 3.10 734 11.2 19.50 15.ô2 -000661 
1350 5.m 1.00 703.1 35 35.ôû 15.54 .O01213 

Totd Gas A= = 936.8 J = 0.0021 98 



Table A4.2 - Blair River Complex - Argon Isotopic Data 312 

S f e o m V 3 9  2 3 9  AG€ [Mo I*) %ATM 37/39 36/40 39/40 % IIC 

Cdc-rlBcate in Otfer Brook gneiss - (BVW9G137) phlogoplte 
1 350 200 0x30 246.9 50.1 60.70 0.08 .002CXS ,005946 0.01 

2 600 13m 0.40 138.4 3.6 35.30 0.06 .O01 196 .O17997 0.01 

3 &5û 24.70 0.70 290.8 2.9 16.10 0.03 -47 .O10644 0.00 

4 750 77.50 240 4324 21 5.60 0.00 .O00189 ,007740 0.00 

S 800 84.00 260 426.4 2 4  1 0 3  0.00 JIm355 .007a55 0.00 

6 850 20550 6 3  418.4 1-9 3.10 0.00 .O00106 .O08242 0.00 

7 960 21630 6.90 4232 1.8 0.90 0.00 .000033 al6317 0.00 

8 950 265m 8.40 425.1 la 0.80 0.00 .000028 .WB7 0.00 

Totd Ga Age = 4 1 9.7 J = 0.002222 

Fox Bock Ridge dorite/granodorIle - (BVM91-553) honiblende fraction 1 

1 750 3650 6.10 376.4 5 3  31.10 1-84 .O01054 

Totd Ga A g 8  = 4222  J = 0.002210 



Table A4.2 - Blair River Cornplex - Argon Isotopic Data 

Step % mV 39 716 39 AGE (Ma If) 96 ATM 37/39 36/40 39/40 % IIC 

Fox Ba& Ridge dorlte/granodonte - (BVM91-553) homôlende fraction 2 

Total Gas Age = 987.0 

Shecred anohibolife in Wia<ie Brook Sheor Zone - (CW06-3708) honiblende 



TabIe A4.2 - Blair River Cornples - Argon Isotopic Data 

AmpHboite In undvided unit - (5885-1081) hornblende 

1 750 1240 430 641.6 9.9 19.60 1.43 .O00664 .ml47 0.14 

2 950 1 IAû 4.m 634.3 10.6 20.10 8.87 .O00683 .al 75 0.92 

3 1ûW 31.70 10.90 651.4 5.1 730 1531 .000247 . a 9 8  1 5 8  

4 1025 5210 18.00 559.3 2.8 SB0 13.73 .O00163 .O05772 152 

S 1050 5 8 3  102û 524.6 29  4.00 12.65 .O00136 .O06269 1.44 

6 1075 O 16.60 498.1 2 7  3.80 11.74 .O00129 .O06667 1 3  

7 t 125 2480 850 488.6 3.9 4.W 1124 .000167 ,006737 1.33 

8 1175 21.40 7.4û 508.6 4.2 730 11.50 ,000247 .O06272 1 3 3  

9 1225 1 8 3  6.Xl 516.8 4.9 9.10 12.a .O00310 .O06036 1.43 
10 1275 9 4  3 3  550.4 83  14.00 13.68 -000475 .0053lO 1.53 

Totd Gas Age = 546.8 J = O.OQ22Qs 

Metogabbro In undvided urdt - (RR85-2105) hornblende 
750 6.20 260 1097.4 34.7 462 10.62 
950 3s 16.60 560.9 4 3  20.00 21.04 
Io00 3220 13.80 584.8 4 13.90 23.91 
10% 56.40 2430 X)2 29 10.00 20.26 

1075 8 3  3.Sû 5033 11.4 19.80 21.99 

1100 5 3  2-40 503.5 19.5 21.00 21.W 
1125 6.40 2.70 520.4 15.2 23.50 20.12 
1150 6.20 2-60 628.7 125 26.60 21 -92 

1100 11.00 1-70 687 17.4 15-90 20.86 
1250 18.W 8.10 601.9 6 19.2û m.33 
1300 1 7 s  7.40 607.4 6.2 20.40 22.49 

1350 19.10 8 3  61 1.7 7 2  26Bû 22.47 
1375 6.ûû 250 5206.2 11ô44.00 21.68 

Totd Gas Age = 1070.4 J = O.ûû2219 



Table A4.2 - Blair River Complex - Argon Isotopic Data 

Tep OC-AGE(Mo 39/37 % IIC 

M d  Cove Marble - [BVM9(M07) muscovite Fraction 1 

Totd Ga Age = 439 

Meuî Cove Mart>l8 - (BVM90.007) muscovife fracfion 2 

Total Gas Age = 430.4 



Table A42 - Bhir River Complex - Argon Isotopic Data 
316 

MaMs in WIikie Brook kwîî Zone - (BVM9 1-63s) phiogopite 

Totd Gos Age = 503 

&or estimates at 1-sigma bvel Steps in brackets ore lhose hom whkh oge 
37/39.34/40, md 39/40 Ar ratios are conedad dala are dedved os &own on figures 

for inter4en'ng isotopes and discmed in text 
X IIC = lnferfering isotopes conecfion 



Appendu to Chapter 5 

AS. 1 Microprobe analytical methods 
Minerals were a d y z e d  on a JEûL 733 electron rnicroprobe equipped with four wavelength 

dispersive spectrometers and an M o r d  Link eXL energy dispersive system; al1 elemeut analyses 

used the latter system. Resolution of the energy dispersive detector is 137eV at 5.9 KeV. 

Acquisition of each spectrum lasted 40 seconds with an accelerating voltage of 15 Kv and a beam 

current of 15nA. Probe spot size is approximately lpm. Raw data are corrected by the Link ZAF 

rnatrix correction program. Cobalt metal was used for instrument calibration. Instrument 

precision on cobalt metal (x= 10) was &OS% at 10. Accuracy for major elements was * 1.5 to 

2.0% relative (R. MacKay, written comrn). The foliowing standard minerals were used as 

controls: 12442 gamet (Si,AI,Fe), sauadine (Si, Al, K), KK amphibole (Ca, Mg, Ti), and jadeite 

(Na). Mineral compositions used in geothermobarometry are presented in Tables A5.2.1 to 

AS.2.S. The complete set of microprobe data are available on diskette from the author or fiom the 

Department of Earth Sciences, Dalhousie University. 

A5.2 Anion normalization, cation-site distribution, and ~ e ~ +  recalculation 

Bioiite 
For the purposes of biotite classification and discrimination diagrams, rnicroprobe data are 

recaiculated to total cations based on 22 oxygen and al1 iron is assumed to be  el+. Ail biotite and 

phlogopite compositions are displayed in Figure A5.1 and the &îa used in thennobarometry in 

Chapter 5 are presented in Table A5.2.l. Although the total ~ e ~ +  content and the extent of its 

substitution into tetrahedrai sites may significantly alter the activity of end-member phases, many 



Slderophyllite Eastoniie 

Otter Brook gneb 

a Sallor Brook gnelss 
A charnockite 

Al-Phlogo pite 

Figure AS. 1 - Biotite and phlogopite compositions plotted on the "ideal biotite plane" of Guidotti (1984). 



Avg. of 2 3 
Si02 36.92 37.28 
Ti02 2.87 3.82 
A1203 15.05 13.96 
Fe0 15.18 18.05 
Mn0 0.09 0.07 
Mg0 14.84 $3.09 
Ca0 
Na20 0.38 0.41 
K20 8.70 9.51 

Cations per O= 22 
si 5.510 5.61 3 
Ti 0.326 0.433 
Al [iv] 2.421 2.387 
At [vil 0.260 0.090 
Fe 1.918 2.272 
Mn 0.01 1 0.009 

Mg 3.343 2.939 
Ca 0,000 0.000 
Na 0.1 12 0.119 
K 1.678 1.827 
total 15.650 15.689 15.7 19 15.7% 15.671 15.591 
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studies evaluated themodynamic propertia for Fe-Mg exchange reactions assuming ~ e ~ + = F e h t  

(e.g. McMullb et al, 199 1; Ferry and Spear, 1978; Dasgputa et ai., 199 1), an assumption 

necessaxy in order to sirnplifi. models and derivation techniques. For the yrposes of TWQ, biotite 

cation-distribution and end-member models are calculated using the program CMPZ.EXE, which 

recalculates microprobe data in accordance with M c M u h  et ai. (199 1) and assumes ~ e ~ + = F e t ~ t .  

Pymxene 
Pyroxene microprobe data are recalculated to total cations based on 6 oxygen. AU data are 

plotted on the quacirilateai in Figure A5.2 and the &ta used in themobarometry in Chapter 5 are 

2+ 3+ presented in Table A5.2.2. For the purpose of W Q ,  Fe /Fe cation-site distribution and end- 

member composition models were calcuIated using the program CMP2.EXE in which al1 Fe is 

~ e ~ +  in order to conform to the derivation of themodynamic data (Be- 199 1). For the 

purposes of classification and discMiination diagram, ~ e ~ + / F e ~ +  in both clinopyroxene and 

orhpyroxene follows the charge-ballance recaiculation procedure of Papike (1974), which follows 

fiom Kretz (198 1) in which ~ e ~ +  = (A~[~'I+ N ~ ) - ( A I ' ~ ~ + ~ T ~ + c ~ ) .  For clinopyroxene, Mg and Fe2+ 

are distributeci between M-sites according to the relations: 



ri SdlaBrmkgneirs , 

ûtter ~ r o o k  gneiss 

Red River Anorthosite Suite 

Chamockite 

Figure A5.2 - Quadrilateral clinopymxene compositions. Orthopyroxene composition are plotted on the 
clinoenstatiie-clinoferrosilite join for convenience. Nomenclature aller Poldervaart and Hess (195 1), 
quadrilated projection after Lindsely and Andersen (1983). 



TaMe A5.2.2 - Pymxene compositions used in TWQ anatysis and in conventional thennobarometen 
Sample 6- evnnsoiu s v ~ e o i 4 4  B V M O I J ~ ~  ~ v ~ e i w  e w i - S B ~  ~ v ~ e l s e c  BWI-714 BWI-714 BVMDI-739 BVMBI-739 

Avg. of 4 
Si02 50.68 
Ti02 0.12 
A1203 1.29 
Fe0 23.86 
Mn0 0.52 
Mg0 . 21.1 0 
Ca0 0.40 
Na20 0.22 
K20 0.00 

Cations pet O= 6 
Si 1,845 

n 0.m 
Al [iv] 0.065 
Al [VI] 0.004 
Fe 0.768 
Mn 0.01 ? 

Mg 1 207 
Ca 0.01 7 
Na 0.017 
K 0.000 
total 4.030 

Fe [2+) 0.663 

- 

Fe [3+] = charge-ûalanœ with 4 cations and 6 oxygens. 
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For orthopyrowe, site distributions are calculated as in Newton (t 983) and "ideal two-site mking7' 

activity-composition relations calculateci as suggested by Berman (199 1). 

Microprobe data fiom gamet are recalculated to total cations based on 12 oxygen. Ali data 

are plotted in terms of the major end-member components in Figure A53 and the data used in 

therrnobaromeûy in Chapter 5 are presented in Table AS.2.3. For the purpose of TWQ, end- 

member proportions are computed with the program CMPZ-EXE which considen al1 Fe as ~e~~ 

and calculates Prp-Alrn-Grs-Sps end-members. The method (and BASIC cornputer program) 

describeci in Muhhg and Griflin (1991) is used for ~Iassification and discrimination. Their 

metbod calculates al1 gamet end-memben (except hydrogamets) and estimates ~ e ~ +  based on 

iterative calculations of site-occupancy constrauits. For gamets in this study, the primary 

merence between the Muhling and Griffin (1 99 1) and the CMP2.EXE methods is that the former 

allows for ~ e ~ +  estimation and, therefore, definition of andradite and khorarite cornpcnents (i.e., 

~ e ~ +  substitution for Alm in grossular and pyrope respectively). 

Although the andradite and khorarite components are generally very srnail(< l%), the total cation 

recalculation that they necessitate cm significantly change the proportion of other end-rnembers. 

For example, using the Muhiing and Gnffi (199 1) rnethod the pyrope component in sample BVM- 

7 14 goes to zero adjacent to biotite and homblende, whereas the CMP2.EXE program calculates 

this component at about 5%. Accordhg to Deer et ai. (1982) comrnon gamets rnay contain up to 

30 wt% Fe.03, therefore, assuming ail Fe as ~ e ~ +  can lead to overestimation of 



Figure A5.3 - Gamet compositions from the Otter Brook gneiss and chamockite. 



Table A5.2.3 - Gamet cornposltlons used in TWQ analysis and 
in conventional thennobarorneters 

Sample 8 ~ 9 1 - 7 1 4  6 ~ ~ 9 1 - 7 1 4  BWI-717 BWI-739 BWI-7s 
WQ Fig. FIQ 5.17a Çig 5.17b Flg 5.170 Fig 5.13b f ig 5.13~ 
Avg. of 5 5 
Si02 37.60 37.60 
Ti02 0.05 0.05 
A1203 20.50 20.50 
Fe0 25.69 25.69 
Mn0 3.98 3.98 
Mg0 1.52 1 ,52 
Ca0 10.06 10.06 
Na20 0.20 0.20 
K20 0.00 0.00 

Cations per O= 12 
si 3.01 6 3.016 
Ti 0.003 0.003 
Ai 1 ,936 1.938 
Fe 1,723 1,723 
Mn 0.270 0.270 
Mg 0.182 0.1 82 
Ca 0.664 0.w 
Na 0.031 0.031 
K 0.000 0,000 
total 8.028 8.028 

Fe [2+] 1.634 1.634 

Fe [3+) 0.083 0.083 

Alm 0.567 0.567 

Prp 0.060 0.060 
Gr 0.284 0.284 
SDS 0.089 0.089 

-- - 

Fe [3+] = charge-balance with 8 cations and 12 oxygens. 
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aimandine end-member. Through total cation and s i t e - ~ ~ ~ u p a m y  constraints other end-member 

proportions rnay be affected as weU. 

Amphibole 
For purposes of classification and discrimination diagrams, amphibole microprobe data are 

recalculated to cation-site distributions with the AMPHIBOL-EXE program of Richard and Clarke 

(1990) which foUows the classincation of Leake (1978). Amphibole data are presented in Figure 

A5.4 with cations nonnalized to a total of 13 exclusive of Ca, Na, and K (" 13eCNK"), the charge- 

ballance restrictions ofthis cation nomialkation scheme apparently provide the most accurate ~ e ~ +  

rdculation when compareci to complete chernical analyses (e-g., Cosca et al., 199 1). 

TWQ uses the Margules parameters of Mader et al. (1994) which were derived fiom 

amphiboles with the Fe3+ recalculation and cation distribution scheme descnbed in Mader and 

Berman (1992). These authors provide a cornputer program (CMP2.EXE) which calculates 

formuIae based on a modifieci version of "1SeNK" normalkation- The CMP2 program is used for 

the purpose of TWQ amphibole fomulae in order to ensure consistency with the renodiztion 

method from which thermodynamic properties were derived. 

F e I d p r  
Feldspar microprobe data are rdculated to total cations based on 8 oxygen and end- 

mernben calculated based on proportions of Na-Ca-K for the purposes of classification, 

discrimination and thermobarometry (including TWQ) . The compositions used in 

thennobarometric analyses are presented in Table A5 -2 -5. 



Figure A5.4 - (a) Amphibole classification and nomenclature rnOdikd after Hawthorne (1983) and Leake 
(1978). (b) Locations of end-memkn in quadrilateral planes which conespond to the three panels in (a). 



TsMe A5.2.4 - Homblsnde compositions used in TWQ analysis and in conventional thennobarometers 

Avg. of 3 2 
Si02 44.43 43.58 
Ti02 0.94 1.65 
A1203 10.36 12.02 
Fe0 14.47 12.59 
Mn0 0.1 1 0.12 
Mg0 13.09 f 3.75 
Ca0 1 1 2  11.68 
Na20 1.28 1.72 
K20 0.61 0.93 

Cations pet O= 23 
si 6.636 6.393 
Ti O,lm 0.1 82 

Al (ivl 1 .S2 1.607 
Al [vil 0.462 0.471 
f0 1.806 1,544 
Mn 0,014 0.015 

Mg 2.91 5 3.007 
Ca 1.795 1.835 
Na 0.372 0 . 4 ~  
K 0.1 16 O. 1 74 
total 15.580 15.718 

Fe [2+) 0.955 0.905 

Fe p+] aner Hdiand and Blundy (1994) 



Table A5.2.5 - Plagioclase compositions used in TWQ analysis and In conventional thennobarorneters 

Avg. of 3 
Si02 56.88 
Ti02 
A1203 27.16 
Fe0 0.30 
M n 0  
Mg0 
Ca0 9.1 1 
Na20 6.31 
K20 0.07 

Cations per O= 8 
Si 2.553 
Ti 0.000 
Al 1.44 1 
Fe 0.01 5 
Mn 0.000 

Mg 0.000 
Ca 0.439 

Na 0.551 
K 0,004 
total 5.003 

An 0.442 
Ab 0.554 



A5.3 Reactions in TWQ analyses 

The d o n s  labeiled with letters in TWQ diagrams (Figures 5.7,5.13, 5.17) are tisted below: 

Figure 5 . 7 ~ ~  b 

a) 3Tr+SFeTs=STsc+3FeTr 
b) SFePa+4TdFeTr+SParg 
c) Phl+FeTs=Tsc+Ann 
d) SAnn+3Tr=3FeTr+SPhI 
e) 3 Parg+4Ann=4Pbi+3 FePa 
f) 4FeTs+3 Parg=3FePa+4Tsc 

Figure 5 . 7 ~  

a) 4Ab+ 16Di+ lSEn+ lOFeTs=tParg+6Tr-t lSFsi+ l6An 
b) 2FeTs+3En=3FsI+2Tsc 
c) 2Fsl+parg=FePa+2En 
d) 2Hd+En=2Di+Fsl 
e) 5Tsc+4Fs 1+8Di+2Ab=8An+4En+3Tr+2FePa 
£) 2Ab+8Di+STsc=2Parg+3T*8An 
g) ~ F ~ T s + T T s c + ~ ~ D ~ + ~ A ~ = ~ ~ A O + ~ T I + ~ F ~ P ~  
h) 7Parg+20FeTs+32Di+8Ab=32An+l2Tr+ lSFePa 
i) 4Ab+I6Di+7En+ 1 OFeTs=4FePa+6Tr-t7Fsl+16An 

Figure 5.13a 

a) 3Di+Ann=3Hd+Phl 
b) 2Hd+En=2Di+Fsl 

Figure 5.136,~  

a) 2Alm+4G1+3Tr=3Tsc+6Hd+6Di 
b) 3Abt lOGr+ 12Hd+5Py+3T~3FePa+30Di+ 12An 
c) Tsc+Py+4Hd+2G1+Ab=4An+6Di+FePa 
d) 3Tr+Py+ lOGr+-4Aim+3Ab= I2An+ l8Di+3FePa 
e) 3Ab+SAim+ lOGr+3Tr=3FePa+3Hd+ l5Di+ 12An 
f )  3Tsc+3Tr+ 16Gr+8Ah+bAb=24An+24Di+6FePa 
g) Tsc+Hd+2Gr+Alm+Ab=4An+3Di+FePa 
h) 3Ab+ 1 OAh+ 1 OGr+3Tr=3FePa+5Py+ l8Hd+ l2An 
9 3Ts~dGr+4Aim+3Ab= 12An+dDi+Py+3FePa 
j) 5Tsc+8Hd+2Ab=8An+3Tr+2FePa 
k) 4Alm+4Gr+3Tr=3Tsc+2Py+ l2Hd 
1) Tsc+2Gr+2Alm+Ab=4An+2Hd+Py+FePa 
m) 15Tsct24Di+8ALm+6Ab=24An+8Py+9Tr+6FePa 
n) Almt3Di=Py+3Hd 
O) 4Grt2Py+3Tr=3Tsc+ 12Di 

Figure 5.13d 

a) 4Tr+SFePa=5 Parg+4FeTr 
b) Phl+FeTs=Tsc+Ann 



c) 3Parg+4Ann=4Phi+3FePa 
d) SAnn+3Tr=3FeTr+.SPhl 
e) 2FeTs+3En=3Fsl+2Tsc 
f) Parg+2Fsl=2En+FePa 
g) SFsl+2Tr=2FeTrtSEn 
h) 3En+2Ann=3FsI+2Phl 
i) 3 Parg+4FeTdTsc+3 FePa 

Figure 5. l la 

Figure 5.1 7b 

a) 3T*5Py+ 1 ûû*3Ab= 1 ZAn+ l8Di+3 Parg 
b) 15Tsc+8Py+24Hd+6Ab=8Aim+24An+9Tr+6Parg 
c) 2Alrn+4Gr-t3Ti3Tsc+GHd+6Di 
d) Tsc+2Gr+Di+Ah+Ab=4An+3Hd+Parg 
e) 3Tsc+3T* 16Gi-e8Alm+6Ab=24An+24Hd+6Parg 
f )  3Tr+ 1 ûGr%Um+3Ab= l2An+3Di+ 15Hd+3Parg 
g) 9Tsc+4Py+8Gr+6Ab=24An+3Tr+6Parg 
h) Tsc+Py+2Gr+Ab=4An+2Di+Parg 
i) 3Tsc+Py+6Gr+2Aim+3Ab= 12An+6Hd+3Parg 
j) 3Tr+lOGr+6ALm+3Ab= 12An+ 18Hd+Py+3Parg 
m) 3Tr+SAlm=3FeTr+SPrp 
n) h + 3  Di=Py+3Hd 
O )  4AIm+4Gr+3Tr=3Tsc+2Py+ 12Hd 
p) STsc+8Di+2Ab=8An+3Tr+2Parg 
q) 4Gr+2Py+3Tr=3Tsc+ 12Di 
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