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Abstract 

The White Rock Formation in the Yarmouth area occurs in a faulted synclind 

structure underlain by the Halifax Formation. The formation is divided into 7 

stratigraphie units based on field mapping, petrographic study and published geophysical 

maps. AII units are comrnonly intruded by mafic dykes anaor siils that also occur in the 

adjacent Halifax Formation Metamorphic grade is greenschist to amphibolite facies. The 

Brenton Pluton occurs on the eastern limb of the syncline and appears to be in fadted 

contact with the basal unit of the White Rock Formation on the west and date of the 

Halifitx Formation on the east. 

The chemistry of mafic volcanic rocks indicates an alkalic affinity and a within 

plate tectonic setting. The felsic volcanic rocks are chemically similar to the Brenton 

Pluton and both have characteristics of within-plate A-type granites. The mafk volcanic 

rocks are comagmatic with the mafic dykes and sills and yith the felsic rocks, but Sm-Nd 

data (&Nd +1.37) indicate a crustd influence in the felsic rocks. Volcanic rocks in the 

Yarmouth area are chemically sïmïlar to those eIsewhere in the White Rock Formation- 

A felsic tuff fiom near the top of the formation yields a U-Pb age of 43 8 +3/-2 

Ma, which supports an Early Siluian age for the formation and provides a constraint for 

smitigraphic correlation with other areas in western Nova Scotia. A regional geochernical 

cornparison with the Arisaig Group indicates similar tectonic sett ings but c hernicdly 

different sources. 

The geochemistry of the White Rock Formation and Brenton Pluton indicate a 

continental extensional environment in the Meguma terrane during the Silurian. 



Chapter 1 Introduction 

1.1. Introduction 

Igneous activity was widespread in the northem Appaiachian orogen during the 

Silurian (e-g. DiYining et aL, 1990; Barr and Jarnieson, 199 1 ; Bevier and m e n ,  1 990). 

Both volcanic and plutonic activity occurred, as weil as deposition of assoeiated 

sedirnentary rocks, as exempmed by the White Rock Formation and the spatiaiiy 

associated Brenton Pluton of southern Nova Scotia These units are components of the 

Meguma terrane (Fig. 1.1). 

The White Rock Formation consists of metasedimentary and metavolcanic rocks 

preserved in northeast-trending synches fiom the W o M e  area southwest to Yarmouth. 

The formation is underlain by the Cambrian-Ordovician GoldenvilIe and HaKfiax 

formations and overlain by the Silurian-Devonian K e n w e ,  New Canaan and Torbrook 

formations (Taylor, 1965; Taylor, 1967; Keppie, 2000). The Brenton Pluton is in contact 

with the White Rock and Halifax formations on the eastern limb of the Yarmouth 

synciine (Fig. 1.1). 

1.2. Purpose of Study 

Previous work on the White Rock Formation sho wed the complexity of the 

stratigraphy and wide variety of lithologies present (Taylor, 1965; Laue, 1979; Schenk, 

1995). However many aspects of the formation in the Yarmouth area required m e r  

study. The stmtigmphy was uncertain, and the nature of contacts with adjacent units was 
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Figure 1.1. Simplified geological map of the Meguma terrane showing the location of the study area (box) and other areas of 
the White Rock Formation. 



not weil defined (Taylor, 1965; Taylor, 1967; Lane, 1979; Hwang, 1985; Schenk, 1995)- 

Petrochemical studies of the volcanic rocks which dominate the formation in the 

Yarmouth area yielded inconclusive results (Sarkar, 1978) and the age of the volcanic 

rocks had not been constrained by reliable radiometric dating. The reIationship of the 

spatially associateci Brenton Pluton to the volcanic components of the White Rock 

Formation had not been assessed. 

Hence, the present study was undetaken to provide new information about the 

White Rock Formation in the Yarmouth area through mapping and petrologicd 

investigations. It was the purpose of this project to (1) re-evaluate field relations and 

stratigraphy of the White Rock Formation in the Yarmouth are% (2) perform detailed 

petrologicd studies with emphasis on the volcanic rocks of the formation, (3) assess the 

petrogenetic relationship between the volcanic rocks and the granitic rocks of the Brenton 

Pluton, and (4) interpret the paleotectonic environment in which the White Rock 

Formation and Brenton Pluton originated. 

1.3. Location and Access 

The White Rock Formation in the Yarmouth area extends northeastward fkom the 

coast of the Guif O f hiiaine for a distance of approxhately 3 5 km (Taylor, 1967; 1969), 

spanning NTS sheet 200/16 and the southern part of 21BL An extensive network of 

roads and streams provide excellent m e s s  to the area Exposure is generally good dong 

the coast but is limited inland due to Iow topography and till cover. 



1.4, Previous Work 

1.4,l. Lithology and Stratigraphy 

Previous maps which included parts of the White Rock Formation were produced 

by Crosby (1962), Srnitheringale (1960; 1973), and Taylor (1965; 1967; 1969) as part of 

a senes of Geological Survey of Canada papers and mernoirs. These maps show the 

distribution of the White Rock Formation and prelimiiiary lithologicai subdivisions @ig. 

1.2, in pocket). More detailed investigations of the White Rock Formation include 

Trapasso (1979) who studied the geology in the Torbrook area, Culien et al, (1996) who 

also mipped the Torbrook area and subdivided the formation into units (Fig. 1.2, in 

pocket), White et aL (1998) who re-rnapped the Bear River axa, and Lane (1 979) who 

interpreted the stratigraphy fkom the Black River area to Yarmouth (Fig. 1.1) (Fig. 1.2, in 

pocket). Lane (1 979) subdivided the White Rock Formation into units and numerous 

litho stratigraphie facies. He also contributed to the under standing of the environment of 

deposition by interpreting the fâcies present as indicative of a shallow marine shelf. 

Hwang (1985), as part of a dominantly structural study, re-interpreted the 

stratigraphy in the Yarmouth area. His interpretation inverted the stratigraphy compared 

to earlier studies by showing metavolcanic rocks overlain by metasedimentary rocks (Fig. 

1.2, in pocket). Schenk (1995; 1997) elevated the White Rock Formation to group status 

and included it as part of the Annapolis Supergroup. The term White Rock Formation is 

retained in this study as the name White Rock Group is not broadly used. Schenk (1995) 

divided the White Rock Group into fhree formations, (from bottom to top) termed the 

Nictaux Volcanics, Fales River Formation and Deep HoIlow Formation. He interpreted 

the White Rock Group as a predomiuantly metasedimentary package with a minor 
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voIcanic component near the base which could be correiated fiom the Black River area to 

the Yarmouth area (Fig. 1.2, in pocket). 

1.4.2. Structure and Metamorphism 

Hwang (1 985) studied the structure in the Yarmouth area and reported mesoscale 

and minor scale asyrnmetric folds. He proposed that the main synclinal structure consists 

of two minor sync1ines separated by an anticline. According to Hwang (1985), 

deformation and metamorphism began with isoclinal folding durhg the Acadian orogeny. 

Superimpo sed on Acadian structures are dextral kink bands, indicating a post-Acadian 

(possiily Carboniferous) disturbance. This event was followed by the development of 

major, NNE-trending fiults during the early Jumssic. Culshaw and Liesa (1997) 

interpreted the structure as a single syncline with shailow south-southwest plunge and 

northwest vergence. On the basis of deformational structures, they reported that shear 

zones Lie dong the h b s  of the folds in the Yarmouth and Cape St. Mary areas and 

exhibit dip-slip displacement with local strike-slip movement. A shear zone on the west 

side of the core of the syncline was also reported and attributed to Acadian deformation. 

Culshaw and Liesa (1997) attributed the development of the shear zones on the limbs to a 

D2 deformational event that reactivated Acadian structures. Culshaw and Reynolds 

(1997), using the ' ' ~ r / ~ ' ~ r  dating technique, suggested a Mid-Carboniferous (ca. 320 

Ma) age for the D2 event. 

Crosby (1962), Taylor (1967), Trapasso (1979), and White et al. (1998) described 

regional greenschist facies metamorphism in eastern parts of the White Rock Formation, 

and Culshaw and Liesa (1 997) reported chlorite and biotite metamorphic zones in the 



Cape St Mary area However, grade increases to garnet zone in the Yarmouth area 

(Culshaw and Liesa, 1997). Sarkar (1 978) determined greenschist fàcies conditions on 

the southeastern limb of the Yarmouth syncline, increasing to amphibolite fàcies on the 

noahwestern limb with pressures less than 3.5 kb and temperatures between 480-580°C. 

Hwang (1985) found that the metamorphic grade in the Yarmouth area ranges nom lower 

greenschist fàcies to the transition zone between greeoschist and amphtbolite facies. 

1.4.3. Geochemistry 

Sarkar (1 978) investigated the chemical character of the metavolcanic rocks in the 

Yarmouth area He recugnized two series, a mildly alkaline basalt-trachyte series, which 

is strongly differentiated, and a less voluminous olivine tholeiite-rhyolite series. Sarkar 

(1978) determïned that the "parentai" magmas for these series possibly evolved at 

dBerent times nom a non-depleted mantle source and involved fkctionation of gamet. 

From the results of his geochemical study, Sarkar (1 978) suggested that the volcanic 

rocks were erupted through a sialic basement in a failed continental rift a d o r  a distant 

back-arc setting related to subduction. Kendall (198 1) analyzed the vo1çanic components 

of the White Rock Formation in the Cape St. Mary section and interpreted a similar 

chemical affhity and tectonic setting as Sarkar (1978). Keppie et aL (1 997) confirmed 

alkalic-to-tholeiitic magmatic aanity and a within-plate, continental setting for volcanic 

components of the White Rock Formation in the Torbrook area 



1.4.4. Age 

Taylor (1967) based the age of the White Rock Formation on stratigraphic 

position between the Lower Ordovician Halifax Formation and the Upper Silurian 

(Ludlow) Kentville and Prido lian New Canaan formations. Lane (1 979) interpreted the 

formation to be approximately Late Ordovician (Ashgill) to Late Silunan in age, on the 

basis of underlying Late Ordovician glaciomarine deposits and Late Silunan and Early 

Devonian fossils found in the over1ying New Canaan and Torbrook formations, 

respectively. 

Schenk (1995) indicated that the age of the White Rock Group ranges fiom Early 

Ordovician to Middle Silurian, according to its stratigraphic position between the 

Tremodoc Halifax Group and Ludlow Kentville Group, but narrowed the estimate to Late 

Ordovician on the basis of event stcatigraphy. Blake et al (1991) found upper Ludlow 

and lower Pridolian fauna in the upper part of the White Rock Formation in the Bear 

River area and Bouyx et aL (1997) found Wenlock-to- Pridolian huna in the Kentville 

Formation (the lateral equivalent of the upper part of the White Rock Formation). Bouyx 

et aL (1997) placed the age of graptolites fiom the White Rock Formation in the 

Torbrook area between Llandovery and Wenlock A U-Pb (zircon) age fiom rhyolite in 

the lower volcanic layer of the White Rock Formation in the Torbrook area is 442 +/- 4 

Ma (J.D. Keppie, written cornm. to Nova Scotia Department of Natural Resources, 1999), 

or latest Ordovician to eariîest Silurian (Okulitch, 1999). The vo1canic rocks in the White 

Rock Formation in the Yarmouth area have been prenimed to be Upper Silurian (Lane, 

1979). 



1.4.5. Brenton Pluton 

O'Reilly (1976) descnbed the Brenton Pluton as lens-shaped with well-developed 

foliation pardel to the regional noaheasterly structural trends. He showed that the 

composition is homogeneous and transitional between monzogranite and syenogranite. 

He also demonstrated that the pluton is chemically distinct fiom the South Moutain 

Batholith, highly silicic and potassic, and formed by crustal melting. He assumed that the 

pluton is Devonian and was emplaced syntectonically during the A d a n  orogeny. 

The cooling age of the Brenton Pluton was reported to be 325 +/- 9 Ma based on 

40 Ar/ 3 9 ~ r  dating, and the age of emplacement was between 400 and 445 Ma (O'Reilly, 

1976). Recent U-Pb dathg of zircon showed that the igneous crystailization age of the 

pluton is 439 +4/-3 Ma, and U-Pb dating of monazite indicates a metamorphic age of 380 

+/- 3 Ma (J.D. Keppie, written comm. to NSDNR, 1999). 



1.4.5. Brenton Pluton 

O'Reilly (1 976) described the Brenton Pluton as lem-shaped with well-developed 

foliation parallel to the regional northeasterly structural trends. He showed that the 

composition is homogeneous and transitional between monzogcaoite and syenogranite. 

He also demonstrated that the pluton is chemidy distinct nom the South Mountain 

Batholith, highly siiicic and potassic, and formed by cnistal melting. He assumed that the 

pluton is Devonian and was emplaced syntectonically during the Acadian orogeny. 

The cooling age of the Brenton Pluton was reported to be 325 +/- 9 Ma based on 

4 0 ~ r f  3 9 ~ r  dating, and the age of emplacement was between 400 and 445 Ma (07Reilly, 

1976). Recent U-Pb dating of zircon showed that the igneous crystallization age of the 

pluton is 439 +4/-3 Ma, and U-Pb dating of monazite indicates a rnetamorphic age of 380 

+/- 3 Ma (J.D. Keppie, written cornm. to NSDNR, 1 999). 



Chapter 2 Field Relations and Stratigraphy 

2.1. Introduction 

The purpose of this chapter is to descrii the rock types and their field relations 

observeci in the Yarmouth area (Fig.2.1, in pocket), with emphasis on the White Rock 

Formation. 

A wide range of iithologies is present in the White Rock Formation in the study 

area, and most, especially metavolcanic rock types, occur throughout the area and are 

no t confined to specific units- Therefore, division of the format ion into map units relied 

in part on characteristics displayed on second vertical derivative aerornagnetic maps 

(Fig. 2.2), as weli as on field observations and petrographic features. The 

stmtigraphically lowest units are predominantly metasedimentary (date, metasandstone 

and quartzite). Mafïc volcanic rocks ùicluding tuffand flows generally increase in 

abundance upward and become the dominant rock type in the formation. Felsic and 

intermediate volcanic rocks occur in the middle part of the formation and mafic -and 

flows with minor mebsedimentary rocks occur near the top. Mahc dykes and sills are 

abundant throughout the stratigraphy. Litho log ical varïat ions are summarized in a 

generalized stratigraphie column in Figure 2.3 (in pocket). 

Original rock type is difficult to determine in some places due to the effects of 

greenschist- to amphibolite-facies metamorphkm and deformation which have 

obliterated many of the sedimentary and vo lcanic features. Some macro scopic features 

such as layering, bombs and lapiUi, clasts, and basalt pillows are still faintly apparent, 
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but the mineralogy is dominantly metamorphic. Wherever identifiable, the protolith 

name is used in order to give a representation of the original rock assemblage. 

Rocks in the Yarmouth area occur in a synclinal structure and are generally 

steeply dipping. Minor faults are common and major fàults o s e t  the outer eastem limb 

and the core of the qci ine.  Shear zones occur on the outer limbs and core of the 

syncluie as well (Fig. 2.1). Coastal exposures provide extensive stratigraphic sections, 

in contrast to most inland outcrops which are typicaily ody a few meters in extent. 

Limited idand exposure ako causes difficulties in determining the nature of the 

contacts between units. In some cases, outcrops are continuous enough to infer the 

relationship, but such exposures are rare, especiaiiy for units near the core of the 

syncline. 

2.2. Goldenville Formation 

Within the study area, the Goldenville Formation outcrops ody at the southern tip 

of Chebogue Point Fig. 2.1) where it is exposed in gradational contact with the 

overlying Halifax Formation Away f?om the contact, the Goldenville Formation. 

consists of massive metasandstone with minor, thin interbeds of metasiltstone. The 

sequence fines upward to the northwest toward the contact with the Halifax Formation, 

becoming finely interbedded metasiltstone and metasanStone. 

2.3. Halifax Formation 

The Halifax Formation is exposed at Cranberry Head, Chebogue Point and 

Deerfield dam, and in brooks north of Hoopers Lake and south of Churchilk Mill Lake. 



These areas correspond with areas of high positive amplitude aeromagnetic signature 

(Fig. 2.2). At the inland outcrops and Chebogue Point, the formation consists of grey 

and dark green to grey, fhely interbedded slate and metasiltstone/metasandstone. 

However, a -  Cmberry Head the rocks are phyllite and appear to be at higher 

metamorphic grade than at other locations. At both Cranberry Head and Chebogue 

Point, the rocks are within shear zones proposed by Culshaw and Liesa (1997) (Fig. 2.1) 

and are strongly crenulated (Plate 2.1). A narrow zone of slate diacent to the contact 

with the overlying White Rock Formation at Chebogue Point is brecciated, indicating 

the presence of a brittle fàdt at the contact. As noted above, the contact with the 

underlying Go Idenville Formation at Chebogue Point appears gradational as 

rnetasandstone beds of the Goldenville Formation fine upward into interbedded 

rnetasandstone and metasiltstone then into interbedded metasiltstone and date of the 

Halifax Formation. 

2.4. White Rock Formation 

2.4.1. Unit 

The stratigraphically lowest unit in the White Rock Formation consists of 

metasedimentary rocks and is exposed dong the coast fiom south of Cranberry Head to 

Chegoggin Point, and at Chebogue Point, and idand near Rodneys Lake, in a Stream 

north of Deerfield dam and in the eastem portion of Government Brook (Fig. 2.1). The 

efient of the unit in areas of little or no outcrop is based on the magnetic signature, 

which ranges fiom negative amplitude near the base to moderately high positive 



Plate 2.1. Crenulation cleavage in the HaMkx Formation within the Cranberry Point 
Shear Zone (Cuishaw and Liesa, 1997) at Cranberry Head. Camera Eices 
northwest. 



amplitude near the top (Fig. 2.2). The unit has an estimated thickness range of 0.5 to 1 

km. 

The lowest part of the unit consists of cm-scale interbeds of ba-coloured 

metasandstone and light grey metasiItstone/slate. MetasandStone leases approximately 

30 cm wide are common in the sequence at Chegoggin Point and contain coarse-grained 

amphibole porphyroblasts. Upward, the unit gradually becomes fher and consists of 

fhely hterbedded rnetasiltstone and slate. In the Chegoggin Point section, the unit 

gradually becomes phyllitic upward wïth rare gamet-bearing layers. Idiomorphic gamet 

porphyroblasts becorne increasingly abundant upward in the unit. Near Chegoggin 

Point, numerous amphibole-rich mafrc dykes and siils are present and quartz veins are 

abundant. At Chebogue Point, unit S- consists of finely laminated black date with 

abundant porphyroblasts of pyrite. Interbedded with the black slate are dark grey 

metasiltstone layers which decrease in abundance up-section. Near the base, the sIate is 

crenulated and strongly brecciated. Boudinaged, coarse-graineci, amphibole-rich dykes 

cross cut the unit and increase in abundance up-section. 

Inland exposures appear similar to those dong the Coast, except in Government 

Brook where the unit consists of staurolite schist near the base and grades upward into 

biotite schist and gamet schist. 

The contact with the underlying Halifax Formation at Chebogue Poht appears 

to be a fault as both formations are strongly brecciated. The location of the contact at 

the fiult coincides with a colour change in the slate and metasilt stone beds fiom grey 

and green in the Halifax Formation to black in unit Sm. The contact between unit 

SWRss and the Halifax Formation is not exposed at Cranberry Head but coincides with 



the location of the Cranbemy Point Shear Zone proposed by Culshaw and Liesa (1997). 

The contact at both Cranberry Head and Chebogue Point also coincides with an abrupt 

change in aeromagnetic signature nom high positive amplitude in the Halifax 

Formation to negative amplitude in unît S-. 

2.4.2. Unit S m t  

Unit SWRq is exposed only at Chegoggin Point and is predominantly massive 

quartPte with an estimated thiclmess of 250 m. The unit appears to coïncide with a 

negative amplitude magnetic signature on Figure 2.2 and on that basis can be traced 

inIand to the trou& of the synclule but does not appear to be present on the eastem 

limb. At Chegoggin Point, the contact with underlying unit S- appears gradational, 

with phyllite of unit S- becOming interbedded with quartzite. Near the base, unit 

S- appears cherty with interbedded grey, arenaceous layers. Upwards, the unit 

becornes pure, massive quartzire which is slightly orange. It appears quite hctured and 

is cross cut by abundant quartz veins. Near the top of the unit, the quartPte contains fine 

interbeds of mafic tu£€ 

2.4.3. Unit Sm 

Unit S- consists mainly of metavolcanic rocks with minor metasedimentary 

rocks near the base. Excellent exposure occurs in Governent Brook and less extensive 

outcrops occur at Chegoggin Point, at Lake George, north of B r d  Lake, and south of 

Brooklyn (Fig. 2.1). The unit has a maximum thickness of 1250 m and is characterized 



by high, positive amplitude aeromagnetic gradient in lower parts and a zero amplitude 

gradient in the remainder of the unit. 

Lower parts of the unit are exposed at Chegoggin Point and in the eastern part of 

Governent Brook, and poorly exposed on the Holley Road near Brazil Lake (Fig. 2. 1). 

At Chegoggin Point, the unit consists of mainly mafic metavolcanic rocks, including 

fine-grainecl, green, phyilitic tuEwÏth porphyrobiasts of a m p h i l e  interbedded with 

ba-to-grey tuffaceous metasandstone and quartzite. At Chegoggin Point, the fine 

interbeds of mafic M n e a r  the top of unit SWRqt are similar to those in unit S-, 

indicating a gradational contact. Above the quartzite and tdfbeds is a possible maf?c 

flow which is green and vesicular and contains abundant biotite porphyroblasts. 

Intruding both the flow and quartzite is a massive, vesicular si11 with abundant 

amphibole and biotite porphyroblasts. On Hoiley Road, the lower part of the unit also 

contains volcanic rocks but at this location the hiffconsists of alternathg coarse-grained 

amphibole-rich layers and quartz- and plagioclase-rich layers. The eastern section of 

Government Brook contains intermediate-to-dc crystal -and tuffaceou 

sandstone, interbedded with mafic tuffwith plagioclase crystais. In Government Brook, 

the upper beds of S- are schistose and it is dficult to determine whether they were 

originaIiy similar to the tuffaceous layers at the base of unit S-. 

Upper portions of unit Sm are exposed on Lake George, in the western part of 

Government Brook and on Hàrdscratch Road (Fig. 2.1). On Lake George, the outcrops 

consist of layers of coarse-grained amphibole-rich and amphibole-poor mafk tuff. 

Exposures on Government Brook consist of a wide variety of lithologies including 

medium- to coarse-grained amphibole-rich mafic t a a n d  laminated tuffaceous 



sandstow overlain by fine-grained, laminateci, phyllitic tufT with porphyroblasts of 

amphibole. Exposures in a brook near Hardscratch Road (Fig. 2.1) appear to consist of 

foliated felsic crystal tuff with porphyroblasts of mica and phenocrysts of K-feldspar 

and plagioclase. 

2.4.4. Unit S w w  

Exposure of unit S- is excellent dong the coast near ûverton and Cape 

Forchu West but W e d  in inland areas. The unit is traced inland on the basis of its 

distinctive rnagnetic gradient signature whîch has for the most part strongly negative 

amplitude. The unit is predominantly cornposed of mafk and felsic volcanic rocks and 

reaches a maximum thickness of approxiniately 750 m. 

On Bain Road near South Chegoggin, the lower part of the unit is exposed and 

consists of fine-grained, grey-green tuffwith crystals of plagioclase less than 0.5 cm 

long. Approxhately 250 m upsectbn ( M e r  dong Bain Road), the unit appears 

massive, medium grained and crystalline, with large grains of amphibole. The base of 

the unit also appears to contain metasedimentary layers; for example, an outcrop of 

grey, laminated metasiltstone/metasandstone with possible cross laminat ions is exposed 

on Butler Road near Wellington (Fig. 2.1). 

A nearly cont inuous cross-section of unit S-f is exposed on the eastern limb 

of the Yarmouth synche in Governent Brook Outcrops near the base of the unit are 

phyllitic with medium-grauied porphyroblasts of biotite and pyrite and probably have a 

gradational contact with the phyllitic tuffat the top of (underlying) unit Sm. Up-d, 

the unit becomes less phyliitic and contains gamet porphyroblasts. Near the top, 



expomes are of fine-grained, green to grey M ( o r  possibly a fiow) with biotite 

porphyrobiasts. 

Idated outcrops inland near the middle of the unit contain possible 

metavo1canic layers. North of Brenton Lake on the North Ohio Road the rocks are 

lammated, with altemating feldspardch and amphibole-rich layers, and may be 

tuEweous. Both types of layers contain abundant biotite. An exposure on the C.P. 

Railway line near South Ohio is possibly a tuffaceous sandstone, appearing grey, 

massive, and crystalline with grains of plagioclase and amphiile. 

Exposures of the middle and upper parts of unit S- occur along the Coast at 

Overton and Cape Forchu West. At both of these locations, the 10 wer part of the unit is 

not exposed. The northernmost exposures at Overton consist of finely laminated 

phyllitic metasiltstone with thin layers of tuffaceous sandstone. Upward in the section, 

the layers of tutfaceous sandstone become thicker and the interbeds of phyllitic 

metasiltstone and tuffaceous sandstone are in places interrupted by layers of amphiile- 

nch mafic tuff. These layers are locdy boudinaged (Plate 2.2). Amphibole-rich mafïc 

tuff with coarse grains of plagioclase and amphibole is more common up-section and 

the abundance of phyliïtic beds decreases. The abundance of tuffaceous sandstone 

layers also decreases and amphibole-rich layers becorne coarser grained and also 

contain plagioclase grains approximately 1 cm in Iength. Up-section fkom the 

amphibole-rich mafïc hiff layers is a massive, approximately 10 m wide red to brown 

quartzite bed in sharp contact with overlying light greedgrey tuffaceous sandstone. The 

quartpte contains ke-graineci gamet porphyroblasts and trace fossils of chondrites. 



Plate 2.2. Boudiuaged phyliitic metasiltstone, tuffaceous sandstone and amphibole- 
rich maf?c tuE fiom unit SmmG Overton. 



Some areas of the quaazite appear brecciatd The tuffaceous sandstone beds are fme 

grained and weîi Iaminated near the contact with the quartzite. Up-section, they become 

coarser grained and interbedded with amphibole-rich mafic M. Tuffaceous sandstone 

interbeds gradually disappear fiom the unit, leaving a section of well banded, medium- 

to coarse-grain4 amphibole-rich mafic hi& with plagioclase grains less than 0.5 cm 

long. A fàuàult separates the amphiile-rich mafic tuff f?om another grey tuffaceous 

sandstone bed. Above the tuffaceous sandstone is a distinctive rnarker bed (< 10 m 

thick) which also occurs at Cape Forchu West. This bed is a conglomerate with 

flattened, elongate clasts up to 50 cm in length near the top. The clasts consist of felsic 

and mafic crystal M a n d  mafïc and andesitic tutf. Some clasts appear more crystailine 

and possess a fine-to medium-grained, light grey matrix and abundant amphibole 

porphyrobiasts. &y of the clasts have amphibole-rich rims. 

At Cape Forchu West (Fig. 2.4), middle and upper parts of unit S m f  contain a 

variety of rocks types and abundant mafk sills. The middle part (Fig. 2.4, location a) 

consists of mafic Lithic Mwith  both bomb and lapilli-size clasts (Plate 2.3). The tuff 

has a fine-grained greedgrey matrix and biotite and amphibole porphyroblasts. The 

bornbs and lapilli are flattened and also contain biotite and amphibole porphyroblasts. 

Also present is laminated tuffaceous sandstone with abundant biotite. Up-section nom 

these beds, the Ima contains mafîc tufland amphibole-rich rnafic tuff interlayered with 

intermediate tuff. The intermediate tuff is schistose with porphyroblasts of biotite and 

aniphibo le. Banded amphilm le-rich mafic tuff and tufFaceous sandstone (Plate 2.4) 

overlie the schistose layer. These lithologies grade into interbedded, slaty, intermediate 





Piate 2.3. Bornb and Iapilli-size cIasts in d c  tdT, unit S W R ~ ~  Cape Forchu West. 



Plate 2.4. Banded amphile-nch d c  tuff and Waceous sandstone, mit S W R ~ ~ ;  
Cape Forchu West. 



tuffwith a m p h i l e  porphyroblasts and fine-grained, light brown lapilli, and 

amphibole-rich ma£k Southward dong strike, mafic fIows are interbedded with 

mafic tuE(Fig. 2.4, location b). Flows are massive and dark grey with abundant 

amphiiIe and biotite porphyroblasts, FIattened amygdules also occur and increase in 

abundance to the east, indicaihg the direction of the top of the unh Some layers of the 

mafic M a r e  amphile-rich and contain bombs up to 0.5 m long. Alteration 

(epidotization) is particularly strong in the mafic tuEs in this part of the unit (Plate 2.5) 

(Fig. 2.4, location c). Upward, unit SwRmf contains a massive dark grey tufï or flow 

with biotite porphyroblasts, interbedded, fine-grained tuffwith amphibole and 

phgioclase crystak, and possible conglomerate. The rnatrk of the conglomerate is fine 

grained and contains abundant amphibole and plagioclase. Two types of clasts occur: 

wacke-like clasts with biotite clusters, and medium-graine4 crystabe clasts with fine- 

grained amphibole. More d c  tuffand flows overlie the conglomerate layer. Flow-top 

brecciation (Plate 2.6) occurs in some flows and both tuff and flows have strong, Iocal 

epidotization 

Farther up in the sequence, mafic tuff with plagioclase, biotite and amphibole 

grains is overbio by coarse-grained, massive, crystalline tuff interbedded with silty, 

well-cleaved layers containhg pyrite porphyroblasts. Fine-grained, grey to green mafic 

tufFwith bombs occurs above green to grey, banded tuffwith abundant biotite and 

amphibole porphyroblasts. Stratigraphicaily higher, mafic d c  cry stal tuff and 

d c  flows are exposed (Fig. 2.4, location d). At the southwestern tip of Cape Forchu 

West, tuffaceous sandstone underlies a sequence of interbedded felsic crystai tuffand 



Plate 2.5. Extensive alteration of &c tuff and flows, unit S W R ~  Cape Forchu 
West. 



Plate 2.6. Flow-top brecciation in d c  flow fiom unit Smml Cape Forchu West. 



felsic to intermediate lithic tuE(Fig. 2.4, location e). Above these layers are d c  and 

Lithic niff. The clasts in the lithic tuffare cm-scale, flattened he-to medium-grained 

and dark to light grey mafic tuffor flow. The tuffis overlain by a conglomerate layer 

(Plate 2.7) (Fig. 2.4, location f) similar to the conglomerate exposed near the top of the 

unit in the Overton section. Clasts in the conglomerate increase in size to approximately 

0.5 m to the east and clast types include crystal tuff and mafic both with weU- 

developed amphiile rims (Plate 2.8). Upward, conglomerate or lithic tu£F(with 

cIasts/bombs less than 20 cm long) is interIayered with mafic tt.ûfthat contauis rare 

bombs with phenocrysts of plagioclase. These beds are in fiulted contact with grey- 

green r d i c  tuff with amphibole porphyroblasts. The tuff layers host rare beds of 

conglomerate wîth cIasts of tuffaceous sandstone, m&c tuff and crystal tuff (Fig. 2.4, 

iocation g). 

Upsection, unit S-fcontains green, rnafic tuffand possible fiows (Fig. 2.4, 

location h). The tuff contains phenocrysts of plagioclase and the flows become more 

amygdaloidal to the east and show autobrecciation. Along strike to the north (at Doanes 

Point) (Fig. 2.4, location 0, uppermost rocks of the unit are interbedded, medium- 

grained mafic tufY(with abundant biotite porphyroblasts) and mafic crystal tuffa Also 

present are finely layered (less îhan 10 cm thick) beds of mafic tuffaad tuffaceous 

sandstone (Plate 2.9). 

2.4.5. unit s w ~ p  

Unit S- consists of d c  and felsic metavolcanic and minor metasedimentary 

rocks. The unit has a maximum thickness of approximately 1 km and is characterized 



Plate 2-7. Conglomerate layer, unit S w  Cape Forchu West. 



Plate 2.8. Conglomerate clast with amphibole-rich rim. unit S W R ~ B  Cape Forchu 
West. 



PIate 2.9. Maik tuffaad Maceous sandstone, unit S m d  Doanes Point. 



by a high positive amplitude aeromagnetic signature. As is the case with previous units, 

idand exposures are typicdy isolated outcrops with only a few meters of exposed 

straîigraphy, whereas wastai exposures a~ aixnost continuous. The bwer part of the 

unit is exposed at b e r  and Outer False Harbour (Cape Forchu West; Fig. 2.4), Sunday 

Point and Governent Brook (Fig. 2.1) and consists predominruitly of mafic 

metavolcanic rocks. The upper part of the unit occurs mainiy in scattered outcrops and 

is less weil known. 

Bear Island area 

At Bear Island in Inner False Harbour, unit S- displays a wide range of 

Iithologies over a short distance (< 100 m). The most prominent rock types are lithic 

amphibole-rich mafk M a n d  basaltic flows. Roadside exposureç a few meters 

north of Bear Island (Fig. 2.4, location j) include ~e-graine& dark grey, vesicular 

basaltic ffows with calcite-fïlled amygdules and abundaot, millimeter-scale amphibole 

porphyroblasts. In contact with the flow is a paler grey, fie-grained layer with much 

less amphibole and calcite but abundant 1-5 mm clusters of amphibole. 

Bear Island is one of only two areas where the nature of the contact with 

underlying unit S-r may be inferred. As was described previously, the mafic tuffand 

flows at the top of unit Smf as seen at Doanes Point are similar to the rock types near 

Bear Island, indicating a gradational contact. Overali, rocks east of the contact in unit 

SwRft contain more amphibole and larger amphibole porphyroblasts than rocks west of 

the contact in unit Smfi This location also marks an abrupt change in aeromagnetic 



gradient fiom the low positive to negative amphde  characteristic of unit Smf to a 

hi& positive signature typical of SW- (Fig. 2.2). 

Also present in the Bear Island area is conglomerate or aggIomerate with clasts 

up to 10 cm long. Sorne clasts are medium grained and crystalline with fine-grained 

amphibole porphyroblasts, and others are very fine grained and dark grey. The matrix is 

also fine grainecl, grey and contains millimeter-scale a m p h i l e  graios. The most 

easterly part of the outcrop is coarse grained with porphyroblasts of amphibole grading 

into a f i e r  grained, vesicular rock with smal l  amphibole porphyroblasts and millimeter- 

s a l e  ctusters of amphrile. This rock type grades into lithic tuffwhich has a very fine- 

grained, vesicular greenish-grey matrix with bombs. The tuffgrades into a fine-grained, 

green-grey rock with abundant vesicles, which is in contact with a possible 

conglomerate. The conglomerate has a the-grained, grey, crystalline rnatrix with 

amphibole porphyroblasts and clasts which are very fine grained and dark grey or 

coarser grained and lighter grey. The coarser grained clasts appear to be composed of 

iithic tuffas they contain very fine-grained, amphibole-rich, flattened bombs with long 

"?ails" (ends of the bomb appear elongated). The conglomerate grades into a finer 

&raine& grey mafic tu& The tuff contains medium-grained amphibole porphyro blasts 

and a clast of crystal tuffapproximately 20 cm long. The mafic tuffis interrupted by 

convoluted bands of medium-grainecl, light grey rock with amphibole porphyro blasts 

which hosts angular clasts similar to the mafic tuffbed. The angular clasts may be rip- 

up ciasts as they appear to be fhgments of the underlying bed. Also obsemed are 

medium-grained, grey-green crystabe beds with abundant millimeter-scale amphibole 

porphyroblasts which appear to be cross-cut by the convoluted bands. Amphibole 



abundance varies greatly across this area, as  does grain size. Variation does not appèàr 

gradational but in random patches which may juxtapose medium-grained and extremely 

coarse-grained (up to 3-4 cm) amphibole grains. Veins of quartz and feldspar are 

abundant in this area. 

Also present on Bear Island is an unusual coarse-grained maf'ic rock of uncertain 

protolith. The overall appearance is very inhomogeneous, with patches that vary in 

grain size, crystal form and abundance of amphibole. Grain size of amphibole varies 

over short distances fkom medium grained to very coarse grained (2-3 cm). Crystai form 

ranges fiom needles to feathers to "stacks". The amount of fine-grained, grey rnatrix 

also varies over short distances fiom appronmately (10 % to - 30%. Other areas of 

Bear Island appear tuffaceous with matic lithic tufY which contains flatteneci, 

millimet e r - d e ,  amphibole-ric h bombs and a mica-rich (p hyllitic), weil-cleaved, grey- 

green layer. 

Inner False Harbour 

In contrast to the complexity of Bear Island, the coast of Inner False Harbour 

shows very lMe variation in lithology because the amount of stratigraphie section 

exposed is limited due to the doseness of the strike of bedciing and trend of the 

shorehe. The exposed rocks in the area are generally mafic M s  and flows. On the 

northwestern shore of Inner FaIse Harbour, medium-graineci, green-grey, micaceous tuff 

with amphibole porphyroblasts grades into green, fine-grained lithic tuff with lighter 

grey bombs (similar to lithic W n e a r  Bear Island) (Fig. 2.4, location k). Eastward, the 

matrix becornes grey and grains in bmbs  increase in size. Farther east, the tuff grades 



into a wacke-like (tuffaceous sandstone?) layer with common, miuimeter-scde 

amphibole porphyroblasts and amygdules (fïlIed with calcite). To the south, d c -  

andesitic, fine-graineci, green tuff is exposed, interbedded with fine-grained, amphibole- 

rich layers and lithic tuff with a wacke-like matrix and amygdalo idal bombs (Fig. 2.4, 

bcation 1). Farther south, the lithic tufF is interbedded wÎth a mafic flow which contains 

abundant amygddes near the top and fewer amygdiies toward the bottom, 

Locally along the shore, the flow contains pillow-like structures (Fig. 2.4, 

location m). They appear flattened, contain amygdules and phenocrysts of plagioclase, 

and are rimmed by darker, finer-grained micaceous material. The "pillowed" rocks are 

interbedded with amphibole-rich mafic tu& More amphi'bole-rich tufF is exposed to the 

south but appears coarser grained and has a feldspar-rïch ma& Farther south, lithic 

tuff appears together again with the coarse-grained, amphibole-rich tuff and a finer 

graine& greenlgrey mafk hiff containing biotite clusters and amphibole porphyroblasts. 

The rnost southerly outcrops along b e r  False Harbour consist of well-bedded layers of 

fine and rnediumgrained vesicular, green andesitic tufZ above coarse-grained, 

amphibole-rich layers with calcite-fïlled amygdules. The coarse-grained, amygdaloidal, 

amphibole-rich layer grades into medium-grained, rnicaceous tuff which has abundant 

cent imeter-scale amygdules (filled with feldspar and epidote). 

Outer False Harbour 

Rocks observed on Cape Forchu West along West Cape and Outer False 

Harbour are more homogeneous than those exposed near Bear Island. They consist of 

medium-to coarse-grained, dark grey-green amphibolite with grains of amphibole and 



plagioclase. For the most part, the rocks show little variation except for slight 

ciifferences in amphibole abundance which causes faint banding. Small, centimeter- 

wide veins of feldspar cut the amphibolite, and green epidote clusters and veins occur in 

eastern portions of the section (Fig. 2.4, location n). 

Govemment Brook 

Govemment Brook is the location is the second exposure where the nature of the 

contact between unit Swaand the underlying unit S- may be inferred. As was the 

case at Bear Island, the rocks in the upper part of Smr and those at the base of unit 

Sm are very similar, indicating a gradational contact between the units. This location 

also coincides with an abrupt change in aeromagnetic amplitude nom negative 

(characteristic of unit S-) to high positive (characteristic of Sww). The rock type 

observed near the base of unit S- in the western part of Govemment Brook is fine- 

graine& green-grey, weil-cleaved tuff (?). 

Sunday Point 

Sunday Point offers an almost complete section of unit S- on the eastem limb 

of the Yarmouth Syncline (Fig. 2.5). In this area, al i  but the lowest and highest 

stratigraphie levels are exposed. The eastermnost exposure on the point consists of 

feisic crystal tuE(Fig. 2.5, location a). A series of basdt flows and fine-grained, grey 

rnafic tuffoccurs to the West (Fig. 2.5, location b). The felsic rocks appear more foiiated 

than the mafic rocks and have a crystalline matrix with coarse-grained, euhedral 

plagioclase and K- feldspar porphyroclasts, some of which appear fiactured. 



Point 



Approximately 100 m to the west the crystal tuff is I n t e d i a t e  and the 

plagioclase crystais are larger. Flattened amygdules, euhedral plagioclase phenocrysts 

up to 1 cm in length, and fine-to medium- grained amphibole porphyroblarts are typical 

characteristics of the mafic flows. To the west, in sharp contact with the intermediate 

crystal û a fine-graineci, green mafic tuffoverlain by a coarser, amphibole-rich 

d c  tuff(Fig. 2.5, location c). Westward, the outcrop consists of very he-graine& 

laminated (paralle1 and convolute), well ckaved interbedded with layers of crystd 

Mand  amphibole-rich mafic tuff. These layers are in sharp contact with a bed of 

intermediate crystal tuffwig. 2.5, location d). This intermediate crystal layer M e r s  

fiom previous layers in that it contains patches of black, very fine-grained material in 

sharp but convoluted contact with the crystal tuff (Plate 2.1 0). The black materiai may 

be inclusions of basalt. Within the crystal tuffis a clast of lamhated tuffaceous 

sandstone with îmegular contacts (Plate 2.1 1 ), as well as clasts of a medium-grained, 

amphibole-rich rock. The crystal tuffis interbedded with fine-grained, green, laminated 

tuff and medium-grained, grey, laminated and cross-laminated tutffceous sandstone. 

Westward, vuggy mafic fiows with brecciated tops (indicating that the top is to 

the west) are interbedded with fine-graineci, laminateci, phyIlitic tuffand lithic tuff(Fig. 

2.5, location e). Some beds host coarse-grained ( -4 .5  cm) plagioclase phenocrysts or 

epidote porphyroblasts. The beds become altemately amphibole-rich and arnphibole- 

poor to the west. Grain size increases and the beds become tuffaceous with laminations 

and cross-bedding indicating way-up to the west- Approximately 2 km to the north 

dong the Coast between Rum Nubble and Sunday Point, medium-grained, grey, 



Plate 2.10. Intermediate crystal tuffwith basaltic inclusion, unit Smft, Sunday Point. 



Plate 2.1 1. Intermediate crystal tuff with clast of laminated tuffaceous sandstone, unit 
S W R ~  Smday Point. Coarse-grained crystak in the felsic crystal tuff are 
plagioclase. 



crystalbe tuffaceous sandstone occurs, with parallel and cross-laminations rnarked by 

mica-rich layers. 

Other outcrops of unit Sm@ 

Outcrops interpreted to be in the middle part of unit SWm include a location 

west of Brooklyn on Green Hilis Drive (Fig. 2.1) that consists of dark grey, crystalline 

rock with fine-grained amphibole, and may be a fiow. Other lithologies in the middle of 

unit Swm include a dark grey phyllite, a d c  fiow, and amphibole-rich &c hin 

exposed near the North Ohio Road West of Brenton Lake. It is possible that the rocks 

interpreted to be the flow and tuffrepresent a dyke with an amphibole-rich chilled 

margin, as exposure is iimited. On Butler Road near Wellington, an outcrop of dark 

grey, crystalline tuffaceous sandstone is exposed in contact with a dark grey, crystalline, 

amphibole-rich mafic M. 

Outcrops interpreted to be in the upper part of LUI& S w w  include: (i) an outcrop 

of mafic tuffon Highway 10 1 north of Exit 34 which contains biotite porphyroblasts 

and an amygdaloidal bed with abundant plagioclase, (ii) an outcrop on Highway 340 

near Hebron of silty, grey-green tuffwith cl mm scale graius of plagioclase, and (iii) a 

short section oBStarrs Road in Yarmouth that consists of green, mafic tuff with biotite 

and epidote porphyroblasts. 

2.4.6 Unit Smmt 

As in the case of stratigraphically lower units, unit SWRmt is best exposed dong 

the coast, with extensive outcrops at Cape Forchu, Ships Stem, Northern Peak and 



Thrum Cap (Fig. 2.1). Most outcrops (especially those dong the coast) are in the upper 

part of the unit and the lower part is poorly represented. The estimated thickness of unit 

Smt is approximately 750 m. 

The unit consists predominantly of mafic volcanic rocks with minor sedimentary 

beds in the upper part. Second denvative aeroxnagnetic maps show a composite 

rnagnetic signature, a background with negative amplitude and local areas of high 

positive amplitude (Fig. 2.2). Areas of high positive amplitude appear to differ slightly 

in lithology fkom areas of low negative amplitude in that they have less varied rock 

types and lack metasedimentary layers. 

Lower parts of unit SmC such as those which outcrop on Rum Nubble, contain 

possible conglomerate as well as mafic tuff. Fine-grained, green, slaty rocks are 

inter Iayered with coarser, crystalline beds containing feldspar porphyroclasts, and 

conglomerate with fine-grained, green matrix containing abundant amphibole 

porphyroblasts. The conglomerate contains medium-grained, laminated clasts and h e -  

grained, dark grey clasts with amphibole porphyroblasts and feldspar phenocrysts. 

Laminated tuffwith crystals of plagioclase is in contact with medium-grained, green, 

crystajline tuff with porphyroblasts of amphibole. In contact with the crystafline tuffis 

another Iayer of conglomerate. Also present is a bed of ke-grained, fissile rock (m) 
with abmdant pyrite and feldspar grains. 

Outcrop on Thrum Cap also contains a combination of metavolcanic rocks 

(lithic tufQ and metasedimentary rocks ( tuffaceous sandstone and conglomerate) . The 

lithic tuffhas a silty matrix with porphyroblasts of amphibole which are 1-2 mm long, 

as weU as (mafic?) clasts with phenocrysts of plagioclase. The tuffaceous sandstone is 



medium graine& with fine bands containing abundant amphibole and biotite. The 

conglomerate has a weil-cleaved, silty, green rnatrix with amphibole porphyroblasts, 

and contains three types of clasts: ( i )  very fine-grained clasts with abundant amphibole 

and biotite; (ii) crystaliine clasts with abundant plagioclase; and (3 coarser grained 

cIasts which contain abundant amphibole. 

Inland outcrops in the lower parts of unit Smt have slightly dflerent 

lithologies than those on the coast They are predominantly composed of metavolcanic 

tuff such as the massive, amphibole-rich mafk tuff outcrops on Lake George Road 

south of Brenton, but also contain mafic tuff (with a medium-grained matrix and 

plagioclase crystals) with silty laminations such as outcrop on Forest Street in 

Yarmouth. Outcrop on Highway 1 near Wellington at the base of the unit appears to be 

a n d ï c  lithic iapilli tuE Farther up in the sequence on Lakeside Drive near North 

Chegoggin, the lithic tuffis fine grained, green and contains bombs that are slightly 

coarser grained and contain euhedral plagioclase phenocrysts. A similar rnafic Lithic 

l a p a  tuff occurs on the Dayton Road northwest of Dayton but at this location it is 

paired with a massive, medium-grained tuff. The &c lithic lapilli tuffis also 

exposed on Lakeside Drive near South Chegoggin and fiirther north on this road, the 

medium-grained, massive mafk tufT is repeated. A massive, medium-graine& 

crystalline tuffis exposed in an old pit east of Wellington but contaios biotite and 

amphibole porphyroblasts and possible lapilli. Two hundred meters east of the pit the 

litho logy changes to amphibole-rich, micaceous tufE 

Rock in the middle to upper sections of the unit are well exposed at Cape Forchu 

(Fig. 2.6). The west side of Cape Forchu consists of fine-grained, green mafic tuff with 



Figme 2.6. of Mhologies in the miâdie and uppa parts of unit SWRmt on 
CepsFachnLctîcrsa-jarekcyedto6at 



thin amphibole-rich laminae (Plate 2.12) (Fig. 2.6, location a). Fine-graine& grey 

bombs and lapilli occur in some of the layers (Plate 2.13) Pig. 2.6, location b) and very 

fine-graineci, grey ash beds are also present. Some bombs provide way-up indicsltors 

and show that the top is to the east. Glassy, centimeter-scale, black, pseudotachylite 

layers also occur within the tuff (Plate 2.14) (Fig. 2.6, location c). Near False Harimur 

Beach, medium-gained, amphibole-rich rr,mfx tuff layers are interbedded with 

tuffkceous sandstone and green mafic tuff Vig. 2.6, location d). 

On the east side of Cape Forchu (stratigraphically higher) (Fig. 2.6, location e) 

the green ma£k tuff becomes massive, grey and crystalline, with abundant vesicles and 

amphibole porphyroblasts, and is possibly a flow. Eastward, the outcrop becomes 

banded by amphibole-rich mafic tuff layers, followed by a mafic lithic lapilli M with a 

fine-grained matrix. Bombs in the lithic tuffare fine-grained, have abundant calcite 

amygdules and porphyroblasts of biotite and epidote. Farther east the outcrop appears to 

be of a mafic tuff or tuffaceous sandstone. It is fine to medium grained and crystalline, 

with porphyroblasts of amphibole and biotite, and becomes vuggy to the east. It 

contains calcite-filled arnygdules and fine-grained grey bombs. Possible pillows occur 

east of the tuff (Plate 2.1 5) (Fig. 2.6, location f). The rocks appear porphyritic with 

coarse-grained plagioclase phenocrysts and a fine grained crystaUine matrk. The 

piliows are elongate and surrounded by fhe-grained, chlorite-rich rims. 

Near Johns Cove, the upper part of the unit contains fine-graine4 crystaUFne 

d c  tuffwith biotite and epidote porphyroblasts and with m w d y  abundant feldspar 

grains. Kt is interbedded wiîh layers (approximately 5 cm wide) of tuffaceous sandstone 



Plate 2.12. Laminated mafic unit S w t  Cape Forchu. 



Plate 2.13. Bombs in mafic tuff, unit Smmt, Cape Forchu. Way up is to the Iefi (east). 



Phte 2.14. Pseudotachylite in mafic tuff, unit S w m b  Cape Forchu. 



PIate 2.1%. Possible basait piliows, rinit SmmG Cape Forchu. 



Plate 2.15b. Possible basalt pillows, unit SWR,~, Cape Forchu. 



and mafic lithic tuff(Fig. 2.6, location g). The rnafic lithic tuffhas a fine-to medium- 

grained, micaceous matrk and flatteneci, epidote-rich bombs. 

The northem peninsula of Cape Forchu contains rocks similar to those on the 

southem peninsuIa, except for the absence of green d c  tufE Interbedded mafic M7 

mafic lithic flows and tdtàceous sandstone are typical. The lower sections exposed 

on the west side are mainly mafic, biotite and amphibole-rich, massive Bows and 

banded tuff(Fig. 2.6, location h), overlain by interbedded medium-to coarse-grained, 

amphibole-rich rnafic tuff, medium-grained, grey, massive Maceous sandstone and 

lithic tufY(as seen on Tympanys Island). Outcrops on Lobster Pound Road expose 

medium-grained d c  fiows with amphibole porphyroblasts and euhedral plagioclase 

phenocrysts (Fig. 2.6, location i). The upper section of the unit, as seen at Gunners Point 

and Ships Stern, consists of m&c tut lithic tutF, plagioclase-rich m&c tuff (like that 

at Footes Pond) and tuf%ceous sandstone (Fig. 2.6, location j). 

Northward, the unit contains ody tuffaceous lithologies. Near Johnsons Point, it 

consists of bands of medium-to coarse-grainecl, amphibole-rich mafïc tuff interbedded 

with medium-grained, grey, crystaiiine t u a  and mafïc tuffwith very large crystals of 

plagioclase and fïner grained biotite-rich interbeds. Also present is mafic lithic lapilli 

tuff with a coarse-grained, grey, crystalline matrix and amphibole and biotite 

porphyroblasts, as well as fie-graineci, grey, flattened lapilli. Farther north, &c lithic 

hiff beds contain Light grey bombs up to 30 cm long with Gne-grained phenocrysts of 

plagioclase. The matrix of the lithic t1.8 contains coarse-grained (approxïmately 1 cm 

long) amphibole porphyroblasts. Farther north, two types of lithic tuffare exposed. 

Both have a fine-graineci matrk but the first contains fine-grained amphibole 



porphyro blasts whereas the second bas plagioclase phenocrysts and coarse a m p h i  le. 

Both types of hiffcontain aattened bombs, 3-5 cm in length, which are slightly more 

abundant in the coarse-grained tuE The tuB5 also contain rare megacrysts (up to 10 cm 

long) of plagioclase. Contiming north, the outcrop is grey to black, crystahe rock 

which hosts very abundant coarse-grained amphibole porphyroblasts. Western portions 

of the outcrop contain d c  lithic tuE with unusual "pods" of plagioclase which are up 

to 40 cm long. 

Similar lithologies occur f d e r  north near Northern Peak. At Northem Peak the 

outcrop is comprised of grey, crystalline tuffaceous sandstone, interbedded with 

amphibole-rich mafic tuE and &c lapilli tufY layers (Plate 2.1 6). Bombs in the lithic 

tutrare typically fine grained, grey-green and reach 5 cm in length. The amphibole-rich 

tufflayers range fiom medium to coarse grained, and amphibole abundance varies 

significantly between beds. The lithic tuff matrix is amphibole-rich and the bombs have 

amphibole-rich rims and cores with an intervening feldspar-rich layer (Plate 2.17). 

Southwest of the peak the exposures are of medium-grained, finely laminated 

tuffaceous sandstone that become interbedded with amphibole-rich d c  tuff in the 

south. 

The upper part of unit SWRmt contains metasedimentary as weLl as metavolcanic 

rocks. Near the central fault of the Yarmouth Syncline at the waterfall by the dam at the 

north end of Doctors Lake, the unit contains metasaridstone or tuffaceous sandstone. 

The rocks are massive, medium grained, and contain abundant mica. Laminations can 

be seen on the weathered s h c e  and millimeter-scale grains of feldspar (or quartz?) are 

also present. Not all outcrops contain both metasedimentary and metavolcanic rocks. 



Plate 2.16a Interbedded tuffaceous sandstone, amphibole-rich mafic tuffand m&c 
lapilli unit S W R ~ ~ ,  Northern Peak. 



Plate 2.16b. Interbedded tuffaceous sandstone, amphile-rich mafic tuffand rnafic 
lapiIli tu6 unit Smmt, Northem Peak. 



Plate 2.17. Amphibole-rich rim and core of a mafic bomb, unit Smmt, Northem Peak. 



On Crosby Court east of Docîors Lake, the exposure is fine grained, grey-green, well- 

cleaved rock with porphyroblasts of amphibole. A massive, medium-grained, micaceous 

tuffor flow is exposed along a private road north of Bunkers Lake. Mafic lithic tuff 

with a green-grey, fine-grained, micaceous matrix and amphibole needles and lapiliï-to 

bombsized clasts with abundant plagioclase occur at many locations, including dong a 

road west of Bunkers Lake, and along Highway 101 (no& of Exit 34). An outcrop of 

black slate with millimeter-sized porphyroblasts of chloritoid is located beside Highway 

1, east of Second Lake- 

Areas of unit SWt with high positive amplitude aeromagnetic signatures appear 

to coincide with mafic -and flows. Mafk lithic tuff soirthwest of Northern Peak has 

centimeter-scale beds of fbe-and coarse-grained amphibole with centimeter-scale, h e -  

grained bombs. Outcrop on Lakeside Drive West of Doctors Lake are green-grey, 

massive, tuffor flows at the West end and he-grained tuff with coarse-grained 

amphiibo le porphyro blasts in the east. A ridge on the road to Sunday Lake is fine 

grained and strongly foliated, with medium-grained porphyroblasts of sulphide rninerals 

(pyrite?). North of Bunkers Lake on Meadowbrook Road, the unit contains beds of 

amphibole-rich and amphibole-poor mafic tuff. Grey-green, fine-grained, cleaved tuff 

or flow with amphibole porphyroblasts and < 0.5 cm crystaIs of plagioclase OCCLUS on 

the Cemetery Road, noah of Hebron. 

2.4.7. Unit Smm 

Unit SmV is the uppermost unit in the White Rock Formation in the Yarmouth 

area. It is not weli exposed and its extent is largely defined by geophysical 



characteristics. Second vertical derivat ive aeromagnetic data show a distinct region with 

high magnetic signature at the core of the syncline (Fig. 2.2). Mapping showed that this 

area is underlain by d c  tufand flows. At Bunker Island, outcrop is mafic lithic tuff 

with a fine-grained, light grey matrix with coarse-grained amphibole porphyroblasts. 

The bombs appea. flattened and contain a very fine-grained matrix and fine-grained 

amphibole. Some bombs have medium-grained amphibole in their cores and others 

contain phenocrysts of piagioclase. Outcrop on the west side of Lake Milo includes a 

fine-grained possible flow-type rock with abundant biotite porphyroblasts and rare 

amygdules, and fine graineci, well-cleaved tufFwith vesicles, biotite porphyroblasts and 

Ianiinations. The unit also contains massive, green-grey, medium-grained possible flows 

with coarse-graine& euhedrd plagioclase phenocrysts as seen on Lakeside Drive. 

2.5. Mafic Siiis and Dykes 

Mafïc siils and dykes occur in both the Halifax and White Rock formations in 

the Yarmouth area In this study, the term sill describes an intrusion which is bedding or 

layering parallel, and dyke descnies an intrusion which cuts bedding or layering. Both 

dykes and sills were observed at Cratlberry Head, Chegoggin Point, Overton, Cape 

Forchu West, Cape Forchu, and Chebogue Point. They are difficult to recognize in the 

generally smaller inland exposures, but were obsewed near exit 34 on Highway 10 1 in 

unit SWRmv and in a brook south of Pleasant Valley in the Halifax Formation. 

Like other rocks in the study area, the mafic dykes and sills have k e n  affected 

by metarnorphism and deformation The rocks have been recrystallized and are typicaily 

medium to coarse grained and contain abundant amphibole, although some retain coarse 



grained plagioclase grains (relict phenocrysts). Most siils and dykes are between 0.5 and 

3 m wide. At Cape Forchu West, Chegoggin Point, Overton, and Chebogue Point dykes 

are boudinaged and extensively cross-cut by quartz and feldspar veins. Some dykes and 

sills (Cape Forchu and Highway 10 1) are finer grained and less amphibole-rich and 

have abundant sulphide porphyroblasts. Many of the dykes have chilled margins which 

are marked by finer grain size and colour change. Beneath the Cape Forchu lighthouse 

the green tuffis cross-cut by a mdic (basaltic) dyke (Phte 2.18) which is medium 

grained and contains abundant amphibole and feldspar grains near the centre. Chilled 

margins are iudicated by increasing abundance of amygdules, finer grain size and 

colour change fiom grey to green 

An unusual dyke occurs in unit S- north of Chegoggin Point. The dyke has a 

narrow chilled margin (< 15 cm wide) which, at the contact with the country rock, 

consists almost completely of gamet. A few centimeters away from the contact, the 

dyke contains abundaut, 1 - 1.5 cm long idio blast ic gamet porphyro blasts. The centre of 

the dyke is coarser grained that the margin and contains medium-to coarse-grained 

gamet in a matrix with abundant biotite. 

2.6. Brenton Pluton 

The extent of the Brenton Pluton is difficdt to establish as it is not weli exposed 

and shows no distinct signature on the second vertical derivative aeromagnetic maps 

(Fig. 2.2). The area of the pluton is estimated fkom sparse outcrop and compilation of 

data h m  earlier maps (O'Reilly, 1976; Hwang, 1985). Outcrops of the Brenton Pluton 

occur in a quarry and on logging/access roads oEHardscratch Road, as weii as in 



Phte 2.18. Mafk dyke intruding interbedded mafïc tuff, unit SW'IZm4 Cape Forchu. 



private yards on Pitman Road O'Reiiiy (1976) reported an outcrop near Churchüls MilI 

Lake but this outcrop was not found in 1998. 

The phton appears to be in fàuited contact with both the White Rock and 

Halifax formations, as interpreted h m  the schistose nature of the rocks in Government 

Brook and observed brecciation and shearing of metasedimentary rocks at Chwchills 

Mill Lake and Deerfield dam. No evidence of contact metamorphkm was observed in 

the outcrop of u n .  S- adjacent to the pluton in Government Brook O'Reilly (1 976) 

reported a n m w  thermal aureole at the southern tip of the pluton, marked by a 

decrease in metarnorphic grade of the country rock fiom gamet and/or staurolite schist 

near the contact to chlorite schist approximately 50 m away fiom the contact These 

outcrops were not found during the present study. 

In all outcrops, the pluton consists of strongly foliated monzogranite with no 

difTerence between exposures except for varying degree of weathering. Only the quarry 

contains fiesh, white outcrop; alI others are weathered and slightly hematitized. The 

foliation trends northeast, parallel to the inferred faulted margins of the pluton and 

regional foliation observed in the adjacent White Rock Formation. 



Chapter 3 

3.1. Introduction 

The purpose of this chapter is to describe the petrography of the White Rock 

Formation, associated rnafic s i h  and dykes and the Brenton Pluton Metamorphism and 

defonnation have generally changed the original igneous or sedimentax-y minerals and 

textures of the rocks and replaced them with metamorphic minerais and textures- 

Nevertheless, it is generaliy possible to infer the original protolith based on field 

observations combined with examination of slabbed band specimen and thin section. For 

the purposes of petrographic description and to avoid repetition, the samples are grouped 

according to the probable protolith, rather than by map unit. 

The petrographic descriptions are based on exarnination of 79 thin sections; 

petrographic features of individual sampIes are tabulated in Appendix A. Microprobe 

analyses of minerais in representative samples are presented in Appendix B. SampIe 

locations are shown on Figure 3.1 (in pocket). 

3.2. White Rock Formation 

3.2.1. Metasedimen tary Rocks 

Metasedimentary rocks in the White Rock Formation in the study area include 

q&e, metaconglomerate, slate, metasiltstone, schist, and tuffaceous metasandstone. 

Typical samples of slate, schist and tuffaceous metasandstone were coiIected for 

petrographic study and described here. 
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Figure 3.1. Location map for thin sections and geochemical samples. 
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Figure 3.1. Location map for thin sections and geochemical samples. 
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Shte 

Three samples of slate were examined in thin section, fiom units Smt and S-. 

They consist predominantly of fine-grained quartz, muscovite, chlorite and opaque 

minerais. Sample 144- 1 fiom unit Smt on Highway 1 contains tabular porphyroblasts of 

chloritoid (1 mm in length (Plate 3.1). Variation in abundance of chlorite in this sample 

causes slight compositional banding and elongate grains of chIoritoid, chtonte and 

opaque miner& define the foliation SampIe 175-1 fiom Pleasant Valley contains 

idioblastic gamet approximately 1 mm in diameter, and 1 cm long subidioblastic, 

pikilo blastic staurolite. The composition of the gamet is cbse to almandine (Fig. 3 -2). 

Elongate clusters of quartz, chlorite and muscovite occur in sample 175-1, as well as 

sample 14-1 fkom Crosby Court, and are coarser grained than the ma& In sample 14-1, 

the cIusters have a core of medium-grained, subidioblastic, poikilobIastic biotite. 

Schist 

Four samples of schist were examined in thin section, inchding gamet mica schist 

and gamet staurolite mica schist nom units S-f and S WRN respectively. In sample 1 79- 

1 fiom Govemment Brook (unit S-), gamet porphyroblasts are poikilo blastic and 

inclusions are aligned but not paralle1 to the foliation in the matrix (Plate 3.2). In samples 

183- 1 and 1 83-4 fiom unit S- in Govemment Brook, gamet is less poikiloblastic and 

has augen texture. Gamet in sample 184-1 fiom unit S w f  in Government Brook is not 

poikilo blastic and augen texture is not apparent, Biotite porphyro blasts range fiom fuie 

grained to 3 mm in size, and are xenoblastic to subidioblastic and poikiloblastic with 



Plate 3.1. Photomicrograph of chloritoid porphyro blasts in date. Sample 144- 1, unit 
S m  Hlghway 1. Field of Mew is 4mm. XPL. 



Wope  Almandine 

White Rock Formation 
X Slate (sample 175-1) (n = 4) 
ri Mafic dyke (sample 196-1) (n = 1) 
0 Mafic dyke (sample 199- 1) (n = 5 )  

Figure 3.2. Composition of gamet in slate and mafic dykes in the White Rock 
Formation. 



Plate 3.2. Photomicrograph of syn-tectonic, poikiio blastic gamet with aligned 
inclusions in schist. Sample 179- 1, unit SWR~V, Goverament Brook. Field 
of view is 4 mm_ XPL. 



augen texture. Samples 183-4 and 184-1 contain coarse-grained (up to 5 m .  xenoblastic 

to subidioblastic stauroIite porphyroblasts. Staurolite grains have pressure shadows and 

sieve texture and inclusions are aügned but not with the matrix foliation, indicating 

rotation of the porphyroblast &or changes in the matrix foliation (Plate 3.3). SampIe 

184- 1 also contains plagioclase porphyrobiasts which are up to 3 mm wide. They are 

xenoblastic with embayed grain boundaries, poikiloblast ic with inclusions of quartz and 

have pressure shadows. Faint albite twinnui . . 
g is apparent. 

Tufaceous Sandstone 

One sample of tuffaceous sandstone was examined fiom unit S- in 

Govemment Brook. It differs in texture and mineralogy fiom the other metasedimentary 

rocks. Compositional banding is apparent in hand specimen, aithough less obvious in thin 

section, and appears to be a result of variation in mineralogy. Some bands contain 

medium-grained quartz, pIagioclase and microdine porphyroclasts with coarse-grained 

patches of fibrous epidote, whereas other bands consist of abundant, medium-grained, 

subidio blastic biotte and epidote or medium- to coarse-grained, subidio blastic 

clinozoisite, quartz and biotte (Plate 3.4). The matrix of the rock is generally fme- 

grained, recrystallized quartz and plagioclase with grandar texture and lesser amounts of 

fine-grained, xenoblastic epidote, biotite and muscovite. The sample is inferred to have a 

voIcanic component fiom the similarity between epido te/clinozoisite-rich areas and 

volcanic samples fkom other units. 



Plate 3.3. Photornicrograph of staurolite porphyro blast with aligned inclusions. 
Sample 183-4, unit S m ,  Govenunent Brook Field of view is 4 mm. 
XPL. 



PIate 3 -4. Photomicrograph o f  biotite-epidote rich layer between quartz-feldspar- 
epidote layers in tuffaceous sandstone. Sample 19 1-2, unit S W R ~ .  Field of 
view is 4 mm. XPL. 



3.2.2. Mafic flows 

Samples interpreted to represent mafic fïows consist mainly of amphibole, quam, 

plagioclase and epido te, with Iess abundant bio tite, opaque minerais, carbonate, chlorite 

and apatite. As a result of metamorphic recrystallization, they retain few relict igneous 

features and their interpretation as flows is based on field relations as welI as their 

relat ively homo geneous appearance, presence of reIict porphyrit ic texture, and rare 

vesicles or amygdule-like patches. The original igneous groundmass no longer contains 

plagioclase laths or microlites and gIass is absent. Basaltic phenocrysts such as olivine or 

pyroxene are replaced by amphibole and epidote, and plagioclase composition is likely to 

have been re-equilibrated under metamorphic conditions. 

Quartz is abundant in the matrix, in amygdules, and in pressure shadows around 

relict crystals of plagioclase. It is typically less than 0.5 mm in size and xenoblastic. 

Plagioclase occurs in the recrystallized ma* as relict crystals and in arnygdule- 

iike patches. Plagioclase in the recrystallized matrix is fme to medium grained and ranges 

nom xenoblastic to subidioblastic. Relict plagioclase crystals range up to 1 cm in size 

and are locally hctured and broken. They are subidioblastic and poikiloblastic with 

abundant inclusions of epidote, biotite and opaque mineralS. The inclusions are not 

onented pardel to the foliation in the matrix, which generally wraps around the grains. 

Plagioclase, quartz, biotite and apatite occur in pressure shadows adjacent to the relict 

crystals. Plagioclase in the relict amygdules is fine to medium graiaed and subidioblastic. 

Three analyses fkom sample 75A-1 show that plagioclase composition ranges fiom AQ to 

Anio, with no diffierence between core and rïm (Appendix B) (Fig. 3.3). 



Orthoclase 

White Rock Formation 
Mafic fiow (sarnple 75A-1) (n = 3) 

X Mafic crystal tuff (sample 78-2) (n = 3) 
@ Mdic tufT (sample 1 73- 1) (n = 3) 
A Intermediate crystal tuff (sample 1 1 - 1) (n = 5) 
O Felsic crystal W (sample 4-1) (n = 9) 
0 Masc dyke (sample 199- 1) (n = 1) 
+ Mafic dyke (sample 205-1) (n = 6) 

Brenton Pluton 
O Granite (sample l6lD- 1) (n = 6) 

Figure 3.3. Composition of  feldspar in metavolcanic samples fiom the White Rock 
Formation and granite samples f%om the Brenton Pluton. Fields nom Deer et al. 
(1 992). 



Amphibole occurs in the matrix and in porphyroblasts up to 2.5 mm in length. 

n i e  matrix amphibole is f i e  to medium grained and varies in different samples fiom 

acicular to xenoblastic. It defhes the foliation in cleaved and schistose samples. The 

texture and size of amphibole porphyroblasts also Vary among samples. Typicai 

porphyroblasts include medium- to coarse-grained subidio blastic blades or feathery 

sheafs. The bladed amphibole is typically poikiloblastic, with inclusions of epidote, 

quartz, biotite and opaque minerais. Most amphibole porphyroblasts parailel the foliation 

in the rock, but others (especiaily those with sheaf textures) cross-cut the foliation. Both 

matrix and porphyroblastic amphibole is pleochroic fiom yellow to green and blue-green 

Amphibole composition was determined in 2 samples (133-1 and 75A-l), representing a 

range of textaml types including bladed and sheaf. Within each sample, bladed 

amphibole compositions range from magnesiohomblende to tschermakitic homblende 

(Fig. 3 -4). Sheaf amphibole composition includes actinolite, magnesio homblende, 

tschermakitic homblende and Fe-tschermakite Vig. 3.4). The cores and rims of two 

sheafamphibole grains are alternately actinoiite and magnesiohomblende but it is 

uncertain whether t schenilakit ic hornblende and Fe-tschermakitic homblende 

composition is specific to either a core or rïm 

Epidote is abundant is al1 samples except 123-3 ikom unit S m t .  It occurs in the 

matrix, in amygdules and as porphyroblasts. In the matrix, epidote forrns fine-grained, 

xenoblastic, yello w-green grains. In amygdules it is xeno blastic to subidio blast ic and fine 

to medium grainecl, with obvious twinning. Epidote porphyroblasts are medium-grained 

with obvious twinning and xenoblastic. Epido te forms inclusions in plagioclase 

porphyroclasts and is fine grained and xenoblastic. 
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Figure 3.4. Composition of amphibole in mafic volcanic rocks and dykes in the 
W t e  Rock Formation. Classification diagram after Leake (1978). 



Biotite occurs in varying amounts in the ma- in arnygduies and as rare 

porphyroblasts. It is green to brown, fine grained and xenoblastic to subidioblastic. The 

composition of biotite in sample 133-1 fiom unit SwRmt is intermediate between 

phlogopite and annite (Fig. 3.5). In samples with strong foliation the biotite is parallel to 

the foliation In amygdules, biotite is medium grained and subidioblastic. 

Carbonate occurs in amygdules (or filling vesicles?), in veinlets and in the matrix, 

where it is medium to coarse grained and xenoblastic. Chlorite is also relatively rare in 

mafic flows. It occurs in amygdules (or filling vesicles?) or associated with amphibole 

blades, and is fine to medium grained and xenoblastic to subidioblastic. Opaque mineds 

are abundant in all samples of rnafïc flows. In the ma& they are fine grained, 

xenobIastic and aligned (when the matrix is foliated). Some grains are medium grained 

and subidioblastic. Opaque minerals also occur in amygdules and are similar to those in 

the rnatrix Sample 84-1 fiom the upper part of unit Smt contains a coarse-grained, 

xenoblastic porphyroblast as well as matrix opaques. Apatite occurs in some samples and 

is fine-grained and subidio blastic. 

Mafic flow samples are divided into four general types on the bais  of amphibole 

texture and other metamorphic mineral dserences. The distribution and significance of 

the variation is not known due to the relatively small number of samples examined in thin 

section, One type is represented by five samples which have characteristics such as a 

similar strongly fo liated nematoblastics texture and fie-grained, acicular amphibole- 

dominated matrices with lesser amounts of plagioclase, epidote and biotite. Rare relict 

plagioclase grains which reach a maximm length of 1 cm are also present, dong with 

xenoblasîic epidote porphyroblasts, amygdules and vesicles (Plate 3.5). Samples with this 
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Phlogopite 

White Rock Formation 
x Matic flow (sample 133-1) (n = 3) 

MaSc crystd tufï (sample 78-2) (n = 1) 
A Intermediate crystal tuff (sample 1 1- 1) (n = 3) 
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Brenton Pluton 
O Granite (sarnpie l6lD- 1) (n = 3) 

Figure 3.5. Composition of biotite in mafïc samples fiom the White Rock Formation 
and granite fiom the Brenton Pluton. Classincation diagram from Deer et al. (1992). 



Plate 3 S. Photomicrograph of acicdar amphibole texture and relict plagioclase grain 
in sarnple 2- 1, unit SWQ, Sunday Point. Field of view is 4 mm. PPL. 



te- are fiom the upper part of unit S m f  to the middle part of unit S m  , with one 

sample fkom the Io wer part of unit S-. 

The second type includes two samples fiom the middle and upper parts of unit 

Smt. They display decussate texture and iack pronounced schistosÏty. They consist of 

poikiloblastic, bladed amphibole porphyroblasts up to 1 cm in length, xenoblastic epidote 

porphyro blasts, subidio blast ic plagioclase porphyroclasts and a quartz-dominated matrk 

with lesser amounts of biotite and epidote and no amphibole. Possible quartz amygdules 

are also present (Plate 3.6)- 

A third type of texture is represented by two samples fiom the shear zone at Cape 

Forchu West in the lower mîddle part of unit S- , below samples of type 1 descnied 

above. They contain sheafor feather amphibole up to 1 cm long, subidioblastic 

plagioclase porphyroblasts and a mat& predominantly of fine-grained amphibole and 

epidote (Plate 3.7). Fine-grained biotite is rare. The simples are not foliated and contain 

possib!e amygdules. 

A fouah type of texture is represented by four samples fkom the middle to upper 

part of unit SWRmt . They wnsist of very fine-grained, quartz-dorninated, recrystaUized 

matrix with abundant fine-to medium-grained xeno blastic epidote, biotite and carbonate. 

Coarse-graineci, xenoblastic relict plagioclase grains occur but are almost completely 

recrystallized - only fàint outlines of the grain boundaries and albite twuuirn . . 
g are 

apparent. The plagioclase is poikilo blastic with abundant inclusions of chlorite, epidote, 

biotite and carbonate. Fine-to medium-graine& xenoblastic, poikiloblastic biotite 

porphyroblasts are very abundant, and q 1 e s  typicaliy contain medium- to coarse- 

grained, xenoblastic, poikilo blastic amphibole porphyroblasts as well. Some of the 



Plate 3.6. Photomicrograph of bladed amphibole texture in flow sample 84-1, unit 
Smmi, Cape Forchu Field of view is 4 mm. XPL. 



Plate 3 -7. Photomicrograph of shed amphibole texhile in mdic flow sample 75-4, 
unit SWR,~ Cape Forchu West. Field of vîew is 4 mm. XPL. 



samples have schistosity which is defined by aiignment of biotite and amphibole grains 

and by carbonate in elongate spaces in the matrix. 

3.23. Mafic tu81 

The mineralogy of mafic tuff samples is generdly similar to that in mafic fbw 

samples. Amphi'bole, quartz, epidote, plagioclase and biotite are the major minerais, with 

opaque rninerals, titanite, chlorite, carbonate, zircon and rutile as minor components. 

Many of the rninerals have the same for& and texture as in flows, generaiiy dBering only 

in abundance. As is the case of rnafic flows, few original igneous textures are preserved 

(i-e. lapi& g las  and welded textures are not preserved) and interpretation as M i s  

largely based on field relations and appearance in hand specimen. 

As in d c  flow samples, quartz OCCLUS in the matrix, in pressure shadows and in 

ebngate clusters where it is fine grained, recrystallized and xenoblastic. Plagioclase is 

generally less abundant in mafic tutlFsampIes than in &c fïow samples, but similady 

occurs in the matrix, as relict crystals and in elongate cIusters with quartz. In the 

recrystailized matnx it is generally fine grainecl, xenoblastic, sericitized and altered to 

red-brown cIay. Relict plagioclase grains are medium to coarse grained (up to 2 mm in 

length), and xenoblastic to subidioblastic. The matrix is deflected around the grains and 

pressure shadows of quartq carbonate and amphibole have developed. The relict crystals 

appear more sericitizeà and altered than in mafic flows and are not poikiloblastic. 

Plagioclase in elongate clusters is fine-grained, xeno blastic to subidio blastic and altered. 

Relict plagioclase was analyzed in rnafic tu.£€ sample 173-1 h m  the middle part of unit 

Sm and the composition is oligoclase (Fig. 3 -3). 



Amphibole defines the foliation in cleaved and schistose matic tufYsamples. It 

occurs in the matrix and as porphyroblasts and has the same colour, shape, and range in 

texture as amphiile in mafic flows. Amphibole porphyroblasts are typically larger in 

Maceous samples than in flows and may have pressure shadows. Amphibole in one 

sample (1 73- 1) fiom the middle part of unit Sm was analyzed, and the composition 

ranges between actinolite and actinolitic hornblende with no dserences apparent 

between the cores and rims of grains (Fig. 3.4). Amphibole in mafic tuEsamples display 

the same t e m a l  variations that occur in mafic fiows. Some samples have nematoblastic 

texture with porphyroblasts of epidote and an acicular amphi'bole-dominated matrix with 

lesser amounts of quartz, opaque minerals and epidote. No relict plagioclase crystais or 

biotite porphyroblasts are present in tuff samples with nematobiastic texture. Some 

samples of mafic tuff have poikilo blast ic, bladed amphibole porphyro blasts, plagioclase 

porphyroblasts and a quartz-dominated recqmillized matrix, similar to the second type of 

mafk fi ow described in section 3.2.2 but with some differences. Mafic tuff samples with 

bladed amphibole contain titanite, calcite-filled voids, and quartz-rich clusters, and may 

be compositionally banded. Compositional banding is seen in sample 204-1 and consists 

of fine-grained quartz layers separated by layers with quartz, chlorite and epidote. Other 

samples of mafic tufY contain sheaf or fezther amphibole which may be acicular or 

stubby. They dBer fkom mafic flows with amphibole of this texture as they do not 

contain relict plagioclase grains, epidote or amygdules. The amphibole with sheaf or 

feather texture in samples of m&c tuff are typicaily coarser grained than in sarnples of 

mafic fiows. 



Epidote occurs in the matrir and in elongate clusters but is generally less 

abundant than in m&c flows. In the matrix and elongate clusters it k fine-graineci, 

yeUow and xenoblastic. Epidote porphyroblasts range fiom fine to medium grained, are 

generally xenoblastic and may be rimmed by smailer epidote grains. In foiiated samples, 

the matrix wraps around the epidote porphyroblasts, which have pressure shadows of 

quartz, amphibole and chIorite. 

Biotite is also more abundant in tuff than in flow samples. It occurs in the rnatrk 

and locally in elongate clusters wiîh quartz and plagioclase where it is t y p i d y  fine 

grained, xeno blastic and pleochro ic yellow to browa. 

Mafic tufT samples contai. a variety of minor minefals. Fine-grained, xenoblastic 

opaque grains occur in the matrix and as fine-to medium-grained, tabuiar or acicular 

porphyrobIasts. Titanite is abundaut in sample 165-1 fiom unit Smf in the Brenton Lake 

area, and is  fine to medium grained and xenoblastic. Rare rutile in the matrix is very fine 

grained and xenoblastic. Minor zircon (?) is present as very small grains with halos in 

amphibole. Chlorite is abundant in tdf with sheaf amphibole and occurs in the matrk as 

fine acicular grains and as fine to-medium xenoblastic grains in clusters. Another minor 

component of mafic tuffis carbonate which is found in samples with poikiloblastic 

blades of amphibole. It is fine to medium graine4 xenoblastic and occurs in the matrix, in 

spaces and elongate clusters, in veins and in pressure shado ws. 

3.2.4. Mafic Lithic Tuff 

Four samples of mafic lithic tuff fiom unit S-, were examined in thin section 

They contain block and l a p a  size fhgments. The mat& surroundhg the clasts is similar 



in the four samples and comprised of fine-grained polygonal quartz, xenoblastic biotite 

(some of which is aitered to chlorite), acicular amphiile and lesser amounts of 

subidioblastic plagioclase and xenobhic opaque mineralS. Medium-graineci, acicular 

amphibole porphyroblasts are also present. The lithic hgments consist predomuiantly of 

fine-graineci, matted, acicular amphibole with only minor quantities of quartz, epidote 

and medium-graineci, xemblastic opaque minerais less than 1 mm long (Plate 3.8). The 

lithic fkqments aiso contain plagioclase porphyrobiasts which are up to 1 mm long. The 

plagioclase porphyroblasts are subidioblastic, a h s t  completely recrystallized, and 

commody associated with fine-graineci, polygonal quartz. Both clasts and matrix have 

strong foliation evident by parailel a l i m e n t  of amphibole needles. 

3.2.5. Am phibolite 

Three samples from units SWR~,, (fkom Lake George and Brazil Lake Road) and 

SWM (Cape Forchu West) are of unknown protoiith and are referred to as amphibolite. 

They are generally coarse gririned with a fine-graine4 recrystallized matrix of plagioclase 

and quartz with mosaic texture. Amphibole porphyroblasts are abundant in all three 

samples and compose approximately 50 % to 70 % @y volume) of the rock. They have 

bladed texture in samples 8 1- 1 and 170-1 and a poikiloblastic sheaf texhire in sample 

172-1. In all three samples, amphibole porphyroblasts are coarse grained (approximately 

3 mm long) and subidio blastic. The samples contain fine grainecl, subidio blastic-to 

xenoblastic opaque minerais. Samples 172-1 and 81-1 have minor chlorite which is fine- 

to medium grained in both samples. In sample 8 1 - 1, chlorite has partially replaced 



PIate3.8. Photomicrographofamphibole-richLithic~ments.Sample15-I7unit 
Smb Cemetery Road. Field of view is 4 mm. XPL. 



amphibole, whereas in sample 172-1 it appears porphyrobhstic. Sample 81-1 contains 

abundant fine-to medium grained xenoblastic epidote, carbonate and leucoxene. Samples 

1 70- 1 and 172- 1 contain fine grained, xenoblastic zircon within amphibole 

porphyroblasts and minor rutile. 

3.2.6. Intermediate Flows 

Intermediate flows Vary in composition, mineraiogy and texture. Andesitic 

samples contain more amphibole whereas more dacitic samples have a greater abundance 

of quartz. Samples of andesitic composition are petrographically sirnilar to mafïc fiows 

but with less amphibole (ma& and porphyroblastic), and fèwer relict plagioclase grains 

which are also k e r  grained than those in mafic fiows, and epidote occurs in the matrix 

but not as porphyroblasts as it does in rn&c flows. 

Intermediate fiows typicaliy have a fine-grained, quartz-dominated, recrystallized 

matrix with abundant fine-to medium-grained xenoblastic epidote, biotite and carbonate 

(Plate 3.9). Coarse-grained plagioclase porphyroclasts occm but are hast completely 

recrystaked, with only faint outhes of albite twinning apparent. The plagioclase has 

abundant inclusions of chtonte, epidote, biotite and carbonate. Fine-to medium-grained, 

xeno blastic, poikilo blast ic bio tite porphyroblasts are very abundant . Samples also 

generaliy contain medium-to coarse-graineci, xenoblastic, poikiloblastic amphibole 

porphyroblasts. Some flows have schistosity which is dehed by alignment of biotite and 

amphibole grains and by elongate carbonate in the matrix. 



Plate 3 -9. Photomicrograph of intermediate flow sarnple 125- 1. Unit Ships 
Stern. Field of view is 4 mm.. PPL. 



3.2.7. Mafic and Intermediate Crystal Tuff 

Crystal tuffsarnples with intermediate composition typically contain less 

amphibole and more biotite t h .  those of rnafic composition. In samples with mafic 

composition, the matnx is preominantly fine-grained biotite, recrystallized plagiocfase, 

opaque miner& epidote, chlonte and quartz The matrix of samples with intermediate 

composition is predominantly fine-grained crysîallized plagioclase, biotite, opaque 

minerais, quartz, chiorite and epidote. Foliation is weii developed in the matrix of both 

mafic and intermediate samples and is deflected by porphyroblasts and relict crystals 

(Plate 3- 10). 

Crystal Wsamples are characterized by relict plagioclase crystals which 

typicdly appear broken or show signs of ductile deformation such as deformation bands 

and irregular extinction ReIict plagioclase grains are up to 5 mm long and subidioblastic 

with inclusions of epidote, quartz, carbonate and biotite. The composition of relict 

plagioclase in samples 11-1 and 78-2 fiom units Sm and Smr, respectively, is albite 

with no difXerence between core and rim (Fig. 3 -3). Some grains of plagioclase have 

embayed grain boudaries (or possible relict igneous features) (Plate 3.10) and some 

grains may be rirnmed by fine-grained biotite and epidote. Aiteration to sericite is evident 

in most samples. 

Other major minerals present include amphibole, epidote, biotite and rare 

muscovite. Amphikm le porphyro blasts are iypicdly medium-to coarse-grained, 

subidioblastic blades or xenoblastic sheafs (Plate 3.1 l), except in intermediate sample 9- 

1. In sample 78-2, amphibole is of magnesiohomblende composition (Fig. 3.4). Epidote 

porphyroblasts are abundant and generally form medium-sized, xenoblastic grains, except 



Plate 3.10. Photomicrograph of a fine grained matrix deflected around a relict 
plagioclase grain in intermediate crystd tuff sample 1 1- 1, unit Sm, 
Sunday Point. Field of view is 4 mm. XPL. 



Plate 3.1 1. Photornicrograph of a reiict plagioclase grain with embayed grain 
bondaries and subidio blast ic bladed amphibole. S q l e  78-2, unit SWRmf, 
Cape Forchu West. Field of view is 4 mm. XPL. 



in sample 1 1-1 where epidote porphyroblasts are coarse-grained (up to 1 mm) and 

idioblastic with rims of very fine-grained epidote. Biotite and muscovite porphyroblasts 

are rare, medium grained and subidio blastic, and typically associateci with plagioclase 

pressure shadows. Biotite compositions in sample 78-2 and 1 1-1 are intermediate 

between phlogopite and annite (Fig. 3.5). Minor minerals in mafk to intermediate crystal 

tuff include opaque minerals and apatite. Opaque minerals are porphyroblastic in sample 

1 1-1 and are typicaLly xenoblastic with rims of leucoxene. Fine-to medium-grabed, 

idioblastic apatite grains are abundant in sample 1 1-1 and have pressure shadows. 

3.2.8. Felsic Crystal Tuff 

Samples interpreted to have felsic crystai tufFprotoliths are composed 

predominantly of quartz, plagioclase and K- feldspar (Plate 3.12). Sample 4- 1 (unit Sm) 

is slightly less felsic than samples 208- 1 and 209- 1 (unit Sm) and contains epidote, 

biotite and muscovite. Felsic crystal tuff samples show deformation features such as 

morta. texture matrix, quartz nibons, and deformation bands and hcturing of feldspar 

grains. The matrix consists of fine-grained, polygonal quartz and plagioclase with 

abundant saussurite and opaque rninerals (samples 208-1 and 209-1) but tends to be 

granoblastic, fine-grained, xenoblastic recrystallized quartz and plagioclase with biotite 

and epidote in the less feIsic sample (Plate 3.13). 

Relict crystals of quartz, plagioclase and K- feldspar are less than 5 mm in size 

and subidioblastic, and have pressure shadows and signs of strain. Some relict quartz 

grains have embayed boudaries, possibly relict igneous resorption featues. niey display 

undulatory extinction and some have undergone grain size reduction eitber completely or 



Plate 3.12. Photomicrograph of felsic crystal tuff sample 209- 1. Unit S-, south of 
Brooklyn. Field of view is 4 mm- XPL. 





around rims. In felsic sample 209-1, some clasts have granophyric texture (Plate 3.14). 

Plagioclase and K-feldspar relict crystals are typically h t u r e d  and have slight 

undulatory extinction and de formation bands Some plagioclase grains have embayed 

boundaries and are partially replaced by epidote. Twinning is faint in some grains, and 

some grains are vermicular. Plagioclase composition in sample 4-1 is albite to oligoclase 

and K-feldspar composition approaches orthoclase (Fig. 3.3). Sample 4-1 has medium- 

grained porphyroblasts of epidote, biotite and muscovite. In this sample epidote occurs in 

a variety of forms including xenoblastic aggiegates, columnar grains or as fibrous 

rosettes. Biotite and muscovite are associated and typicaliy xenoblastic to subidiobIastic. 

Biotite is pleochroic fiom pale green to dark green 

Miwr components in the samples include opaque minerais, apatite, chlorite, 

zircon and xenotime. 

3.3. Mafic Dykes and Sills 

In general, the mafïc dykes and sills are coarse grained with abundant amphibole 

porphyroblasts which comprise up to 85% of the rock The porphyroblasts are up to 1 cm 

in length and display a variety of textures. Most common is bladed texture plate 3-15), 

fo llo wed by shed or feather texture Plate 3.16), tabuiar or prismatic texture (Plate 3.1 7), 

and acicular texture plate 3.18). Samples wïth bladed amphibole are fiom Chegoggin 

Point, Overton, near Pleasant Valiey, Cape Forchu West and Chebogue Point. Samples 

with sheaf texture are nom Chegoggin Point and Overton, tabular samples are ftom 

Chebogue Point and Cranberry Head and acicular amphibole samples are fiom Cape 

Forchu, Hence, no correlation of texture with location or host rock (Halifax or White 



Plate 3.14. Photomicrograph of granophyre texture in sample 20% 1, unit Sm, south 
of Brooklyn. Field of view is 4 mm- XPL. 



Plate 3.15. Photomicrograph of bladed amphibole in dyke sample 198-1, north of 
Chegoggin Point. Field of view is 4 mm. XPL. 



Plate 3.16. Photomicrograph of sheaf texture of amphiile in dyke samp1e 200- 1, 
north of Chegoggin Point. Field of view is 4 mm. XPL. 



Plate 3.17. Photomicrograph of tabular texture of amphibole in dyke sample 202- 1, 
Cmberry Head. Field of view is 4 mm. XPL. 



Phte 3.18. Photomicrograph of acicular amphibole texture in dyke sample 94- 2 ,  Cape 
Forchu. Field of view is 4 mm- PPL. 



Rock formations) is apparent- Samples fiom dBerent dykes near the same location (e.g. 

samples 206-2 and 206-3 fiorn Chebogue Point) display difEerent a m p h i l e  textures 

(bladed and tabular), Multiple samples fiom a single dyke or siU were not examined, so 

it is not known whether the texture varies within a single unit. 

Bladed and sheaf7feaîher textured amphibole porphyroblasts may be poikiloblastic 

and contain quartz and opaque minerals. Amphibole porphyroblasts are generally largest 

when the texture is sheafor feather. Samples with bladed amphibole grains also contain 

plagioclase porphyroblasts. The plagioclase g r a b  are typicaily medium grained and 

appear recrystallized and have embayed grain boundaries. Some grains also have 

vermicular texture. The composition of the bladed amphibole in sample 196-1 is ferro- 

tschermakite and the composition of tabular amphibole in sample 205-1 is 

magnesiohornblende (Fig. 3.4). Samples with bladed amphibole porphyroblasts generaily 

have a granoblastic matrk with fine-grained quartz, xenoblastic biotite, titanite, epidote 

and plagioclase. Saussurite, apatite, zircon and chlorite are minor components. Samples 

with amphibole of sheaf or feather texture also have a granoblastic rnatrix with fine- 

grained quartz, plagioclase, opaque minerals, apatite, zircon and rare epidote and biotite. 

Samples with tabular amphibole porphyroblasts also contain abundant plagioclase 

porphyroblasts. These appear subidioblastic to xenoblastic and prismatic with medium to 

coarse grain size. Albite twinning is sharp. The plagioclase grains are commody altered 

to epidote which forms fine-grained granular clusters in the cores. The composition of the 

plagioclase fiom a sample with tabular amphibole (sample 205-1) is albite (Fig. 3.3). 

Samples with tabular-textured amphibole have o d y  a minor amount of matrix, comprised 

of quartz, epidote, chlorite and opaque minerals. 



Other types of porphyroblasts in mafic dykes and sills are not cornmon Opaque 

minerals in four samples (207-1,941, 107-1 and 205-1) are up to 0.5 mm long and are 

subidioblastic to xenoblastic. S q l e  196-1 contains medium-grained, xenobIastic biotite 

which is intermediate in composition between phlogopite and annite @ig. 3.5) and rare 

grains of medi-grained, subidioblastic, poikilobiaçtic garnet of almandine composition 

(Fig. 3.2). 

Samples with acicular amphibole porphyroblasts have a granoblastic matrix with 

fie-grained quartz, fine to medium-grained plagioclase, abundant xenoblastic biotite, 

acicular amphibole, epidote and opaque minerals. 

S q l e  199- 1 f?om SWRss no& of Chegoggin Point is fiom the margin of the 

unusual dyke described in section 2.6. It contains pale pink gamet porphyroblasts which 

are up to 1.25 cm in diameter. The porphyroblasts are idiobiastic and of almandine 

composition (Fig. 3.2). The gamet grains appear to have more than one stage of growth, 

as parts of the grains are poikiloblastic with abundant inclusions of opaque minerals and 

q m  whereas other parts contain only a few grains of biotite, quartz or opaque 

minerals. The rnatrix of the sample is predominantly coarse-graineci, subidioblastic biotite 

which is slightly poikilo blastic. The composition of the biotite is intermediate between 

phlogopite and annite but is slightly closer to annite (more Fe-rich) than biotite in 

samples fkom the White Rock Formation (Fig. 3 -5). Medium-grained quartz and slightly 

vermicular plagioclase of andesine composition are minor cornponents (Fig. 3.3). 

Medium-grained subidioblastic chlorite flakes and rare partially chloritized grains of 

amphibole are aiso present. Fine-grain& opaque minerals are abunciant and zircon grains 



are common in biotite. Areas of biotite adjacent to parts of garnet grains wiîh few 

inclusions &O Iack inclusions, and are slightly coarser grained than in other areas. 

Foliation is evident in sarnples 94-1, iû7-1,207-1 and 206-2 and marked by 

alignrnent of amphibole grains. Sample 1 98-1 shows foliation in the matrix marked by 

parallel biotite grains, which are overgrown by amphibole. 

3.4. Brenton Pluton 

The Brenton Pluton consists of syenogranite to monmgranite with approximately 

equal amounts of quartz and K-feldspar and less abundant plagioclase (Plate 3.19). Other 

minerals present in minor quantities include biotite, muscovite, apatite, garnet and zircon. 

The sarnples typically have a strong overall foliation with parallel elongate grains of K- 

feldspar, plagioclase, biotite and muscovite. Elongate clusters of medium-to coarse- 

grained quartz, K-feldspar and plagioclase grains are a h  aligned. 

Quartz is fine to medium grained and anhedral with a sutwed appearance. It 

occurs locally in myrmekitic texture with plagioclase. Plagioclase is fine to cuarse 

graine& anhedral to subhedral, and also has sutured boundaries. Plagioclase compositions 

obtained fiom sample 16 ID- 1 are approximately Anio (Fig. 3 -3). It dispIays poiysynthetic 

twuuiing and inclusions of white mica, biotite, ~LEUTZ and apatite. The K-feldspar is fine 

to coarse grained and anhedral to subhedral, with sutured grain boundaries. It is perthitic, 

displays cross-hatched twinning characteristic of microche and contains inclusions of 

quartq plagioclase, apatite, white mica, biotite and gamet. The composition of the K- 

feldspar in sarnple 161D-I is close to orthoclase (Fig. 3.3). Biotite occurs as fine-to 

medium-grained, anhedral blades which are pleochroic yellow to green to dark green It 



Plate 3.19. Photomicrograph showing sutured texture in granite sample 1 6 ID- 1, 
Brenton Pluton Field of view is 4 mrn- ?PL. 



is commonly intergrown with muscovite and has inclusions of apatite and zircon The 

composition of two biotite grains in sarnple 161D-1 is close to annite Pig. 3.5). 

Muscovite forms fine-to medium-graine4 anhedral flakes- Apatite is abundant and occurs 

as fine-grained, rounded, subhedral to euhedral grains. Minor pale pi&, fine-to medium 

grained anhedrai gamet was observed in nine of eleven samples. The composition of the 

garnet is &9Sp3&) (O 'Reilly, 1976). Zircon is common and mainly (but not 

excIusively) associated with biotite. It is fine grained, subhedral to anhedral, very pale 

yellow-green, and rimmed by high relief: cryptocrystalline material. 

Samples 157-1, 258-1, 159-1, 160-1,161-1 and 162-1 appear more altered than 

samples 1 6 1 A- 1 through 16 1E- 1. Feldspar grains in the altered samples are associated 

with reddish-brown clay, and biotite and muscovite are altered to yellow/brown clay 

dong fractures and cleavage. Biotite is partially altered to chlorite and opaque minerds in 

samples 160-1 and 162- 1. 

3.5. Metamorphism and Deformation 

Evidence for metamorphic recrystahtion in metavo1canic rocks in the study 

area includes replacement of mafk igneous minerals (probably olivine and pyroxene) by 

amphibole and epidote, conversion of plagioclase to albitic compositions, and textures 

such as mortar, mosaic, granoblastic, poIygonal and nematobiastic. Metamorphic 

minerais such as gamet, staumlite and chloritoid are present in metasedimentary rocks. 

Eqdibrium conditions are indicated by polygonal textures in some matrices, large grain 

sizes for amphibole, gamet, staurolite and so me biotite, and idio blastic grain shapes of 

gamet and stamlite. 



Previous work by O'Reilly (1 W6), Hwang (1 985) and Culshaw and Liesa (1 997) 

reported chlorite zone assemblages in the Halifax and Goldenville formations and biotite 

and gamet zone assemblages in the White Rock Formation in theYarmouth Syncline. The 

present study indicates the presence of amphibolite-facies assemblages and possibly 

greenschist-ficies assemblages in the study area. A stawolite-gamet-biotite-quartz- 

plagioclase assemblage occurs in metasedimentary rocks in the outer limbs of the 

synche in unit S- at Chegoggin Point, near Pleasant Vdey and in the eastem part of 

Government Brook, indicating stawolite zone (ampkbolite facies) conditions (Yardley, 

1989). Toward the core of the syncline, the grade appears to decrease to upper 

greenschist and greenschist facies. The apparent decrease in grade may be an effect of the 

change in rock type fiom predominantly metasedimentary to metavolcanic. Because 

changes in metabasite under greenschist- and amphibo lite-facies conditions are the result 

of continuous reactions, the boundary between these two fàcies is not clearly defined 

(Yardley, 1989) and therefore metamorphic conditions are better defined by the pelitic 

assemblage. 

Most rnafic metavolcanic rocks in units S W R ~ G  SM ifnd SWt contai. actinolite, 

actinolitic hornblende (possibly retrograde?), magnesiohornblende and tschermakitic 

homblende with albitic plagioclase and epidote. One tuffsample (196-1) fiom unit SWRA 

contaùis oligoclase and both actinolite and actinolitic homblende, suggest ing 

amphiilite-fàcies conditions. FeIsic metavolcanic rocks contain epidote and biotite. 

Metasedirnentary rocks near the core in unit S m t  have chioritoid, indicating gamet zone 

metamorphism (Yardley, 1989). Matic dykes and siUs show greenschist fàcies to 

amphibolite-facies assemblages, such as dbitic plagioclase and amphibole compositions 



ranging fkom actinolitic homblende to Fe-tschennakite, similar to their host rocks 

vardley, 1 9 89). 

07Reilly (1 976) and Hwang (1985) reported evidence for a contact metamorphic 

aureole associated with the Brenton Pluton, m the form of amphibolite-facies rocks 

located near the western and northem contacts of the pluton 07Reiiiy (1976) reported a 

change in metamorphic grade in the country rock (Halifax Formation) east of the pluton 

fkom arnphi'bolite facies to chlonte grade, and interpreted the change to indicate a contact 

aureole. Hwang (1 985) did not find evidence of a contact aureole east of the pluton but 

attributed the absence to a fàuited contact between the Brenton Pluton and the Halifax 

Formation. No compelling evidence for contact metamorphism was found in this study. 

The high metamorphic grade on the western and northern margins of the pluton is 

consistent with the regional metamorphic grade observed localiy in the White Rock 

Formation away fkom the Brenton Pluton. 

Culshaw and Liesa (1997) interpreted two episodes of defonnation and 

metamorphism in the Yarmouth area. The fist episode, Dl, was a single-phase episode 

during the Acadian orogeny (ca 415 - 370 Ma) to which they attributed the formation of 

major folds, initiation of the shear zone at Cape Forchu, and the formation axial plaaar 

cleavage. A U-Pb age of 380 +/- 3 Ma for monazite in the Brenton Pluton has k e n  

interpreted to be the age of low-pressure, high-temperature metamorphism (J.D. Keppie, 

written c o m ,  NSDNR, 19991, which indicates peak metamorphism at ca. 380 Ma in the 

Yarmouth area. Metamorphic grade achieved during this episode was variable but locaiiy 

reached gamet zone. 



The second e p k d e  of deformation @2) was described by Culshaw and Liesa 

(1 997) as polyphase, with effects such as the ovemiming of D 1 folds, reactivation of 

older shear zones and initiation of shear zones on the oirter limbs of the D 1 fold at 

Cranberry Head and Chebogue Point. Greenschist-facies metamorphism which 

accompanied the deformation included temperatures suffîcient to reset micas and variably 

overprint earlier grade. '%r/-'~r dating of muscovite grains in D2 shear zones by 

Culshaw and Reynolds (1 997) indicated a Mid-Carboniferous (Alleghanian-Varisam) 

age of ca. 320 Ma for the D2 event. 

The foliation in the White Rock Formation and Brenton Pluton (Fig. 2.1) 

developed during Dl. In thin section, the foliation is defined by alignment of minerals 

such as amphibole and mica. Foliation in the White Rock Formation is best developed in 

metasedimentary rocks, particularly slate and schist. Slate sarnple 144-1 fiom unit S m t  

near the core of the syncline shows evidence for one episode of deformation with pre- or 

syndeformational growth of chloritoid porphyro blasts. Schist samples fkom Goverment 

Brook reveal a more complex history. Biotite porphyroblasts contain randomly oriented 

inclusions, indicating growth pnor to foliation of the mat& Plagioclase porphyroblasts 

contain aligned inclusions but the orientation is not parailel with the ma- indicating 

that plagioclase growth occurred der initial foliation of the matrix and that deformation 

continued after plagioclase growth. Gamet porphyroblasts also have aiigned inclusions 

which are not paralle1 with the matrix, indicating syndeforrnational growth of garnet. 

Stamlite grains a h  contain aligned inclusions but the trend of the inclusions is close to 

the trend of the matrix foliation This relationsbip may indicate that staurolite growth was 

later than gamet or plagioclase formation 



Slate and phyllite wïth well developed crenulation at Cmkrry Head and 

Chebogue Point are within D2 shear zones proposed by Culshaw and Liesa (1 997). Minor 

fadts also occur at Chegoggin Point, Overton, Cape Forchu West and Sunday Point 

which may be the result of either Dl or D2. A possible metarnorphic feature of D2 is the 

growth of amphibole which cuts across previous foliation, seen in some samples of mafic 

-and flows. Another eEect of D2 greenschist metamorphism is possible retrogression 

of homblende (characteristic of upper greenschist and amphibolite facies) to more 

actino lit ic compositions (characteristic of greenschist-facies conditions). 

Local metasomatism of dykes may be indicated by u n d  muierdogy and 

texture exhibited by samples such as 199- 1 and samples with very coarse-grained sheaf 

texture amphibole (1 3 1-1 and 132- 1). These samples are not foliated, suggesting 

metasomatism post-dated D 1 deformation. 



Chapter 4 Geochemistry and Age 

4.1. Introduction 

The purpose of this chapter is to describe and interpret the chemicai 

characteristics of the igneous rocks in the study area. The chernical data are also used to 

assess the relationship between the volcanic rocks of the White Rock Formation and the 

Brenton Pluton, and to interpret the tectonic setting in which they were fomed. A W b  

date and Sm-Nd data are presented for a felsic v o I d c  sample fiom the White Rock 

Formation to assist in the interpretation of petrogenesis of the felsic rocks and establish 

the age. 

Geochemicd data obtained during the present study include major and trace 

eiements £iom 40 sarnples. Results and methods of analysis are presented in Appendix C. 

Twenty-one of the samples are fiom the White Rock Formation: 7 samples fiom inferred 

mafic flows in units Sm, S m b  and S w b  5 samples fiom mafic tuffin units S-f 

and SWRmt, 3 mafïc lithic tuff samples fiom unit Smt, 1 sample of mafk crystal tuff 

fiom unit Smr, 3 amphibolite samples fiom units S- and S m ,  an intermediate 

crystal tufY sample fkom unit S m ,  and a felsic crystd tuff sample from unit SWRA (Fig. 

3.1). Eight samples are from d c  dykes and sills, six hosted by the White Rock 

Formation and two by the Halifax Formatioa The remaining 1 1 analyzed samples are 

from the Brenton Pluton (Fig. 3.1). 

In addition, rare earth element data (Appendix D) were obtained for 7 of these 

samples (3 mafic flow samples, 1 felsic crystal tunsample, 2 samples fiom mafic sas, 

and 1 sampie fiom the Brenton Pluton). The felsic crystal tuffsample was also analyzed 



for Sm and Nd isotopes (Appendix E), and zircon nom the sample was dated using the 

U-Pb d o d  by J. Ketchurn at Mernorial University, St. John's, Nedoundland. 

4.2. Effects of Alteration and Metamorphism 

Field and petrographic evidence described in chapters 2 and 3 shows that 

metamorphism and alteration have afEected the rocks in the study area. Original igneous 

minerals, which probably included olivine, pyroxene and plagioclase, have been 

metamorphosed to phases such as amphibole, biotite, and albite. Quartz veining is 

extensive and calcite veins and infdling of voids are also cornmon. Samples contain 

abundant chlorite, epidote, sericite, saussurite and carbonate minerals. Rocks which have 

undergone these mineralogicd and texturd changes are likely to &O have undergone 

element mobility (e.g. Rollinson, 1993). Generally, incompatible elements of low field- 

strength (e.g. Cs, Rb, K, Ba, Sr) are likely to be most mobile (Brewer and Atkin, 1989; 

Roilinson, 1993; Brewer and Menuge, 199 8). Under greenschist- and amphibolite-facies 

metamorphic conditions, elements such as Fe, Mg, Na, K, Si, Ca, and Na are known to be 

mobile in basalts (Roilinson, 1993). In contrast, high field-strength elements such as 

REE, Sc, Y, Th, Zr, Hf, Ti, Nb, Ta, P are typically immobile (Floyd and Winchester, 

1978; Roilinson, 1993). Mobility of transition metals varies; Mn, Zn and Cu tend to be 

mobile (particularly under high-temperature conditions) whereas Co, Ni, V, and Cr tend 

to be immobife @toilinson, 1993). 

Loss on ignition (LOI) values also provide an indication of the degree of 

alteration in mafïc rocks. Mdic samples fiom the study area have LOI values ranging 

fiom 0.1 % to 4.01 % (Appendix C). Mafic tuffsamples have the highest values of LOI 



of the volcanic samples, and mafic flows and dykes and sills have the lowest values. 

Samples fiom the Brenton Pluton have the lowest average LOI values. 

In order to assess mobility of elements analyzed in samples IÏom this study, 

diagrams were constructed which plot typically immobile elements against both mobile 

and other potentially immobile elements (Fig. 4.1,4.2). Plots of 'inobile" elements and 

oxides such as Sioz, Cao, &O, Ka, Rb, and Sr versus relatively 'ïmmobile" Nb show 

little correlation, indicating these elements are probably unreliable (Fig. 4.1,4.2), 

whereas plots of TiOr against Nb, Zr versus Nb, V versus TiOz and Y versus Zr (Fig. 4.2) 

show linear correlation among the mafïc samples, particularly mafic flows, indicating 

immobility or at lest  "coherent mobility" during alteration or metamorphkm Therefore, 

elements such as Zr, Nb, V, Ti and Y are likely to be more reliable indicators of original 

chemical characteristics than Si, Ca, Na, K, Rb, or Sr. The plot of Y versus Nby although 

linear, does not have an origïn at 0,0, indicating some mobi le  (enrichment) on the part 

of Y (Rollinson, 1 993). The more felsic volcanic samples and samples fkom the Brenton 

Pluton generally plot separately fiom the mafic samples. Samples fiom the Brenton 

Pluton show intemal consistency and generally plot together, whereas the two 

intermediate and felsic crystal tu£î samples typically plot in dBerent places. 

Another method of gauging alteration is to plot data on an "igneous spectnim" 

diagram (Fig. 4.3), which uses the typicdiy mobile components K20 and Na20 to 

illustrate degree of alteration. Most samples fiom mafk flows plot in or near the igneous 

spectrum, whereas tufkeous samples scatter into both the spilite and keratophyre fields 

(Fig. 4.3). Mafk dyke and sill samples also show scatter. Samples fiom the Brenton 

Pluton and felsic crystal tuEsample 4- 1 also plot in or near the igneous spectrum, but 
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Figure 4.1. Plots of (a) SiO, (b) Cao, (c) NhO, and (d) K,O against Nb to evaluate 
degree of chernical alteration in analyzed samples. 



Figure 4.2. Plots of (a) Rb, (b) Sr, (c)TiO, and (d) Zr against Nb, (e) V against TiO, 
and (f) Y against Zr to assess degree of chernical alteration in analyzed samples. 
Symbols as in Figure 4.1. 



Figure 4.3. Samples fiom the study area plotted on the igneous s p e c t m  of Hughes 
(1 973). S ymbols as in Figure 4.1. 



the intermediate crystal tuff sample 9- 1 plots in the spilite field The anomalous 

composition of sample 9-1 is also apparent in figures 4.1 and 4.2 (i-e., high Nafi, Nb, 

and Zr and low K20 and Rb). 

4.3. Major Element Geochemistry 

4.3.1. Mafic Volcanic Rocks 

Silica contents in d c  voicanic samples range nom 43.01 % to 52.40 % (Fig. 

4.4). Mafic tuffsamples generally have a wide spread in major element contents, 

probably reflecting, at least in part, the primary Uihomogeneity of Maceous samples. 

The rnafic flows show less variation thau the tuffaceop samples, with a range of Sioz 

between 45.55 % and 48.03 % (Fig. 4.4). A plot of Ti02 versus Si02 (Fig. 4.4a) shows a 

weak negative correlation with Sioz. Higher values of TiOz in mafic rocks are consistent 

with higher abundance of Ti-bearing minerds such as magnetite and titanite. Plots of 

Fe203: Mhû and Mg0 also show a weak negative correlation with SiOz (Fig. 4.4c, ci, e). 

Higher abundance of these elements in low-Si02 volcanic samples is consistent with 

higher abundance of ferromagnesian minerals such as amphile,  biotite and epidote 

compared to samples with higher Sioz. 

Ca0 shows no apparent correlation with Sioz values (Fig. 4.4g). Samples fiom 

mafic flows show a range in Ca0 content fiom 4.64 % to 10.81 % and mafic hiffsamples 

(including lithic tuff) range fiom 7.13 % to 12.5 1 %. Caû values in the three samples of 

amphibolite range fiom 6.95 % to 11.18 % (Fig. 4.4g). show no correlation with 

Si02 Fig. 4.4b). Most ma& volcanic samples have between 13% and 17% Ai203, except 

for a sample of mafic crystal tu£F which contains 19.04 %. Values of Ca0 and M203 are 
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Figure 4.4. Major element variation diagrams for samples fkom the study area 
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Figure 4.4. continued. 



consistent with very hi& plagioclase content in the d c  samples (relict c r y d  and 

matrix grains). Samples with lower values are a lithic tufhample and mafic tuffsamples 

with very low plagioclase content, abundant alteration and abundant amphibole and 

epidote. 

Plots of Na20 and Kfl  also show no correlation with Si02 (Fig. 4.44 0, 

reflecting high mobility demonstlated in Figure 4 . 2 ~  and d The variation diagram of 

-0 shows wide range in mafïc volcanic samples, especially a m n g  tuffaceous samples, 

with values fiom approximately 1 % to 6.5 %. Na20 values in flow samples cluster 

between 2.5 % and 4.5 %, correlating with less alteration, as suggested in Figure 4.3, and 

greater homogeneity compared to tufniceous samples. The range in &O values among 

rnafïc amples is much less than -0, and values are within a 2 % range. Samples with 

higher values have higher biotite abundances. 

Mafk volcanic samples generally contain similar levels of PzOs (Fig. 4.40 but 

mai% tuffsamples display a wider range of values than mafk flow or amphibolite 

samples. 

4.3.2. Intermediate and Feisic Volcanic Rocks 

The intermediate crystal tuE(sample 9- 1) has a SiOz content of 61.16 %, whereas 

the felsic crystal tuE(sample 4-1) contains 71.17 % SiOz (Fig. 4.4). TiOz, FqO:, MnO, 

MgO, Ca0 and P205 values are low cornpared to those in mafic samples, consistent with 

low abundances of opaque mherals, ferromagnesian minerais, titanite and apatite relative 

to mafic rocks. Sample 9-1 has high Na20 content, (8.72 %), consistent with its high 



abundance of (sodic) plagioclase. In contrast, sample 4-1 has high K20 content (6.43 %), 

consistent widi its high content of modal K-feldspar. 

4.3.3. Mafic Dykes and Siiis 

Most of the samples fiom d c  dykes and sills are chemically similar to the 

d c  volcanic samples (Fig. 4.4). The samples plot withh the range of mdic volcanic 

samples in Altop, Fe20& MgO, K20 and Ca0 contents, but some samples are outside the 

mafk volcanic field on other plots. In the case of MnO and PlOs, mafic dyke samples 

199-2 and 94-1 have higher abundances relative to other dykes and sills and to mafic 

volcanic samples. Sample 199-2 has elevated Mn0 content which is consistent with the 

abundance of almandine-spessartine gamet porphyroblasts, and both sample 199-2 and 

94-1 have higher Pf15 contents, consistent with high abundances of apatite observed in 

thin section Samples 207-1 and 199-2 have lower Na20 content relative to other dykes 

and sius, as weil as tu mafic volcanic samples. These samples have less plagioclase and 

abundant sericite alteration. Sarnple 202- 1 fiom a dyke in the Halifax Formation has an 

anomalously low Ti02 value with respect to other dykes and sills and contains a lower 

abundance of opaque minerais. 

4.3.4. Brenton Pluton 

The 1 1 analyzed samples fiom the Brenton Pluton consistently cluster together on 

the Sioz variation diagrams (Fig. 4.4). They have higher Sioz contents (74.78 % -77.48 

%) ihan felsic crystal tufF sample 4- 1 (7 1.1 7 %) and correspondingly Io wer TiOÎ, Fez03: 



MnO, MgO, Ca0 and P205 contents. They also have lower A1203 and &O contents, but 

similar Na20 contents (Fig. 4.4). 

4.4. Trace Element Geochemistry 

4.4.1. Mafic Volcanic Rocks 

Concentrations of Ba in &c samples from the Yarmouth area range fÎom less 

than Z ppm to 659 ppm, but most values are l e s  îhan 400 ppm @ig. 4.5a). Mafic flows 

have a slightly higher average Ba concentration than mafic tuff samples, consistent with 

overd higher biotite abundance. Rb concentrations are less than 40 ppm and form a 

coherent cluster with little variation Fige 4-33). 

A plot of Sr versus Sioz shows little correlation with Si02 (Fig. 4.5~). Sr has a 

wide spread of values in mafic rocks, consistent with variable abundance of plagioclase 

and ampàibole. Mafk fiow samples show l e s  variation than t u 8  samples. Amphibo lite 

samples and samples of mafic lithic tuff have similar Sr concentrations and sMilar 

plagioclase and amphibole contents. Mafic tuffcontains the least Sr on average compared 

to other mafïc rocks, reflecting lower plagioclase contents and lack of relict plagioclase 

crystals. 

No wrrelation is apparent between Y and Si@ (Fig. 4.5d). Y values range fiom 

23 ppm to 46 ppm, and samples of mafic tuffhave the widest spread of concentrations, 

consistent with inhomogeneity of the samples. Less variation is seen in amphibolite and 

maf?c fiow samples. 

Values of Zr are between 55 ppm and 480 ppm in the mafic samples and no 

correlation with Si02 is apparent (Fig. 4.5e). M c  flows have slightly higher average 
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Figure 4.5. Tnice element variation diagrams for samples fiom the study area. 
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concentrations than mafk tuffor amphiboiite. Values of Nb in mafic volcanic rocks are 

between 8 ppm and 39 pprn with no correIation with Si02 (Fig. 4-50. Mafic tuEsamples 

contain the widest range of Nb and lithic tuffand amphibolÏte show the least variation. 

Sarnples with elevated Zr concentrations also have elevated Nb values. 

The abundance of Zn in mafic volcanic samples ranges f?om 80 pprn to 175 pprn 

and shows weak negative correlation with Sioz (Fig. 4.5g). The concentration of Pb 

ranges fkom -4 pprn and 2 1 ppm (Fig.4.5h)- The amount of Cu in d c  volcanic samples 

ranges Grom K 1 pprn to 72 pprn (Fig. 4.53. The samples with highest Cu concentration 

have the lowest Zn levels and vice versa. 

The abundance of Ni in samples fiom the study area varies between <1 pprn to 

618 pprn but most values are less than 100 pprn (Fig. 4-53. Mafic tun samples have the 

largest spread of values and highest Ni contents whereas mafk flow samples plot 

together with between cl pprn and 120 pprn N i  Chromium contents range fiom less 

than 1 to 805 pprn (Fig. 4.5k). As with Ni, &c tufï samples have the highest values of 

Cr and the widest concentration range and sampIes of flows have more consistent in Ni 

contents. Samples high in Ni and Cr also have high Mg0 and may orgiBally have 

containeci more olivine and pyroxene. 

Cobalt values range fiom 50 pprn to 101 pprn and show negative correlation with 

Si02 (Fig. 4-51), reflecting higher amounts of ferromagnesian minerals present in the 

mafic rocks. 

Abundance of V in mafic volcanic samples varies fkom 180 pprn to 410 pprn (Fig. 

4.5m). Mafk tuffand rnafic flow sarnples show a similar range of values. Samples with 

abundant V dso have high amounts of TiOz and the highest concentrations occur in 



samples with the highest titanite and opaque mineral content. Sc Ievels range fiom -4 

pprn to 44 ppm and show no correlation with Si02 content (Fig. 4.5n). Tuffaceous 

samples tend to have bwer Sc contents than samples of mafk flows. Concentraiions of 

Ga vary between 16 pprn and 43 pprn (Fig. 4.50). Concentrations of  Sn and Th are low in 

mafic samples, ranging fiom cl pprn to 5 pprn and cl pprn to 3 ppm, respectively (Fig. 

4.5~9 q). 

4.4.2. Intermediate and Feisic Volcanic Rocks 

Felsic crystal tuff sample 4-1 contah higher Ba and Rb contents than the 

intermediate sample 9-1 (Fig. 4.5). Higher concentrations of Ba and Rb are consistent 

wah a higher abundance of &O in sample 4- 1 and related to the higher K-feldspar 

content. The intermediate sample 9- 1 has a higher Sr content than the felsic sample, 

consistent with higher plagioclase content- Rb and Sr (and Ba as well) are mobile in these 

rocks as ïiiiistrated in Figure 4.3, and sample 9-1 is more altered tban sample 4- 1 (Fig. 

4.3). Therefore cornparison of these elements between the 2 samples is not likely to 

reflect the original relationship. Sample 9-1 also displays higher Zr, Nb and Cu 

concentrations than the felsic sample (Fig. 4Se, ft i). Abundances of Zn, Pb, Ni, Cr, Co, 

V, Sc, Ga, and Th and are generally similar between the two samples (Fig.4.6g, 4 j, k, l, 

m, n, O, q). 



4.4.3. Mafic Dykes and SiUs 

Mafk dyke sample 94-1 fiom the White Rock Formation has the highest 

concentrations of Ba, Sr, Zr, and Zn of alI the d c  samples (Fig. 453, c, e, g) and has 

higher concentrations ofNb, Cu, Ni, Ga, and Sn thm other dykes or sills (Fig. 4.5fJ i, j, O, 

p). No correlation is apparent between trace element concentrations and amphibole 

textures described in section 3.3. Trace element values in rnafic dykes and sills are 

similar to those in maiTc volcanic samples, except for siightly higher abundances of Zn 

and V (Fig. 4.5). 

4.4.4. Brenton Plu ton 

Most trace elements show only siight variation in samples fiom the Brenton 

Pluton. The exceptions are Y (3 1 ppm - 59 ppm; Fig, 4.6d) and Zr (78 ppm - 2 15 ppm; 

Fig. 4.5e). Compared to the felsic crystal tuffsarnple 4-1, most trace element 

concentrations are similar, except for lower Zr (Fig. 4.5e), higher Nb (Fig. 4-50, and 

higher Sn (Fig. 4 . 5 ~ )  in the granite sarnples. 

4.5. Rare Earth Element Geochemistry 

4.5.1. Mafic Volcanic Rocks 

Three samples fiom mafic flows in units SWb Sm, and S w t  show 

enrichment in iight REE (LEE) relative to chondrite abundance and Iess enrichment in 

heavy REE (HREE) relative to chondrite composition (Fig. 4.6). Samples 2- 1 and 75A-1 

have simitar REE patterns overd and are lower in L E E  than sample 85-3, but ail three 

samples show similar depletion in HREE. The REE patterns of the mafic samples are 
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Figure 4.6. Chonclrite-normalized REE diagram for matic flow sarnples from the White 
Rock Formation and the East a c a n  Rift. Chondrite normaIizing values are fiom Sun 
and McDonough (1989). 



similar to patterns of basalt samples fiom the East Afi5can (continental) Rift zone (Fig. 

4.6), but show bigher values of middle REE (Sm, Eu, Gd). They show no Eu anomalies, 

suggesting tbat feldspar fkactionation was not a significant pmcess in their evolution 

LaBm values for mafic volcanic samples range fiom 3 -23 to 3.95 and Gd/Lu values are 

between 20.36 and 3 1.68. 

4.5.2. Felsic CrystaI Tuff 

Felsic crystal t .  sample 4-1 shows enrichment in L E E ,  a negative Eu momaly, 

and depietion in HREE concentrations (Fig. 4.7). The ample has a REE pattern similar 

to that of trachyte and rhyolite samples fiom the East f i c a n  Rift (Fig. 4 3 ,  except the 

overall REE abuudance is much lower. The LaiSm value for sample 4-1 is 6.40, higher 

than found in the mafic volcanic samples. The value of Gd/Lu is 1 1.73, lower tàan the 

Gdnu values found in the mafic volcanic samples. 

4.5.3. Mafic Sills 

Two samples fiom mafk sills in the White Rock Formation were analyzed for 

REE and, like d c  flow samples, are enriched in LREE relative to chondrite 

abundances (Fig. 4.8). nie REE patterns are generdy similar to those of mafic flow 

samples, especidy samples 2-1 and 75A-1. The similarity supports a comagmatic 

relationship between the sills and dykes and the mafic volcanic rocks of the White Rock 

Formation. They resemble trends shown by basalt nom the East Al?kan Rift (Fig. 4.8). 

The La/Srn values for the sill samples are 3.93 and 3.47 and the values of Gdnu are 

23.81 and 19.34, similar to values found in mafk volcanic samples. 
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Figure 4.7. Chondrite-norrnalized REE diagram for a felsic crystal tufT fiom the White 
Rock Formation, a granite sample f?om the Brenton Pluton and felsic samples fiom the 
East M c a n  Rifi. Chondrite normalizing values are fkom Sun and McDonough (1 989). 
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Figure 4.8. Chondrite-normalized REE diagram for mafic dyke samples fkom the White 
Rock Formation and d c  samples fiom the East Afncan Rift. Chondrite normalizing 
values are Eorn Sun and McDonough (1989). 



4.5.4. Brenton Pluton 

The chondrite-normalized REE pattern of sample l6lD- 1 from the Brenton 

Pluton is slightly different fiom thai of the felsic crystal tuff(Fig. 4.7). The sample is 

slightly less enriched in La and Ce, but overall, it is slightly more enriched in LREE and 

middle REE than the felsic volcanic sample. The granite sample a h  has a stronger Eu 

anomaly and is less depleted in HREE. The patterns for both samples are generally 

paralel indicating a possible comagrnatic relationship between the two units or simila. 

sources. The La/S m value for the sample fiom the Brenton Pluton is 4.93, slightly higher 

than found in the felsic volcanic sampIe. The value of Gd/Lu is 12.24, similar to the value 

found in sample of felsic volcanic rock. 

4.6. Chernical Affinity and Tectonic Setting 

4.6.1. Mafic Volcanic Rocks 

Interpretation of chernicd S i t y  and tectonlc setting of altered W o r  

metamorphosed rocks is possible by using elements which are relatively immobile during 

these processes (Wiichester and Floyd, 1 977; Floyd and Winchester, 1 978; RoUinson, 

1993). As was sbown in section 4.2, the elements Ti, Zr, Nb and V appear to be relatively 

immobile, or at least coherently mobile, in the mafic samples fiom the study area These 

elements are used to assess the original igneous character and tectonic setting. 

A plot of Zr/Ti& agaùist Nb/Y CO- that the rocks have basdtic 

compositions (Fig. 4.9). Ratios of Nb/Y are between 0.3 and 1 -5, suggeaing that the 

rocks range fiom subalkalic to alkalic, but as shown in Figure 4.2f; Y contents may not 
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Figure 4.9. ZrmO, vs. NbrY diagram showing the chernical &ty of samples fkom 
the study area. Fields after Winchester and Floyd (1 977). 



reflect the origjnal rock compositions, and may be elevated relative to Nb. Therefore the 

samples may have k e n  more aIkalic than suggested by this diagram. 

A ternary plot of Zr-Ti-Y (Fig. 4.10) distinguishes within-plate basalt (WPB) 

fiom mid-ocean ridge basalt (MORB) and calc-allcaline basalt (CAB). Samples of mafic 

flows, amphibolite and d c  lithic tuff plot together in the WPB field. One matTc tu£€ 

sampIe (148- 1) plots anornalously in the low potassium tholeiîte and ocean-floor basalt 

fields due to its low Ti02 and Zr contents relative to Y. A within-plate afnnity is also 

shown on a pIot of Th-Hf-Ta (Fig. 4.1 1) where three mafic volcanic rocks (flows) 

analyzed for Hf (as part of the REE analytical suite; Appendix D) plot in the E- 

MOREVwithin-plate tholeiitic field. A within-plate affinity is supported by a Zr-Nb-Y 

diagram (Fig. 4-12), on which the mafk samples plot mainly in the within-plate field, 

except for mafic tun sample 148- 1 (discussed above). A V-Ti discrimination diagram 

(Fig. 4.13) suggests that the majority of the samples are alkalic because they do not show 

the increase in V with Ti that û characteristic of tholeiitic suites (Shervais, 1982). Sample 

148-1 also plots in an anomalous position on the V vs Ti diagram due to to a high V 

content relative to Ti, 

Multi-element (spider) diagrams using relatively immobile elements have been 

used to fingerprint various rnafic suites (Pearce, 1996). The mafic flow samples are most 

similar to the average within-plate alkalic basalt, as suggested by higher Th, Nb, Ce, Zr, 

and Ti02 contents compared to the average within-plate tholeiitic basalt (Fig. 4. Ma). 

Patterns of mafic sills fkom the White Rock Fomiation appear similar to patterns of 

average within-plate alkalic and average within-plate tholeiitic samples (Fig. 4.14a) but 

the patterns of si11 samples have slightly steeper dope and they are more enriched in 
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Figure 4.10. Zr-Ti-Y temary discrimination diagram for rnafic samples fiom the shrdy 
area with fields fiom Pearce and Cam (1973). Samples plot maidy in the within-plate 
basait W B )  field. Symbols as in Figure 4.9. 
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Figure 4.11. Th-Hf-Ta temary discrimination diagram for rnafic flow and dyke samples 
from the White Rock Formation. Samples plot mainly in the E-MORB and within-plate 
field. Fields fiom Wood (1980). Symbols as in Figure 4.9. 
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Figure 4.12. Zr-Nb-Y temary discrimination diagram for mafïc samples fiom the study 
area. Fields after Meschede (1986). Samples plot mainly in the within-plate fields. 
Symbols as in Figure 4.9. 
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Figure 4.1 3. V vs. Ti discrimination diagram for mafk samples fiom the study area 
Samples plot mainly in the within-plate alkaiic field. Fields from Shervais (1982). 
Symbols as in Figure 4.9. 
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incompatible elements than the pattern of the average within-plate tholeiite sample. The 

samples fiom the White Rock Formation appear to resemble the pattern f?om the alkalic 

basalt fiom the Gregory (Kenya) Rift more closely tlian the other samples fkom the East 

f i c m  Rift on the diagram (Fig. 4.14b). 

4.6.2. Intermediate and Felsic VoIcaoic Rocks 

On a plot of Zr/Ti02 versus NbrY (Fig. 4-91, sarnple 9-1 plots in the trachyte 

field, whereas sample 4-1 plots near the '%riple junction" between the rhyodacite, 

trachyandesite, and rhyolite fields. Because of the anomalous composition of sample 9-1 

(e-g. Figure 4.2), the apparent trachytic compostion is not likely a primary igneous 

feature. On the Rb-Y+Nb and Nb-Y tectonic setting discrimination diagrams, the samples 

have within-plate chracteristics (Fig. 4.15). Sample 4 1  has a high GdAl ratio, indicative 

ofA-type afnnis- in felsic rocks (Whalen et al. 1987) (Fig. 4.16). A-type granites 

generaily are characterisitc of continental within-plate tectonic settings (Whalen et al. 

1987; Eby IWO). A plot of Y-&Ga suggests a mainly mantle source for intermediate 

sarnple 9-1 but possible derivation fkom crustal sources for sample 4-1 (Fig. 4.17) (Eby, 

1992). 

4.6.3. Mafic Dykes and Sills 

As shown in sections 4.3,4.4, and 4.6, samples fiom mafic dykes and sills in both 

the White Rock and Halifax formations have chemical compositions similar to the mafïc 

volcanic rocks of the White Rock Formation. Hence, they &O have a similar chemical 

affinity and tectonic sening (Fig. 4.9 - 4.14). Two samples (202-1 fiom the Halifax 
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Figure 4.15. (a) Rb versus Y+Nb and (b) Nb versus Y discrimination diagrarns for 
felsic rocks fiom Pearce et al. (1984). Samples plot in the withui-plate fields. 



Figure 4.16. Zr versus GdAl discrimination diagram for felsic rocks from Whalen et 
al. (1987). SampIes fkom the study area plot in the A-type granite field. Symbols as in 
Figure 4.15. 
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crustal A-type granitoids fiom Eby (1 992). 



Formation and sample 94-1 fiom the White Rock Formation) tend to plot awmdously in 

other fields on the diagrams, due to low Ti02 and Zr contents and anornalously high Zr 

contents, respectively. 

4.6.4. Brenton Pluton 

On the Zr/Ti02 versus NblY diagram (Fig. 4.9), samples fiom the Brenton Pluton 

plot mainly in the trachyandesite field, indicating a slightly a W c  character. On a plot of 

N2O3+Na@+K20 versus &03+CaO+Na20+K20 (ANK vs ACM(), they are 

predominantly in the perduminous field (Fig, 4.18). Classification as perduminous is 

consistent with the presence of aluminum-rich minerak such as gamet (Chapter 3). 

However, the samples have high GaiAl ratios, indicative of A-type granites (Fig. 4.16). 

They also plot in the within-plate granite field on tectonic setting discrimination plots 

(Fig, 4.15). An anorogenic, within-plate character is suggested for the Brenton Pluton On 

the Y-&Ga* 3 diagram, samples plot mainly in the mantle-source field (Fig. 4.17). 

4.7. U-Pb Age of FeIsic Crystal Tuff in the White Rock Formation 

In order to better constrain the age of the White Rock Formation in theYarmouth 

area, felsic crystal Wsample 4-1 fiom unit S- at Sunday Point was coilected for U-Pb 

dating. Analyses were done and interpreted by J. Ketchum at Mernorial University. Six 

hctions were analyzed; four fiactions were prismatic and strongly discordant with an 

upper intercept age of 206 1 +/- 24 Ma and a lower intercept age (cry stallization age) of 

438 +/- 10 Ma (Fig. 4.19). The two remaining hctions were srnail colourless, euhedral 

needles which plot at or near the lower intercept of the prismatic fiactions at ca. 438 +3/- 
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Figure 4.1 8. ANK versus ACNK discrimination diagram for felsic rocks Grom Maniar 
and Piccoli (1989). Felsic rocks fiom the study area plot in the perduminous field. 
Symbols as in Figure 4.17. 



Figure 4.19. Concordia diagram for felsic cryçtal hiff sample 4-1, unit Sm. Age of 
crystalhation is 438 +3/-2 Ma. 



2 Ma The upper intercept age is fiom zircons inhented Eom the crust, either during 

melting or by contamination (Rollinson, 1993). The age given by the prismatic bctions 

(43 8 +3/-2 Ma ) is considered to be the t h e  of crystallization of the hiffand its 

significance is discussed in Chapter 5, 

4.8. Sm-Nd Isotopic Data 

Sample 4-1 was also analyzed at Mernorial University for Sm and Nd isotopes 

(Appendix E) @ig. 4.20). The calcdated &Nd value is +1.37 at 440 Ma and the depleted 

mantle age (TDM) is 1209 Ma. The &Nd value is higher than expected for a direct crusta1 

melt (&Nd near 4 at ca 2000 Mh), but too low to be an uncontaminated mantle melt 

(&Nd near +9 at ca 440 Ma) (Fig. 4.20) (Rollinson, 1993; Raymond, 1999, suggesting 

that the mantle-derived magma interacted with cmstai material. C d  contamination is 

also supported by the zircon inheritance described in section 4.7. 

4.9. Petrogenesis 

4.9.1. Mafïc Volcanic Rocks 

The chemical characteristics of the rnafic rocks are most compatible with an 

aikalïc affinity and origin in a withui-plate, continental tectonic setting. The similariries 

in major and trace element compositions are consistent with a comagmat ic relat ionship 

among the samples. The range of Si02 values in mafic samples is s d l  and the number 

of samples with intermediate composition is limited, making trends on variation diagrarns 
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difficult to identi& with confidence. Scatter in variation diagrams of Cao, Kfl, Na20, 

Ba, Rb, and Sr is probably due to metamorphism a d o r  alteration, making original trends 

indicative of feldspar Itactionation diBicuit to identify. The negat ive correlation of M g 0  

and F e m  with Si02 suggests olivine audlor pyroxene hctionation, although neither of 

these minerais is present DOW. To better ident* trends possibly associated with 

fiactional crystallization, mafic samples are plotted on axes other tha.  Si02 in order to 

increase spread of the samples. On plots of Ni vs FeOtIMgO, Cr vs FeOt/MgO, and Ti02 

vs F e O t / ' ,  linear trends are observed, particularly in samples fiom m&c flows (Fig. 

4.21 ). Decreasing Ni and Cr values with increasing FeOt/MgO suggests hctionation of 

both olivine and pyroxene. Increasing Ti02 with FeO/Mgû (Fig. 4.21 c) is characteristic 

of tholeiitic suites in which no Ti-bearing minerds crystallize in the early stages, thus 

concentrathg Ti in the melt. However, such patterns ako occur in alkali suites. 

Three mafïc flow samples have approximately pardel REE patterns, but the third 

sample is slightly less depleted in heavy REE, possibly the result of less hctionation of 

accessory phases, the presence of residual gamet in the source, or variable degrees of 

partial melting (Wilson, 1989). Sample 2-1 and 75A-1 are both enriched in L E E ,  

suggesting sources which may have been enriched in LREE relative to chondrite 

abundance (Wilson, 1989). SampIe 2-1 has low concentrations of HREE relative to both 

LREE and chondrite values, suggesting a source which may have had gamet and or 

pyroxene (Wilson, 1989; Rollinson, 1993). Sample 75A-1 has concentrations of HREE 

greater than 10 tirnes chondrite values, indicating that the source may have ken gamet- 

f?ee (Wilson, 1989). Sample 85-3 is very e ~ c h e d  in LREE compared to both chondrite 

and HREE abundances and has relatively low HREE abundance compared to chondrite 
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Figure 4.2 1. Plots of (a) Ni, (b) Cr, and (c) T i 4  against FeOt/MgO for mafic samples in 
the study area. Symbols as in Figure 4.9. 



values. This pattern is suggestive of srnail degrees of partial rnelting or a source e ~ c h e d  

in LREE (Wilson, 1989)- 

Plots of incompatible elements such as Zr, Nb, La, and Ce show positive 

trends when magmas are evolved by fkctiond crystallization due to the retention of 

element ratios (Wilson, 1989). Raîios of incompatible elements for mafk volcanic 

samples (Fig. 4.22) show trends withui each rock type. WC flow samples show the best 

correlation. The linearity of mafk tuffand rnafic lithic tuffsamples is not as developed in 

as rna£ic flows, pro bably because they do not represent a single magma composition 

4-9.2. Felsic Volcanic Rocks 

Fractionation of feldspar or the presence of residual feldspar in the source d e r  

partial melting is suggested by the negative Eu anomaly in crystal tuff sample 4-1, and 

depletion of HREE may indicate the presence of accessory phases such as zircon 

(Rollinson, 1993; Hanson, 1980). Major and trace element data are inconcIusive about 

whether the intermediate and felsic samples are comagmatic with the mafic volcanic 

rocks (felsic samples show typical trends even ifrocks are unrelated). REE patterns 

indicate that both mafic and felsic volcanic rocks came fiom sources enriched in L E E  

(or gamet was in source?). Ratios of incompatible elements (Nb/Zr, La/Zr, M a )  show 

consistency of ratios between mdïc and felsic volcanic çamples, suggesting a possible 

comagmatic relationship and evo lution through IÎact ional crystallizat ion (Fig.4.22). A 

comagrnatic relationship with the Brenton Pluton does not seem likely (see section 4.9.4). 

Sm-Nd data fiom a sample of felsic crystal tuff supports a comagrnatic relationship with 

the mafic rocks but shows evidence for crusta1 contamination. The ' 4 3 ~ d / ' 4 4 ~ d  ratio for 



Figure 4.22. Incompatible eIerner?t plots for samples fkom the study area. Symbols as 
in Figure 4.9. 



the sample is O S  1260 1, l e s  than bulk Earth value of 0.5 1264, reflecting crusta1 

contamination or rrustal source (Raymond, 1995). Cnistd contamination is supported by 

the €Nd value of t1.37. A crustal source is not likely given the wnsistency of the 

incompatible element ratios of Figure 4.22 and the relatively high &Nd value. A cnistal 

source is suggested by Y-Nb-Ga ratios (Fig. 4.17). 

4.9.3. Mafic Dykes and Siils 

The eight samples of mafic dykes and silis have major, trace and rare eaah 

element compositions similar to those of d c  volcanic rocks. The sïmihïty suggests a 

possible cornagrnatic relatiomhip or at least the same source. The source of sample 1 3 1 - 
1 may have had residual gamet or pyroxene present, as HREE concentrations are only 

slightly above chondrite values. The REE pattern of sampIe 13 1-1 corresponds closely 

with îhe pattern of mafic volcanic sample 2-1, suggesting a wmagmatic relationship. 

Sample 205- 1 has a slightly negative Eu anomaly which is suggestive of fiactional 

crystallization of plagioclase or equilibrium with a piagioclase-bearing mantle source 

(Wilson, 1989; Rollinson, 1993). 

Incompatible element ratios in the sills and dykes appear consistent with those in 

the mafic volcanic rocks (Fig. 4.22). Therefore dykes may be fiom the same source 

(given the REE and majorhace element sirnilarities) and may be related by hctional 

crystaUi7at ion (fko rn same prirnary/parental magma). 



4-9.4. Brenton Pïuton 

Most major and trace element data are similar for the felsic volcanic rock and 

samples fiom the Brenton Pluton but the REE pattern of a sample fiom the Brenton 

Pluton is slightly different than that of the felsic crystai tuff sample (section 4.5.4). The 

mineraIogy of the Brenton Phton and the -le of felsic tuffare also different. 

DBerences in REE patterns and mineralogy may indicate dserent sources, also 

supported by the ratios ofincompatible elements, which in these samples, are different 

(Fig. 4.22). The source for the Brenton Pluton appears to have had fiactional 

crystalluation of feldspar or contained residual feldspar after partial melting, suggested 

by the negative Eu anomaly. Zircon may have been present as well in order to produce 

the observed depletion in HREE (Roi.lhson, 1993; Hanson, 1980). The REE patterns 

indicate that the source of the Brenton Pluton rnay be similar to the source of the felsic 

voIcanic sample but the differences in La, Ce and incompatible element ratios which 

make a comagrnatic relationship (related by fiactional crystallization fiom a similar or the 

same parent magma) unlikely. 



Chapter 5 Discussion 

5.1. Introduction 

The purpose of this chapter is to compare the results of this study wÏth previous 

work on the White Rock Formation in the Yarmouth area, and in the Cape St. Mary and 

Torbrook areas (Fig. 1.1). The White Rock Formation is aIso compared to the Arisaig 

Group of northem mainland Nova Scotia The regional setting of the White Rock 

Formation is discussed in relation to volcano-sedimentary sequences of similar age 

elsewhere in Nova Scotia, New Brunswick and Newfoundland. 

5.2. Cornparison with Previous Work in the Yarmouth Area 

5.2.1. Age of the White Rock Formation and Brenton Pluton 

Lane (1979) identifïed the trace fossil chondrites, gastropods and brachiopods in 

metasedimentary beds in lower parts of the White Rock Formation at Overton (im unit 

Smrof this study). However, the assemblage is not very age-restncted and the range 

estimated for the brachiopod is Caradoc-PennsyIvanim The age obtained as part of the 

present study places the age of the volcanic rocks in upper units (Sm) at 438 +3/-2 Ma 

(section 4.7). 

An identical (within-error) crystallization age of 439 +4/-3 Ma (U-Pb, zircon) has 

been obtained for the Brenton Pluton (J.D. Keppie written CO-, NSDNR, 1999). 



5.2.2. Stratigraphie and Structural Interpretations 

As descri%ed in Chapter 1, previous mapping of the White Rock Formation in the 

Yarmouth area was done by Taylor (1967), Lane (1979) and Hwang (1985)- Each map 

contains interpretations significantly different fkom previous work, as well as fiom results 

of this study. 

The location of the northern contact between the White Rock and Halifax 

formations south of Cranberry Head is plaçed in the same position in this study as in 

previous studies (Taylor, 1967; Lane 1979; Hwang, 1985), between the lowest exposed 

metasiltstone and slate of the White Rock Formation north of Chegoggin and the est 

outcrop of phyllite characteristic of the Halifax Formation. However, the interpretation of 

the location of the southem contact between the White Rock and Halifax formations near 

Chebogue Point is not the same. Previous studies placed the contact M e r  north than 

shown on Figure 2.1 by a few hmdred meters (Taylor, 1967) and as much as one 

kilometer (Lane, 1979). In this study, the contact at Chebogue Point is placed at a fàult 

which separates green-grey slate fkom black slate. This location is a h  marked by an 

abrupt change in aeromagnetic signature, similar to the change observed between the 

Halifax and White Rock formations at Cranberry Head (Fig.2.2). Taylor (1967) placed 

the contact arbitrarily beneath the 10 west volcanic horizon of the White Rock Formation, 

whereas Lane (1979) placed the base at the bottom of felsite and arenite beds at Sand 

Beach and Brooklyn, which he considered to be the first distinctive lithologies of the 

White Rock Formation According to this study, the felsite and arenite beds at these 

locations are not equivaient. Figure 2.1 shows that the beds near Brooklyn are 

stratigraphically Io wer (in unit S-) than beds at Sand Beach (in unit Sm). If the 



contact is placed beneath the felsite and arenite beds at Brooklyn, then the location is 

within a few huudred meters of the placement in this study. Hwang (1 985) placed the 

contact in this area between metagreywacke that he assigned to the White Rock 

Formation and black slate that he designated as the Halifax Formation Placement at this 

location does not correspond with the abrupt change in aeromagnetic signature as closely 

as the location shown on Figure 2.1. Also, according to Hwang (1985), the White Rock 

and Halifax formations are in faulted contact in inland areas, yet he placed the fault at 

Chebogue Point fiuther north between units of the White Rock Formation, implying a 

geologicaI contact between the formations in this area 

Keppie and Dalheyer (1995) reported a shear zone (narned the Deerfield Shear 

Zone) between the White Rock and Halifax formations on the east limb of the Yarmouth 

Syncline but did not describe it in detail. Culshaw and Liesa (1 997) described evidence 

for shear zones centred at the contacts on both the limbs of the synclines at Cape St. Mary 

and Yarmouth (Cape St. Mary Shear Zone, Cranberry Point Shear Zone and Chebogue 

Point Shear Zone - the Chebogue Point Shear Zone corresponds with the Deerfield Shear 

Zone of Keppie and Dallmeyer, 1995) and near the core of the Yarmouth Syncline (Cape 

Forchu Shear Zone). Evidence for the shear zones includes features such as development 

of a second foliation (S2), re-orientation of heations, retrogression of D 1 

porphyro blasts, development of a second lineation &2), transposition of layering parallel 

to S2, cleavage that Iocally overprints Dl porphyroblasts, and a second generation of 

folds @2). Taylor (1967) and Lane (1979) inferred a gradational contact between the 

Halifax and White Rock Formation. Hwang (1 985) interpreted the western contact as a 

fault (although this is not clear on his map) and the eastem contact as gradational near the 



coast and fàulted inland, but the locations of the faults are not the same as shown on 

Figure 2.1. Hwang (1 985) placed the fault at the contact on the western limb slightly 

south of the location shown on Figure 2.1 and the fàuit on the eastern limb is north of the 

location shown on Figure 2.1 but coincides inland near the Brenton Pluton. Hwang 

(1985) stated that there is no clear evidence of faults, such as breccia zones, and that the 

faults are not exposed. Therefore the presence of faults was inferred fiom local variations 

in stmîigraphy, trends of lineations, kink fold axes, foliations and bedding planes as well 

as interpretation fiom aerornagnetic maps. However, there is evidence for the fault at 

Chebogue Point, previously descnbed in Chapter 2. 

Both Taylor (1967) and Hwang (1985) inferred an intrusive contact between the 

Brenton Pluton and the Halifax and White Rock formations, based on inferred relative 

ages. Because the White Rock Formation and the Brenton Pluton are now known to be of 

identicai age but not necessarily comagrnatic (Chapter 4), an intrusive relationship is less 

likely. The Chebogue Point Shear Zone of Culshaw and Liesa (1 997) (Deerfield Shear 

Zone of Keppie and Dallmeyer, 1995) coincides with the contacts between the Halifax 

Formation and Brenton Pluton, supporting the interpretation of a faulted contact. 

O 'ReilIy (1 976) also reported shearhg dong this contact The Chebogue Point Shear 

Zone of Culshaw and Liesa (1997) extends to the contact between the White Rock 

Formation and the Brenton Pluton, and the White Rock Formation near the western 

contact with the pluton appears brecciated and schistose, indicating the presence of a fault 

on the western side of the pluton. The strong foliation in the pluton is parallel to these 

fauited margins. 



The occurrence and location of minor folds and major fâuits in the Yarmouth 

Syncline are interpreted differently in the present study compared to previous stuclies. 

Taylor (1967) showed the White Rock Formation in a simpie, southwest-plunging, 

synclinal structure. Lane (1 979) indicated the presence of two vertical faults within the 

syncline, both of which subparallel the trace of the syncline. They are Iocated near 

the core of the syncline (similar to that shown on Fig. 2.1) and south of Chegoggin Point. 

The location of the central fault coincides with location on Figure 2.1 but no field 

evidence was observed during this study for a fhult south of Chegoggin Point. According 

to Lane (1979), vertical fauhs in these locations caused repetition of stratigraphy on the 

western limb but no evidence for repetition was found in this study. 

Culshaw and Liesa (1997) suggested fiom trends of lineations that the faults on 

the limbs of the Yarmouth Synciine (Cranberry Point and the Chebogue Point shear 

zones) have dip-slip displacement with a local strike-slip cornponent and that the central 

shear zone (Cape Forchu S hear Zone) displays strike-slip movement . Displacement 

shown on Figure 2.1 dong the axis of the syncline is consistent with sûike-slip 

movement. Hwang (1 985) showed a series of high-angle, major NNE-trending fàults at 

Cranbeny Head, south of Chegoggin Point and north of Chebogue Point, which he 

suggested were formed during the opening of the Atlantic Ocean in the Early Jurassic. 

Hwang (1985) aIso indicated two minor synclines separated by an anticiine within 

the major Yarmouth S yncline. Aeromagnetic data in combinat ion with field observations 

during this study and data fiom Culshaw and Liesa (1997) codïmed the presence of a 

fault subparallel to the trace of the syncline. Furthemore, aeromagnetic data and inferred 

stratigraphy suggest that minor synclines separated by a anticline occur within the 



Yarmouth Syncline only in the northeastem part of the map area (Fig. 2.1). However, 

paucity of outcrop in this area d e s  c o ~ t i o n  fiom field observation dficult. 

Culshaw and Reynolds (1997) presented 4 0 ~ r / 3 9 ~ r  ages of c a  320 Ma for muscovite fkorn 

the Cape St. Mary and Cranberry Point shear zones, and cited simüar published data f?om 

the Chebogue Point Shear Zone as evidence for an AUeghanian-Variscan (Carbniferous) 

age for the shear zones. However, the shear zone at Cape Forchu was interpreted to be 

Acadian by Cuishaw and Liesa (1997) as it lacks D2 features described previously. 

The dxerences in structural interpretations between this study and previous 

studies leads to differences in inferred ~natigraphy. It is generdy agreed that the outer 

limbs of the synche contain mainly metasedimentary rocks and that the core is 

dominated by metavolcanic rocks. Both Taylor (1 967) and Lane (1979) based their maps 

on lithology rather than stratigraphy, resulting in a more generalized map with fewer 

units. In the case of Taylor (1967), subdivision of the Whae Rock Formation on a 

lithological basis does not indicate stratigraphy within the formatioa For example, slate 

in the core of the synche, and therefore near the top of the sequence, is shown as the 

same slate which occurs on the outer h b s ,  the structuraUy lowest levels. In the case of 

Lam (1979), iithological subdivision resulted in a map that is overly generalized and 

does not recognize minor lithologies that are present within the general groupings. For 

example, Lane (1979) described the core of the syncline as voicanic rocks, whereas in 

reality it includes both sedimentary rocks and a wide vanety of volcanic rocks (Fig. 2.1). 

Another ciifference between the map of this study and that of Lane (1979) is the 

postulated repetition of the sequence of lithologies on the western lùnb of the syncline 

suggested by Lane (1979) which was attributed to displacement along vertical faults. 



Hwang (1985) also made a stratigraphic interpretation, but it differs nom the 

stratigraphy of this study. His interpretation of two synclines separated by an anticline 

within the major syncline produced a stratigraphic sequence that is reversed in 

comparison with the stratigraphy presented in this thesis. According to Hwang (1985), 

the general succession within the White Rock Formation in Yarmouth is a lower 

sequence of volcanic rocks overlain by a package of metasedimentary rocks (Table 5.1). 

Approximate correlation of shatigraphic units between Hwang (1985) and this study 

(Table 5.1) shows inversion of the stratigraphic sequence as presented in this thesis. 

5.2.3. Geochemistry of the White Rock Formation 

Geochemical results for the White Rock Formation ftom this study are compared 

to those of Sarkar (1978). Complete comparison is not possible as the same suites of trace 

and rare-earth element data are not available. Most samples fiom Sarkar (1 978) were 

collected fiom coastal sections, with ody 5 samples fkom idand areas, and 3 of those are 

nom the same location. Sarkar (1 978) grouped the samples as metabasite, 

'kneWelsite" and metafelsite and each group contains a variety of rock types. 

Metabasite includes the assumed metamorphic equivalents of basalt, pyroclastic rocks, 

diabase and gabbro. The "metadelsite" are transitional between metabasite and 

metafeIsite and consist of metamorphosed equivalents of intermediate rocks such as 

trachyandesite, mugearite and their intrusive counterparts, and metafelsite includes 

assumed equivalents of benmoreite, trachyte, rhyolite and their intrusive counterparts or 



Table 5.1. Correlation of units of Hwang (1 985) with unie of this study. 

1 RELAnVE 1 W A N G ,  ,1985 1 RELATIVE 1 THISSTUDY 
AGE 

oldest 

~ w 1 0  (rnetabasite and 
metapyroclastic rocks) 
Sw9 (auartzite and arenite) 
Sw8 (siltstone, phyilite, schist, 
metarhyo Lite) 
Sw7 (metabasite, metarhyolite, 
conglomerate) 
Sw6 (metaclastic rocks) 
Sw5 (metarhyo lite, metabasite) 
Sw4 (slate) 
Sw3 (metabasite, date, 
pyroc~astic rocks) 
Sw2 (slate- interpreted fiom 
aeromagnetic maps) 
Swl (unknown lithology- 
interpreted fiom aeromagnetic 

AGE 
Oldest SWRN 

4 

oldest 
- - I 



arkose. The protolith for each sample is not clear in Sarkar (1978), making it difïïcult to 

compare rocks within each group (Le. it is not possible to compare tuff and fiow samples) 

and with the more detailed classification ( d c  flow, matic maf~c crystal tuff, mafic 

Iithic a felsic crystal tuff) in this thesis. Sarkar (1978) did not separate dykes and sills 

nom other mafic rocks, and host rocks were not identifie4 making it impossible to 

compare chemistry of dykes and other maf?c rocks, and of dykedsills fkom the White 

Rock Formation to those fiom the Halifax Formation, Eight sarnples fiom Sarkar (1978) 

have trace element data, but no major element data and no petrographic descriptions, 

making it difficult to know whether to compare them to xnafïc, intermediate or felsic 

rocks. These samples are not included in the present cornparison, 

The data set fiom Sarkar (1978) consists of 80 homogeneous metaigneous rocks 

analyzed by atomic absorption spectrometry for major elements and 59 samples analyzed 

by XRF for a paaial trace element data set, Because of the uncertainties described above, 

the overall data sets are compared without distinction among composition or rock type 

(Fig. 5.1, 5.2,5.3,5.4). OveraU, the two data sets are very similar. The only consistent 

differences are in Nb, which tends to be higher in the analyses of Sarkar (1978), and Co 

which tends to be 10 wer. Because of the ciifference in Nb, the samples from Sarkar (1 978) 

generally have more alkalic signatures compared to those of the present study (Fig. 5.3 a, 

b, c, fl g), but plot in simila. fieIds on diagrams not using Nb (e-g. Fig. 5.3d and e). 

Partial REE data are avalable for 22 samples, analyzed using neutron activation 

methods (Sarkar, 1978). Patterns exhibited by mafic samples show the same trends as 

found in the present study, with enriched LREE values relative to chondnte (Fig. 5.5). 

Data fiom mafic samples of this study pIot within the range of pattern shown by mafic 
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Figure 5.1. Major element variation diagams for the White Rock Formation in the Yarmouth 
area and the Brenton Pluton, comparing data fiom the present study to those of Sarkar 
(1978) and O'Reiliy (1976). 
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Figure 5.2. Trace element variation diagrams for samples fiom the White Rock 
Formation and Brenton Pluton, comparing data Grom the present study to those 
fiom Sarkar (1978) and OYReilly (1976). 



SiO, (wt %) 

SiO, ( w t  %) 

SiO, (wt, O h )  

SiO, (wt. %) 

Figure 5.2. continued. 



White Rock Formation 
O This study 

Sarkar (1978) 

Figure 5.3. Discrimination diagrarns for mafic saqks hm the White Rock 
Formation, Yamourth area, comparing data fiom the present study to those of Sarkar 
(1978)- Fields and sources as in figures 4.9,4.10,4.11,4.12. 
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Figure 5.4. Discrimination diagrams for felsic samples fiom the White Rock Formation 
and Brenton Pluton, comparing data fiom the present study to data of Sarkar (1978). 
Fields are fiom Pearce et al. (1 984). 



White Rock Formation 
This study 
Sarkar (1978) 

Figure 5.5. Chondrite-normalized REE plot for mafic samples fiom the White Rock 
Foxmation in the Yannouth area, comparing data fiom the present study to those of 
Sarkar (1978). Chondrite normalking values are f?om Sun and McDonough (1 989). 



rocks fiom Sarkar (1978) and samples fkom both studies show only a slight positive Eu 

anomaly or no Eu anornaly (Fig. 5.5). A REE plot of felsic samples fiom Sarkar (1978) 

shows enrichment in LREE compared to chondrite values and HREE, similar to the felsic 

patterns of this study (Fig. 5.6). One sample fiom Sarkar (1978) has a REE pattern almost 

identicai to the pattern of a sample fiom the Brenton Pluton, whereas the other appears 

more evolved as it is more enriched in all REE except Lu. 

The suggestion by Sarkar (1978) that two rnagmatic series are represented (a 

strongly differentiated, mildly alkaline basait trachyte series and an O W e  tholeiite- 

rhyolite series) is not substantiated by this study. Sarkar (1978) suggested the presence of 

two series based on trends observed on a plot of Mg0 against Fe203 +FeO, an AFM 

diagram and the D.I. (normative Q+OrtAb+Ne+Lc) versus Si02 diagram. These plots 

use elements that are known to be mobile (Fig. 4.2-4) and therefore may not accurately 

represent the original composition of the samples. Figures 5.1 and 5.2 indicate similarity 

between the samples fiom this study and those nom Sarkar (1978) and figures 5.3 and 

5.4 show predorninantly alkalic, within-plate signatures for samples fiom both studies. 

5.2.4. Geochernistry of the Brenton Pluton 

Seven samples of the Brenton Pluton were analyzed by O'ReilIy (1976) for major 

elements and a partial set of trace element m, Sr, Zr, and Nb). Samples were collected 

fiom various locations, includiog north, south and western areas fkom 3 outcrops 

considered poor qiisility, 2 outcrops considered fàir quality and 2 outcrops considered 

good quaiity by O'Reiliy (1976). Five of the seven samples were coilected near the 
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Figure 5.6. Choncirite-normalized REE plot for felsic samples fiom the White Rock 
Formation in the Yarmouth area and the Brenton Pluton, comparing data fiom the 
present study and Sarkar (1978). Chondrite normalizing values are fiom Sun and 
McDonough (1 989). 



approximated contact with the White Rock Formation. The eleven samples fiom this 

thesis were taken fiom more central locations in the rnidde and northern regions of the 

plutoa Outcrop quality in the central portion is excellent and samples were extremely 

fiesh as they were newly excavated fiom a quarry. 

Major element data in the two data sets are similar, with the exception of Mn0 

which is slightly higher in the samples of O'Reilly (1976) (Fig. 5.1). Plots of trace 

element data (Fig. 52.) show that samples fiom O'Reilly (1976) contain similar 

concentrations of Sr and Zr and slightly lower Ievels of Nb and Rb. 

5.3. Cornparison of the Yarmouth Area with Other Areas of the White Rock 

Formation 

5.3.1. Stratigraphy 

Volcanic rocks represent a major component of the White Rock Formation in both 

the Yarmouth and Cape St, Mary areas, Ln contrast, no volcanic rocks are present the 

Bear River area (White et al. 1 998), or in the Black River area (Lane, 2 979) (Fig. 1.1). 

However, in the Torbrook area (Fig. 1. l), the formation contains felsic and mafic rocks 

near the base (Cullen et al, 1 996; Trapasso, 1979; Lane, 1 979). The formation is thickest 

in the Yarmouth area, reaching up to approximately 4 km (Fig. 2.1). In the Bear River 

and Torbrook areas, thicknesses are approximately 1200 m (White et al., 1 998) and 500 

m (Lane, 1979), respectively. At Cape St. Mary and in the Black River area, diickness is 

approxirnately 100 m or less (Kendall, 198 1 ; Crosby, 1962). The variation in lithology 



and thickness may indicate lateral facies changes which are typically complex in volcanic 

successions (Cas and Wright, 1988). 

The western limb of the Yarmouth syncline fiom Cranberry Head to Overton 

Beach contains excellent coastal exposure of the formation and was commonly used as 

the basis for stratigraphie sections in previous work (Taylor, 1965; Lane 1979; Hwang, 

1985). Although the exposure is good, gaps occur in the sequence, and portions of units 

S- and S W h  are not exposeci. In order to build a more complete stratigraphic section 

than is represented on the western h b ,  in this study the stratigraphy of the western and 

eastern limbs was integrated. The integrated section is compared to units in the formation 

in the Cape St. Mary, Bear River, Torbrook and Black River areas (Fig. 5.7). Only the 

lower portions of the stratigraphy in these areas (except for Cape St Mary) may be 

correlated with units in Yarmouth. Correlation between the Yarmouth area and other 

areas is made primarily on the bais of age of units and the presence of similar Iithologies 

in similar stratigraphic order. 

Correlation is in part constrained by the age of overlying and underlying 

formations. The New Canaan Formation in the Black River area is Pndolian (419 +/- 3 to 

41 8 +/- 2) (Crosby, 1962; Okulitch, 1999). The age of the Torbrook Formation is known 

fiom fossils in the Torbrook and Bear River areas to be early Devonia. (41 8 +/- 2 Ma to 

394 +/- 2 Ma) (Bouyx et al, 1997; Okulitch, 1999). nie Kentville Formation (which may 

be the laterai equivalent of the upper part of the White Rock Formation in the Bear River 

and Torbrook areas) ranges h m  Wenlock to Pridolian (430 +/- 3 Ma to 418 +/- 2 Ma) 

(Bouyx et ai, 1997; Okulitch, 1999). Absolute age constraùits within the White Rock 

Formation are provided by felsic volcanic rocks near the base in the Torbrook area which 
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Figure 5.7. Correlation o f  White Rock Formation stratigraphy from the Yarmouth area to the Black River area. 



gave a U-Pb (zircon) date of 442 +/- 4 M a  (J-D. Keppie written cornm. to NSDNR, 1999) 

and felsic volcanic rocks in the upper volcanic sequences in Yarmouth area which gave 

an age of 438 +3/-2 Ma (section 4.7). 

Correlation with Cape St. Mary is based on the stratigraphy presented by Kendall 

(198 1)- Felsic volcanic rocks near the base at Cape St Mary appea. to correlate with 

felsic volcanic rocks in the middle part of unit Sm. Stratigraphically higher mafic 

volcanic and quartzite beds are corrdated with &c volcanic rocks and tufEiceous 

sandstone in the lower and middle portions of Smr. The upper quartPte bed in the Cape 

St. Mary section is correlated with the quartzite at Overton (unit S-f) and 

psammitic/pelitic and metabasite beds near the top of the Cape S t  Mary sequence may 

correspond to tuffaceous sandstone and mafic vo1canic beds in unit Smr at Overton 

Beach (Fig. 5.7). 

Correlation between the formation in the Yarmouth area and the section in the 

Bear River area is more dEcult. The mainly psammitic and pelitic litho logies in the 

Bear River section (White et al. 1998) do not directly correspond to the units observed in 

the Yarmouth ares Quartzite near the base of the White Rock Formation in Wade Broc3 k 

(White et al. 1998) may correlate with the quarttite bed in unit SwRmfat Overton Beach 

but stratigraphically higher slate and arpnaceous beds in the Bear River area may be 

lateral equivalents of the metavolcanic and metasedimentary rocks in units SWRft, Smt 

and SWRniV. The upper quartnte and slate beds O bserved by White et aL (1 998) are 

probably stratigraphically higher than the sequence in the Yarmouth area (Fig. 5.7). 



No volcanic layers were observed by White et al. (1 998), dthough Lane (1 979) noted a 

felsic volcanic bed above the lower quartzite layer in Bear River which could correlate 

with the felsic vo1can.i~ bed in unit S-fat Cape Forchu West. 

The units of Cullen et al. (1 996) in the Torbrook area dso appear to be 

stratigraphidy higher than those exposai in the Yarmouth area. The Iower subunits 

OSwd, OSwe and OSwf O f Cullen et ai. (1996) ( la tedy  equivalent felsic volcanic rocks, 

conglomerate and arenite) near the base of the formation may correlate with fetsic 

volcanic rocks, quaazite and conglomerate in unit S-fat Overton. The overlying 

subunit OSwc ( d c  volcanic rocks) may correlate with mafic volcanic rocks in unit 

SWRA (with fhinning and pinching out of felsic volcanic rocks). Subunit OSwb (arenite, 

siltstone and shaie) may represent the lateral equivalent of S r n t  or S w v  with thinning 

- and pinching of layers, or may be stratigraphically higher than the beds exposed in 

Yarmouth. Subunit OSwa (quartz arenite) probably represents stratigraphically higher 

rocks than contained in the sequence in the Yarmouth area (Fig. 5.7). 

Quartzite uni% described by Taylor (1965) and Laue (1 979) in the Black River 

area probably represent stratigraphically higher units in the formation which are not 

present in the Yarmouth area @ig. 5.7). 

5.3.2. Cornparison with Other Stratigraphie Interpretations 

The correlations made in this study between the White Rock Formation in the 

Yarmouth area and the other areas are different from those presented by Schenk (1995). 

He interpreted the Yarmouth and Cape St. Mary sections to include the HaWax, White 

Rock, Kentville and New Canaan formations. According to Schenk (1 995) the White 



Rock Formation is defined by sections in the Bear River and Torbrook areas and includes 

basal volcanic rocks overlain by quartz arenite interbedded with shale and siltstone, 

overlain by a sandstone and black date sequence (the date contains a felsic volcanic layer 

in the Torbrook area). Using this defrnition, Schenk (1995) assigned metasedimentary 

and rnetavo1can.i~ rocks closer to the core of the synclines in the Yarmouth and Cape St. 

Mary area to the Kentville and New Canaan formations. In this study, the upper units in 

the Yarmouth area are the lateral equivalents of the quartz arenite, shale and siltstone 

beds in the White Rock Formation descri'bed by Schenk (1995). The upper sandstone and 

black slate sequence designated as the top of the White Rock Formation by Schenk 

(1995) are stratigraphically higher than the rocks occuring in the Yarmouth area, 

according to this study. 

Schenk (1995) described the contact between the Halifax and White Rock 

formations as paraconformable, except at Cape St. Mary and in the Torbrook area where 

it is an angular unconfomuty and a disconfomity, respectively. Culshaw and Liesa 

(1 997) indicated that the contacts between the formations are within shear zones in the 

Yarmouth and Cape St. Mary areas and observations during the present study indicate 

faulted contacts (which may have been origindly unconformable) between the Halifax 

and White Rock formations in the Yarmouth area and at Cape St. Mary and 

unconformable contacts elsewhere. 

Schenk (1995) assumed that the felsic volcanic rocks constitute the lowest part of 

the White Rock Formation except in the Black River area Observations coin the present 

study suggest that the basal units of the White Rock Formation in the Yarmouth area are 

metasedimentary (section 5.2.1) and stratigraphicdly below the base designated by 



Schenk (1 995). In contrast to the interpretatïon of Schenk (1 995), White et al. (1 998) 

reported no volcanic rocks anywhere in the sequence in the Bear River area 

The correiations made by Schenk (1995) were based on the assumption that the 

complete stratigraphy of the White Rock Formation is represented by rocks exposed in 

the Bear River and Torbrook areas. Schenk (1995) used the package of rocks fiom these 

areas to define the White Rock Formation, and placed rocks above and below the 

package in other formations. In con- the present study is constrained by ages of units 

within, above and below the White Rock Formation In this study, the layers above and 

below the package described by Schenk (1995), such as the volcanic rocks in the cores of 

the synclines at Cape St. Mary and in the Yarmouth area, and the metasedimentary layers 

on the outer limb of the Yarmouth Syncline, are accommodated within the White Rock 

Formation. This accommodation is justified by U-Pb ages fiom volcanic rocks in the 

White Rock Formation in the Torbrook and Yarmouth areas. The U-Pb age of 442 +/- 4 
L 

Ma (J.D. Keppie written comm. to NSDNR, 1999) fiom the basal rhyolitic tuff in the 

Torbrook are4 which, according to the correlation of Schenk (1 995) would be equivalent 

to the base of the White Rock Formation in Yarmouth, is identical (within error) to the 

age of 438 +3/-2 M a  obtained during the present study for volçanic rocks in the upper 

part of the Yarmouth sequence (unit Sm). Schenk (1995) placed the latter volcanic 

rocks in the New Canaan Formaion but they are significantly older than the Iate Silurian 

(Pridolian) age (419 Ma - 418 Ma; Okulitch, 1999) assigned to this formation (Crosby, 

1962). An age of 438 +3/-2 M a  for the upper volcanic rocks in the Yarmouth area &O 

correlates with f%iInal (graptolite) ages for the White Rock Formation in the Torbrook 

area which are Llandovery and Wenlock (441+/- 2 Ma - 424 Ma) (Bouyx et al., 1997; 



Okulitch, 1999), confirming that placement within the White Rock Formation is more 

likeiy than in the New Canaan Formation. 

Chernical cornparison of samples fiom the New Canaan Formation h m  James 

(1998) and the White Rock Formation indicate that samples fiom both formations are 

allcalic and fiom a within-plate tectonic setting (Fig. 5.8). However, in detail, 

incompatible elements ratios show differences between the White Rock and New Canaan 

formations (Fig. 5.9) which support the stratigraphie evidence presented above that 

shows that they are not comagrnatic. 

5.3.3. Geochemical Cornparisons 

Kendall (1 98 1) presented chernical analyses for 4 samples of metabasite 

(unspecifîed as to whether the samples were fiom flow or dyke) and one çample of 

metafelsite of volcaniclastic origin fiom the Cape St. Mary section. The samples were 

analyzed for major elements using the electron microprobe and atomic absorption 

spextrometry, and trace elements @a, Co, Cr, Cs, Sc, Ta, Th, U), and rare earth 

eIements (La, Ce, Nd, Sm, Eu, Yb, Tb, Lu) using instrumental neutron activation 

analysis. Keppie et al. (1 997) reported chernical data fiom two basalt and two rhyolite 

samples fiom the Cape St. Mary and Torbrook areas but did not spec* which samples 

are fiom which area. The suite of analyses inchdes major and trace elements @y XRF) 

and R E  (by ICP-MS). The protoliths of the sarnples also were not specified. 

Samples fiom the Cape St. Mary and Torbrook areas have compositions sirnilar to 

those of the suite of samples fkom the Yarmouth area arialyzed during the present study 

(Fig. 5.10, 5.1 1 ). &O abundances are slightly lower in felsic samples fiom Cape St. 
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Figure 5.8. Geochernicai cornparison of volcanic rocks in the White Rock 
and New Canaan formations. Fields and sources of diagrams as in figures 4.9, 
4.10,4.12, and 4.13. 
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Figure 5.9. Plots of incompatible elements in samples from the White Rock and New 
Canaan formations. 
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Fig. 5.10. Major element variation diagrams for samples fiom the White Rock 
Formation in the Yarmouth, Cape S t  Mary and Torbrook areas. 
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Fig. 5.1 1. Trace element variation diagrams for samples fiom the White Rock 
Formation in the Yarmouth, Cape St. Mary and Torbrook areas. Symbols as in 
Figure 5.10. 
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Mary and Torbrook PDr  levels are slightiy higher in felsic samples fiom Keppie et aL 

(1997) than in felsic samples fiom the Yarmouth ana 

Trace element contents in samples fiom the Cape St. Mary and Torbrook areas are 

generally similar to those f?om the Yarmouth area (Fig. 5.1 1). Some variation exists 

between felsic samples f?om dBerent locations but data is insufficient for meaningfhl 

comparison 

REE patterns for both mafic and felsic samples fkom Cape St. Mary eom Kendall 

(1 98 1) are similar to those fkom the Yarmouth area (Fig. 5.12 ). The felsic sample (Fig. 5. 

12b) is more depleted in heavy REE. REE patterns in the 2 mafk samples of Keppie et al 

(1997) (Fig. 5.13) show slight divergence nom each other. The pattern for the sample 

nom Cape St. Mary is alrnost pardel to that of mzfïc flow sample 85-3 ftom this study, 

whereas the pattern for the sample fiom the Torbrook area is subparatlel to that of mafic 

flow samples 75A-1 and 2-1. REE patterns for felsic rocks fiom al1 locations also have 

consistent enrichment trends but samples of Keppie et aL (1 997) display slightly positive 

Dy anomalies (Fig. 5.13 b). The REE patterns of felsic samples fiom Keppie et al. (1 997) 

appear to parailel that of the sample fiom the Brenton Pluton more closely than that of the 

sample of crystal t a  but results are ambiguous on plots of incompatible elements (Fig. 

5.14). The felsic sample of Kendall (1 98 1) and all samples of Keppie et al. (1 997) appear 

l e s  evolved than samples f?om the Yarmouth area. This observation wodd be reasonable 

accordùig to stratigraphie correIations made in section 5.3 -2 which place the units 

exposed at Cape St. Mary and the Torbrook area at lower stratigraphie levels than layes 

containhg the mafic flows and felsic tuffanalyzed for REE in this study. 
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Figure 5.12. Chondrite-normalized REE diagrarns for (a) mafk and (b) felsic rocks 
fiom the Ymouth area (present study) and Cape St Mary area (Kendall, 198 1). 
Chondrite normalizing values are froom Sun and McDonough (1 989). 
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Figure 5.13. Chondrite-nomiaiized REE diagrams for (a) &c and (b) felsic rocks 
fiom the Yarmouth area (present study), Cape St. Mary and Torbrook areas (Keppie et 
al., 1997). Chondrite normalizhg values as 60m Sun and McDonough (1989). 
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Figure 5.14. Incompatible element plots for samples fkom the Yarmouth area (this 
study), Cape St. Mary and Torbrook areas Weppie et al. 1997). 



Data nom Keppie et ai. (1 997) fiom the Cape St Mary and Torbrook areas 

expands the petrogenetic interpretations made in section 4. 9. ENd values were obtained 

for basdts in the Cape St. Mary and Torbrook areas tbat range fiom + 3 to + 6.8, lower 

than depleted mantle values (c. 8-8.5 ) (Keppie et aL 1997). These values indicate 

derivaiion f?om a different source than depleted mantle, or that the primary magmas were 

contaminated by a cnistal component (Keppie et al 1997). On the bais  of Nb and Ti 

depletion in basahs and kick of Th enrichment, Keppie et ai. (1997) discounted crustal 

contamination. They ataibuted Merences in the dope of REE patterns and incompatible 

element ratios to derivation fiom compositiodly distinct sources or different degrees of 

melting of a gamet-bearing source. A possible source suggested by Keppie et al. (1 997) is 

a heterogenous upper asthenosphere composed mainly of a depleted mantle matrix (&Nd 

approximately +8) with incompatible element enriched enclaves or veins. 

Keppie et aL (1997) obtained &Nd values of +1.6 and +0.2 for sampIes of 

rhyolite, close to the &Nd value of +1.3 7 obtained in this study (section 4.8). They also 

noted negative Nb, Sr, Eu and Ti anomalies but highly enriched Th values. From these 

observations, Keppie et aL (1997) interpreted that the rhyoiites were derïved by increased 

fÎactionation nom coeval basaltic magmas, probably accompanied by crustal 

contamination. The evidence for zircon inheritance in the dated felsic crystal tuffsample 

fiom the Yarmouth area supports this interpretation 



5.4. Regional Cornparisons 

5.4.1. Arisaig Group 

The Arisaig Group is an Upper Ordovician to Lower Silunan sequence of 

metavolcanic and metasedimentary rocks located in the Avalon Terrane in northeastem 

Nova Scotia (Murphy et ai., 1991). The lower formations in the group include both 

metasedimentary and metavolcanic rocks whereas the upper formations are mainly 

metasedimentary (Mqhy et al., 1991). The two foxmations in the lower part of the 

Arisaig Group which contain metavolcanic layers are the Bears Brook and Beechill Cove 

formations (Murphy et aL7 1991). The Bears Brook Formation consists of conglomerate, 

arkose and shde interbedded with mafïc and felsic volcanic rocks (flows, ignimbrite and 

tuff) and is conformably to disconformably overlain by the Beechifi Cove Formation The 

Beechill Cove Formation includes arkose, siltstone and felsic volcanic rocks (Murphy et 

aL, 1991). 

Volcanic rocks in the Arisaig Group have k e n  interpreted to be transitional 

between tholeiit ic and alkalic and formed in a continental, withui-plate, extensionai 

setting, based on high concentrations of Ti02, Zr and high field strength elements in 

mafk samples, moderate enrichment in iïght ion Lithophile elements and slight depletion 

in high field strength elements (Murphy et al., 1991). 

Data fiom 13 mafk and 8 felsic samples fiom the Bears Brook Formation, 2 felsic 

samples nom the Beechill Cove Formation (Murphy et al., 1991) and 2 mafic samples 

f?om unknown locations in the Arisaig Group (Keppie et al., 1997) are plotted with 

samples f?om the Yaxmouth area (Fig. 5.15). DXferences in major and trace element 

chemistry (particularly TiOz, A1203, ~ e 2 0 A  Ca0 and Zr) are shown on Figure 
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Figure 5.15. Major element variation diagrams for samples fiom the White Rock Formation 
and samples fiom the Arisaig Group fiom Murphy et a1.(199 L), Murphy et al. (1 W6), and 
Keppie et al. (1 997). 
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5.15 and 5.16. REE patterns of the Ansaig Group show o v e d  trends similar to those of 

samples fiom the White Rock Formation (Fig. 5-17), including enriched LREE compared 

to chondrite and HREE values, but have distinctly different individual patterns. Only a 

partial data set is available for samples fiom the Bears Brook Formation, but nonetheless 

most mafïc samples show distinct negative Nd anomalies and slight positive Lu and Eu 

anomalies. Mafic samples fiom the Arisaig Group also show slight positive Eu 

anomalies. The similar overall trend between the Arisaig Group and the White Rock 

Formation demonstrates similar within-plate continental tectonic setting with a possible 

gamet lhemlite source, but differences in REE patterns indicate separate sources. REE 

patterns for samples within the Arisaig Group are generally subparallel, indicating the 

same source or very similar sources. 

Felsic volcanic rocks fiom the Arisaig Group also show similar overall REE 

trends as samples fkom the White Rock Formation and Brenton Pluton, but distinctly 

dBerent individual REE patterns (Fig. 5.17). Felsic samples form both the Bears Brook 

and Beechill Cove formations have slight positive Lu anomalies but samples fkom the 

Bears Brook Formation also display positive Eu anomalies. Felsic samples fiorn the 

Arisaig Group do not appear to subparallel samples fiom the White Rock Formation or 

the Brenton Pluton, suggesting different sources. Samples fiom within the Arisaig Group 

may be subparallel but incompleteness of the data set prevents clear interpretation 

A signi.ficant Merence between the White Rock Formation and the Arisaig 

Group is that the felsic volcanic rocks of the Arisaig Group are probably not comagrnatic 

with the mafic volcanic rocks (Murphy et aL, 1 99 1). Fractional crystallization of rnafic 

magmas to form a felsic derived magma is not considered likely in the case of the Arisaig 
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Figure 5.16. Trace element variation diagrams for samples fiom the White 
Rock Formation and samples fiom the Arisaig Group fiom Murphy et 
aI.(1991), Murphy et ai.(1996), and Keppie et al. (1997). Symbols as in Figure 
5-15. 
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Figure 5.17. Chondrite-nomalized REE diagrams for (a) mafic and (b) felsic simples 
fiom the study area, Bears Brook Formation (Mqhy et al., 1 99 1, Murphy et al., 
1996), Beechill Cove Formation (Murphy et al., 1991) and the Arisaig Group (Keppie 
et al., 1997). Chondrite normalin'ng values as fiom Sun and McDonough (1 989). 



suite. The felsic rocks contain Iower MgO, FezO:, Ca0 and PzOs values than the &c 

rocks, requiring hctionation of pyroxene, rnagnetite and apatite, and resulting in 

enrichment in incompatible elements such as Zr, Nb and Rb, relative to mafic rocks 

(Murphy et al., 1991). Incompatible element ratios in samples of the White Rock 

Formation show linear trends between mafic and felsic volcanic samples but no hearify 

is observed between samples fiom the Arisaig Group (Fig. 5.18). Also, in contrast to the 

White Rock Formation, felsic volcanic rocks are more vohminous than rnafic rocks in 

the Arisaig Group, difncult to account for if felsic magmas were derived fiom mafic by 

£hctionai crystallization (Murphy et aL, 199 1). Therefore, felsic rocks of the M g  

Group are interpreted to have been derived fiom crusta1 anatexis (Murphy et al, 1991). 

Isotopic data from felsic rocks in the Arisaig Group support a strong c d  influence. 

Table 5.2. shows a range of &Nd values for mafic rocks fiom +4.3 to +S. 1, higher than 

values of the fe fsic vo lcanic samples which range fiom - 0.1 to +M. The 14%d/'44~d 

ratios for mafic samples are also significantly higher than those for felsic samples, and 

the latter are lower than bulk earth values. Differences in isotopic values suggest dBerent 

sources or crusta1 contamination but with combined with other data, cnistal anatexis 

seems more likely (Murphy et aL, 199 1). Although (Nd values are similar for the W t e  

Rock Formation and the Arisaig Group, the linearity of incompatible element ratios Ui 

samples nom the White Rock Formation suggests a comagmatic relationship with the 

m&c components. The depleted mantle age obtained fiom the White Rock Formation is 

older than those obtained fiom samples of the Arisaig Group, suggesting a larger cnistal 

component. 



Figure 5.18. Incompatible elements ratios in sarnples fkorn the White Rock Formation 
and Ansaig Group. 
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Table 5.2. SmMd isotope daîa for the Arisaig Group and White Rock Formation Data 
nom the Arisaig Group compiled fkom Murphy et aL(1996) and data f?om the Cape St. 
M i q  and Torbrook areas compiled fiom Keppie et aL (1997). 



5.5. Regional Implications 

The timing and sequence of major tectonic events in the northem Appalachian 

orogen continues to be the subject of much discussion, and distinction between tectonic 

setting of terranes is still k ing  unraveled (Keppïe, 1993; van Staal et ai., 1998; Barr et 

al., 1998; Murphy et aL, 1999)- The tectonic environment of the White Rock Formation 

has implications for the location and type of tectonic event in the Meguma terrane during 

the Early Silurian. 

Chandler et al. (1987) reported that sequences in the Humber and Dunnage 

terranes of Newfoundland, including the Botwood Group, Cape St. John Group, Micmac 

Lake Group, Sops Ann Group, King George IV Lake, Topsails igneous complex and the 

Stony Lake volcanics, are of similar age (ca. 430 Ma) and similar iithology. They 

interpreted these similarities to imply origin under similar supracratonic conditions. 

Based on subaerial to shallo w marine rock types with an abundant bimodal vo lcanic 

component, Chandler et al, (1987) interpreted the environment to be extensional within a 

CO ntinental terrane. 

Chandler et aL (1 987) aiso noted ternporally and lithologicaily similar sequences 

in Cape Breton Island (Jumping Brook Cornplex), mainland Ncva Scotia (Arisaig Group 

and White Rock Formation), and New Brunswick (Passamaquoddy Bay). They correlated 

these sequences across Newfoundland, Nova Scotia and New Brunswick, and inferred 

that the zones represented by these regions (Humber, Dunnage, Avalon and Meguma) 

were adjacent by c a  430 Ma in order to have experienced the same conditions in which 

these sequences formed. 



The interpretaîion by Chandler et ai. (1987) is not consistent with recent work in 

the northem Appalachian orogen which indicates that the Silurian was a t h e  of orogenic 

activity in which different tectonic environments existed in various separate terranes 

(Dunning et aL 1990; Barr and Jamieson, 1991 ; Barr et ai. 1999; Ffle et aL, 1999). In 

order to correlate the sequences, Chandler et aL (1987) assumed that similariîy of age and 

lithology indicated similar and related conditions of formation (i-e. tectonic 

environment). AIthough the Springdale Group, Arisaig Group and White Rock Formation 

all apparenîiy forrned in within-plat e, continental extensional envkonments (Chandler et 

aL 1987; Murphy et al., 1991; this study), other volcanic sequences of comparable age in 

these zones did not. Geochemistry of Ordovician-Silurian metasedimentary and 

metavolcanic sequences in southwestern Newfoundland, such as the La Poile Group and 

Port aux Basques gneiss, indicate formation in a volcanic arc setting under subduction- 

related compressional conditions (Barr and Jamieson, 199 1). In Cape Breton Island, 

Silurian sequences in the Aspy terrane ( Money Point Group, Jumping Brook Cornplex, 

Sarach Brook metamorphic suite and CIyburn Brook Formation) appear to be arc- related 

(Barr and Jamieson, 1991 ; Lister, 1998; Barr and Raeside, 1998). Sifurian (ca. 435 Ma) 

sequences such as the Bayswater Group in the Kingston t e m e  of New Brunswick 

appear to be related to a continental-margin vo Ica& arc setting (Bam et al., 1999). 

In addition tu variation in tectonic environment across terranes, there are also 

dflerences in tectowthemial histones. Sequences such as the Port aux Basque gneiss and 

the Jumping Brook complex contain high-grade metamorphic rocks (Barr and Jamieson, 

1991) whereas other sequences of similar age such as the White Rock Formation and 

Arisaig Group are less metamorphoseci (this study; Murphy et al., 1 99 1). Variations in 



metamorphic grade among sequences are not consistent with the suggestion of a single 

(continental) tectonic regime in the Silurkn, as proposed by Chandler et al. (1987). 

These variations in tectonic setting and metamorphic grade show that, although of 

similar age and lithology, sequences in the Humber, Dunnage, Avalon and Meguma 

zones canwt be correlated during the Early Silurian It appears that both subduction- 

related and continental rift-related environments existed during this time. The shelf- 

margin, transgressive metasedimentary and rnetavolcanic rocks of the White Rock 

Formation (Schenk, 1997) are chemicdy and lithologically consistent with formation in 

an extensional environment, of which the volcanic component is analogous to the East 

AlEcan Rift. The location and relationship between this extensional environment and the 

compressionai regimes indicated by the other sequences is not known. 



Chapter 6 Conclusions 

1) As a result of mapping and petrological studies, the White Rock Formation in the 

Yarmouth area is divided into seven stratigraphie units (S-, Sm, S W R ~ ~ ,  S- 

Sm, SWRmB and SWRmY ).Units near the base of the formation are predominantly 

metasedimentary but grade upward into predombntly metavolcanic lithologies. The 

lit ho logies present were identified by fie Id and petrographic examination and include 

date, metasandstone, metasiltstone, phyllite, quartzite, schist, metaconglomerate, 

tuffaceo us  metasandstone, metamorphosed mafic flo ws, mafic tuff; d c  crystd 

rnafic lithic intermediate flows, intermediate crystal felsic crystal tuff , and 

amphibo lite. 

2) Petrographic examination indicates upper greenschist to arnphibolite facies 

metamorphkm in the White Rock Formation and associated sills and dykes, based on 

the presence of staurolite in metasedimentary rocks and tscherrnakitic homblende in 

metavoIcanic rocks- 

3) Re-mapping of the Yarmouth area in combination with published second derivative 

aeromagnetic maps, prompteci re-interpretation of the structure of the White Rock 

Formation and the nature of the contacts with the Halifax Format ion and Brenton 

Pluton. The White Rock Formation fonns a synche that becomes s d e r  anticlines 

separated by a syncline in the northeastem part of the map area. The contacts with the 

Halifax Formation were originally unconformable and are now within shear zones. 



The contact in the çourheastern part of the map area is also coincident with a fàult. 

The contact with the Brenton Pluton aiso fies within a shear zone and is coincident 

with a fàult. The nature of the original contact between the White Rock Formation 

and the Brenton Pluton is not known, Because no contact aureole was observed and a 

comagrnatic relationship is not likely, an intrusive contact is not favoured. 

4) Chernicd d y s e s  of the volcanic rocks in White Rock Formation and associated sills 

and dykes indicate &lic affrnity and a within-plate, continental tectonic setting, 

perhaps analogous to the present-day East e c a n  Rift. Sindarities in major, trace 

and rare earth element abundance, and consistency of incompatible element ratios 

among mafic volcanic samples and between mafic volcanic and d c  si11 and dyke 

samples, indicate a comitgmatic relationship. 

5) Similarity of incompatible element ratios between mafic volcanic samples and 

intermediate and felsic volcanic samples also suggests a cormgmatic relationship. 

6) €Nd values and zircon inhentance indicate that the felsic volcanic rocks experienced 

some cnistal contamination. 

7) Although major, trace and rare earth element chemistry is simila. between the felsic 

volcanic samples and those fiom the Brenton Pluton, distinct rnineralogies and 

differences in incompatible element ratios do not favour a comagmat ic relationship. 



8) A U-Pb crystallization age of 438 +3/- 2 Ma for zircon in a felsic crystai tuff sample 

establishes the age of the upper volcanic sequence of the White Rock Formation in 

the Yarmouth area. This date, in combination with pubiished dates fiom other units 

within, above and below the White Rock Formation, provides constraints for the 

stratigraphie correlation of the White Rock Formation in other areas in southwesî 

Nova Scotia, 

9) The stratigraphy of the White Rock Formation in the Yarmouth area can be correlated 

with sections in the Cape St. Mary, Bear River, Torbrook and BIack River areas. The 

stratigraphy in the Yarmouth area correlates mainly with lower parts of the White 

Rock Formation in the other areas, except the Cape St. Mary section which appears to 

correlate with units SwRsv and SUrRmfi The correlations made during this study difYer 

significantly h m  previous work. 

10) Cornparison of geochemical data fiom the Yarmouth area with the Cape St. Mary 

and Torbrook areas fimn previous work indicates similarities in chemical aff?nity and 

tectonic setting and a probable comag~lliitic relationship, 

11) Geochemical cornparison with lithologicaiiy simiIar rocks of similar age and tectonic 

setting in the Antigonish Highlands shows difEérences in rare earth element and 

incompatible element ratios, indicating different sources. 



12) The tectonic setting of the White Rock Formation daers f?om tectonic settings o f  

other volcanic-sedirnentary units of similar age eisewhere in the northern 

Appalachian orogen, indicating that the Meguma terrane was not yet joined to the rest 

of the Appalachian orogen in the Silurian. 
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APPENDIX A PETROGRAPHIC DESCRIPTIONS 

Ab breviations used 

Amph = amphibole 
PIag = plagioclase 
Qtz=q- 
Musc = muscovite 
Porphs = porphyroblasts 
Vfg = very fine grained 
Fg = fine grained 
M g  = medium grained 
Cg = coarse grained 
Vcg = very coarse grained 
Recryst = recrystallized 



Appendix A - Petrographic Description 

Sam ple Rock T y ~ e  Mineralogv Description 
Number 

Mafic flows 
LAM002- 1 Possible flow Plag, epidote, Matrix is fg qtz, plag, biotite, amph. Strongly foliated 

biotite, quartz, (arnph grains aligned). Plag grains <1 cm, subhedral. 
amphibole, oxides Abundant inclusions of epidote, homblende, oxides, and 

cryptocrystalline material. Porphyroblasts. Epidote is fg- 
mg, subidioblastic. Some grains show twinning, 
Amphibole is fg-mg, subidioblastic, elongate, green, 
aligned, very abundant. Biotite very abundant, fg, 
anhedral,brown, aligned. Oxides are fg, abundant. 
Igneous texture still preserved. 

LAM0 1 0-2 FIow? Plag, qtz, epidote, Rare cg plag crystals, subhedral. Matrix is fg needles of 
oxides, arnph green amph, fg-mg xenoblastic epidote, fg-mg subhedral 

plag, mg qtz. lgneous texture preserved. Foliated. 

LAM075-4 Possible flow Amph, epidote. Amph porphs are fg-mg, subidio-xenoblastic, acicular 
Qtz, oxides, plag and pale green. Epidote is rare, fg, xenoblastic. Matrix 

is qtz and plag, only minor recrystal. 

Composition 

Basaltic 

Basaltic 

Basalt ic 



Appendix A - Petrographic Description continued 

Samole Rock Type Mineralogy 
Number 

Mafic flows 
LAM080-1 Possible flow Amph, epidote, 

qtz, plag, oxides, 
minor biotite? 

LAM084-1 Possible flow Amph, biotite, 
epidote, qtz, plag, 
oxides, carbonate 

Description 

Fg needles of blue-green amph(homblende?), fg 
xenoblastic epidote, recryst qtz, plag and oxides. Cluster 
of mg, undulose qtz. Strong foliation (alignment of 
amph). 

Cg, subidioblastic, blue-green amph porphs, 
poikiloblastic, filled with epidote and qtz. Fg & mg, 
epidote porph, xenoblastic. Biotite is fg, brown, 
subidioblastic (elongate) and very abundant. Plag and qtz 
are mg-fg, recrystaliized, except for very rare plag 
ciystals (vcg- 0.5 cm) which has many inclusions and 
appears embayed and corroded. Rare cluster of cg-mg 
qtz and cg-mg biotite, and cg qtz, carbonate, biotite. 

LAM1 23-3 Flow? Amph, biotite, qtz, Mg-cg, subidioblastic blades of slightly poikiloblastic 
oxides, plag, blue-green amph. Matix contains fg, xenoblastic brown 
epidote biotite, fg, xenoblastic epidote and fg, recryst qtz, rare fg 

Composition 

Basalt ic 

Basalt ic 

Basait ic 



Appendix A - Petrographic Description continued 

Sample Rock Type Mineralogy 
Number 

Mafic Slows 
LAM1 28-5 Flow Amph, epidote, 

biotite, qtz, plag 

LAM2 1 1 - 1 Flow? Arnph, epidote, 
qtz, plag, oxides 

Intermediate flow 
LAM049- 1 Flow? Amph, ph3, qtz, 

epidote, oxides, 
minor biotite 

Description 

Matrix is fg needles of green-blue amph, fg epidote, mg 
oxides. Cornmon mg xenoblastic epidote porphs. Also 
cornrnonly have clusters of mg, undulose qtz, mg plag, 
mg epidote, mg brown biotite. Strongly foliated. 

Mg needles of green-blue amph, rare mg subhedral plag 
with grain sue reduction, in a matrix of fg-mg recryst 
qtz, fg epidote. 

Cg porphs of subidioblastic, blue-green amph blades. 
Matrix is recyst qtz, plag, fg epidote, brown biotite? 
Rare, xenoblastic, mg biotite porph 

Composition 

Basait ic 

Basalt ic 

Andesit ic-basalt ic 



Appendix A - Petrographic Description continued 

Sample Rock T v ~ e  Minemlogy Description 
Number 

Intennediate flow 
LAMO85-3 Possible flow Biotite, epidote, Cg plag grains, embayed, abundant inclusions (epidote) 

plag, qtz, oxides, and very corroded. Abundant brown biotite porphs are 
carbonate, chlorite mg, xenoblastic with embayed edges, poikiioblast ic - 

filled with qtz and epidote. Mg, xenoblastic epidote 
porphs are abundant. Mg, xenolastic carbonate also 
abundant. Matrix is fg qtz, epidote, oxides, chlorite, 
carb. 1 gneous texture preserved. 

LAM125-1 Flow Amph, biotite, Cg, subhedral, embayed plag grain partiaiiy replaced by 
plag, carbonate, chlorite, amph, biotite and cab. Mg-cg, xenoblastic, 
qtz, oxides, rare poikiloblastic blue-green amph. Mg, xenoblastic, brown 
epidote biotite. Matrix is vfg, recryst qtz, abundant fg 

xenoblastic carb, fg, xenoblastic biotite, and fg epidote. 
Igneous texture preserved. Foliated. 

Composition 

Andesitic 

Andesitic 



Appendix A - Petrographic Description continued 

Sample Rock Type Mineralogy Description 
Number 

Intermediate flow 
LAM1 33- 1 Possible flow Amph, biotite, Amph is cg-mg, xenoblast ic, poikiloblastic, green, 

carbonate, chlorite, hrnblde. Biotite is mg, brown, subidio-xenoblastic, 
qtz, oxides, poikiloblastic. Carb is fg-mg, xenoblastic, very abundant. 

Mafic tuffs 
LAM07 1 A- 1 Tuff 

epidote, Epidote porphs are very rare, fg, xenoblastic. Chlorite 
porphs mg, elongate, subidio. Matrix is recryst fg qtz 
and oxides. Strong foliation. 

Amph (actinolite?), Decussate texture. Mostly arnph & chlorite with minor 
chlorite, qtz, plag, and qtz and very rare plag. Amphi is very very pale green 
oxides. (almost colourless), mg, subidioblastic and fibrous (sheaf- 

like), not pleochroic. Cidorite is fg, very pale 
yellow/brown. Qtz is mg, xenoblastic wit h undulatory 
extinction. Plag appears to be extensively altered- 
replaced by sauaaurite and sericite. Some areas contain 
more qtz, less chlorite and amphibole. 

Composition 

Andesitic 

Basaltic 



Appendix A - Petrognphic Description continued 

Sample Rock Type Mineraloey 
Number 

Mafic tuffs 
LAM077-1 Tuffi Amph, epidote, 

qtz, chlorite, 
oxides, plag? 

Amph, qtz, p h ,  
oxides, epidote, 
biotite 

LAM096-1 TuW Amph p h &  qtz, 
biotite, oxides 

Description 

Mg, subidioblastic epidote whichhas partially replaced 
plag. Rare cluster of mg qtz, chlorite, epidote. Igneous 
texture still faintly preserved. Matrix is fg amph and qtz. 

TS is fg with fg needles of blue-green amph, fg recryst 
qtz, fg, xenoblastic plag and fg xeno, epidote. Rare 
clusters of mg qtz, epidote and plag and biotite. Rare mg 
of plag. Amph grains strongly aligned. 

Composition 

Basalt ic 

Basalt ic 

Mg-cg, subidio blast ic, CO lourless-green amph blades Andesitic- basalt ic. 
(porphs) in a matrix of granoblastic qtz and plag and fg, 
xeno biotite. Some areas of the thin section are fg, 
subidioblastic arnph and cg oxides with minor fg qtz and 
biotite. Other areas are mg, xenoblastic plag and qtz with 
abundant fg, xenoblastic biotite and rare, mg-cg 
colourless amph. Some igneous texture preserved. 
Foliated. 



Appendix A - Petrographic Description continued 

Sample Rock Type Mineralow Description 
Number 
Mafic tuffs 
LAM148-1 Mafic tufï Arnph, chlorite, Almost 100% pale green-yellow amph. Arnph is sheaf- 

oxides, qtz, mhor like and also acicular, cg-fg. Qtz, biotite only minor and 
biotite fg. Abundant fg chlorite replacing arnph. 

LAM1654 Mafic tuff Arnph, carbonate, Thin section appears banded- into qtz layers and 
oxides, sphene, qtz amphibole layers. The qtz is fg, recryst, except 

occasional cg which displays a mosaic texture. Amph is 
fg-cg, xenoblastic, poikiloblastic, bladed and sheaf-like. 
Mg-fg.subidioblastic sphene is associated wit h amph. 
Carbonate is abundant, xenoblastic, mg-cg, in both 
layers. 

LAM1 73-1 Mafic tuff Amph, qtz, Fg arnph, qtz and epidote rnatrix with clusters of mg plag 
epidote, plag, and qtz with epidote. Xenoblastic porphs of mg epidote 
oxides and subidioblastic, fg greenhlue amph. Elongate grains 

and clusters are aligned - strongly foliated. 

LAM 1 76- 1 Tuff Amph, qtz, oxides, Matrix with fg needles of green amph and rninor qtz. Qtz- 
very rare biotite rich clusters (fg-mg). Biotite and minor amph. Strongly 

foliated. 

Composition 

Basalt ic 

Basalt ic 

Basaft ic 



Appendix A - Petrograpbic Description continued 

Sample Rock Type 
Number 

Mafic tuffs 
LAM182-1 TufR 

LAM204- 1 Mafic tuff 

Mafic crystal tuff 
LAM003- 1 Crystal tum 

LAM005-1 Crystaltuff 

Amph, qtz, carb, 
chlorite, oxides, 
epidote, plag 

Pl%, mph, 
chlorite, qtz, 
oxides, epidote, 
biotite? 

Plag, epidote, qtz, 
biotite, oxides, 
chlorite, carbonate 

Description 

Vcg, green, sheaf-like amph in clusters separated by fg 
needle arnph, fg, granoblastic qtz (not recryst) and rare 
fg plng. Foliated. 

Mg, sheaf and blade, blue-green amph, slightly 
poikoblastic. Abundant mg carbonates. Matrix is recryst 
qtz, plag and epidote. Mg epiodte porphs. Slightly 
foliated. 

Crystals of cg, subhedral plag with inclusions of epidote. 
Some grains appear broken. Matrix is feathers of chlorite 
and arnph, recyst qtz , fg plag and rninor biotite, and fg 
epidote. Also have mg-cg porphs of xeno-subidio, blue- 
green amph. Igneous texture is well preserved. Foliation 
is present. 

Vcg subhedral plag grains which may contain epidote 
and carbonate. Occasional xenoblastic, mg qtz grain. 
Matrk contains abundant, fg-mg epidote, fg green- 
brown biotite, fg recyst qtz. lgneous texture preserved. 
Fo liated. 

Composition 

Basal t ic 

Bssaltic 

Basaltic 



Appendix A - Petrographic Description cootinued 

Samale Rock Type Mineralogy Description 
Number 

Intermediate crystal tuff 
LAM0094 Crystal tuff Plag, qtz, biotite, Matrix isfg recrystallized plag and qtz. Plag grains <0.75 

musc, oxides, cm, subhedral. Biotite and musc porphs are fg-mg, sub- 
chlorite, apatite, xenoblastic, ofien found around feldspar or in clusters. 
zircon Musc much more abundant and coarser than in 4- 1, 

Much less epidote. Epidote porphs are fg, xenoblastic 
and rare. Frequently found in clusters. Igneous textures 
preserved --matrix not very recryst, porphyritic texture, 
plag in matrix. 

LAM01 1 - 1 Crystal tuff Plag (albite), Matrix is fg plag, qtz, biotite, epidote, oxides. Plag 4 c m  
epidote, biotite, euhedral with abundant inclusions of epidote, biotite, 
muscovite, apatite, apatite, oxides. Epidote is mg, anhedral. Ofien rimmed 
oxides, quartz by vfg epidote. Biotite is fg-mg, sub-anhedral, green, 

commonly surrounding plag grains. Musc is fg, anhedral- 
subhdral, rare, commonly associated with biotite and 
plag. Apatite is fg, sub-euhedral, rare. Original igneous 
textures preserved. Strongly foliated. 

Composition 

Andesitic 

Andesitic 



Appendix A - Petrographic Description continued 

Sample Rock Type Mineralogy Description 
Numbcr 
. - - - - -- . - 

Intermediate crystal tuff 
LAM078-2 Crystal tuff Plag, amph, biotite, Matrix is fg -recryst plag, epidote, oxides, chlorite, 

epidote, chlorite, 
qtz, oxides 

Felsic crystal tuff 
LAM004- 1 Crystal tuff Plag, qtz, Kspar, 

epido te, 
biotite,musc, 
apatite, oxides, 
zircon, chlorite, 

qtz.Grains of -1 cm subhedral plag. Porphs or cg (<0.5 
cm) subidioblastic biue-green amph needles. Mg, subidio- 
xenoblastic, brown biotite. Fg, xenoblastic epidote in 
matrix and in plag grains. Igneous texture preserved. 

Composition 

Andesitic 

Matrk is fg recrystallized qtz and plag, biotite, epidote. Rhyolit ic-dacitic 
Crystals of plag are <0.75 cm, subhedral, contain 
abundant inclusions. Epidote porphs are fg-mg, xeno- 
subidioblastic, abundant. Often associated with biotite or 
plag.Epidote replacing plag---plag almost gone and only 
epidote lefi. Biotite and musc porphs are fg, sub- 
xenoblastic, aligned. Some areas of the TS contain 
slightly coarser grains of qtz with biotite --possible iithic 
fragments with similar composition. Quartz appears 
quite undulose. Foliated. 



Appendix A - Petrographic Description continued 

S a m ~ l e  Rock Type Mineralow 
Number 

Felsic crystal tuff 
LAM208-1 Crystal tufi? Plag, qtz, 

microche, biotite, 
musc, oxides, 
rninor epidote, 
pert hi t e 

LAM2094 Crystal tuff Plag, qtz, Kspar 

Description 

MAtrix is fg, recryst, granoblastic qtz, fg green biotite, 
oxides. Relict crystals are cg qtz, xenoblastic with 
mosaic texture; subidio-xenoblastic plag with some 
recryst along grain boundaries; perthite and Kspar mg-cg 
with grains size reduction, xeno-subidio shape. Fg-mg 
green biotite in strain shadows. Strongly foliated. 
Igneous texture preserved. 

Matrix is fg recryst, granoblastic qtz, minor fg biotite, 
rare musc, minor oxides. Cg xenocrysts of subhedral 
plag with minor grain size reduction. Cg, subhedral 
kspar xenocrysts. Cg xenocrysts of euhedral-subhedral 
qtz with some embayed interna1 boundaries and 
granophyric texture. No alteration or grain ske 
reduction. Igneous texture well preserved. Strong 
foliation. 

Composition 

Rhyo lit ic 

Rhyolitic 



Appendix A - Petrographic Description continued 

Sample 
Number 

Lithic tuff 
LAM01 5-1 

LAMO77- 1 

LAM095 1 

Rock Type 

Lit hic tuff 

Lithic tuff 

Bomblclast 

Amph, qtz, plag, 
biotite, oxides, 
rninor epido t e 

Amph, epidote, 
qtz, chlorite, 
oxides, plag? 

Plag, amph, qtz, 

Description 

Matrii is fg "matted", green-blue amph. Cg grains of 
subhedral plag which have amph and biotite within and 
are commonly surrounded by fg, recryt qtz. Other areas 
contain mosaic qtz, plag, biotite, epidote and mg needles 
of amph. Igneous texture partially preserved. Foliated. 

Mg, subidio blast ic epido te which is replacing plag . Rare 
cluster of mg qtz, chlorite, epidote- possible clast of 
dacitic composition? lgneous texture still faintly 
preserved? Matrix is fg amph and qtz. 

Cg plag grains with arnph inclusions. Clusters of mg qtz 
oxides, rare biotite, (recryst) and sometimes plag. Matrix is fg needles of 
rare epidote green amph, rare fg brown biotite, rare epidote and 

recryst qtz. A plag grain appears broken. Amph grains 
and clusters are aligned -- foliated. Igneous texture well 
preserved. 

Composition 

Clasts are basaltic. 
Matrix is basalt ic 

Basalt ic 



Appendix A - Petrograpbic Description continued 

Samde Rock Tvae Mineralogy Descriation 
Number 

Lithic tuff 
LAM0964 Lithictuff Amph, plag, qtz, Abundant mg-cg, subidioblastic, colourless-green amph 

biotite, oxides blades (porphs) in a matrix of granoblastic qtz and plag 
and fg, xeno biotite. Some areas of the thin section- 
possible clasts- are fg, subidioblastic arnph and cg 
oxides with minor fg qtz and biotite. Other areas are mg, 
xeno plag and qtz with abundant fg, xeno biotite and 
rare, mg-cg colourless amph. Some igneous texture 
preserved. foliated. 

LAM1 47-1 Mafic tuff Arnph, qtz, oxides, Blobs or densely rnatted chlorite-possible bombs? Most 
biotite, chlorite, of the slide is mg-fg, xenoblastic, green amph blades 
epidote, carbonate with fg, brown, xeno biotite, fg, epidote and chlorite. 

Some areas have more qtz and less amph- possibly 

Composition 

Andesit ic-basalt ic, 
Clasts are dacitic 

and basaltic, 

Basaltic 

bo m bs/clast s?? 



Appendh A - Petrugraphie Description continued 

Sample Rock Type Mineralogy Description Composition 
Number 

Lithic tuff 
LAM153-1 Clast + matrk Matrix: amph, qtz, Matric is fg needles of green-blue amph, and very minor Matrix: basaltic. 

(lithic tuQ oxides. Clasts: qtz, qtz. Clasts are fg-mg recryst qtz, mg green-blue arnph, fg C1asts:dacitic 
amph, oxides, very epidote, rare fg plag, fg biotite. Strongly foliated. 
rare biotite, rare 
plag, very rare 
epido te 

LAM 1 53-2 Bomblclast Arnph, epidote, Cg plag grains, subhedral, with amph inclusions. Mg 
qrtz, oxides, plag clusters of recryst qtz. Matrix is fg needles of green-blue 

amph, fg, xenoblastic epidote, fg recryst qtz. Foliated but 
igneous texture well preserved. 

Sillsldykes in White Rock Formation 
LAM072A-1 SilVdyke (WR) Arnph, chlorite, Cg, subidioblastic blades of slightly poikiloblastic green 

arnphibolite? qtz, plag, oxides amph. Matrix is mg-cg anhedral plag with very little 
grain size reduction or corrosion, mosaic qtz, fg chlorite. 

Basattic 

Basalt ic 



Appendix A - Petrographic Description continued 

S a m ~ l e  Rock Type Mineralogv Description 
Number 

SilWdykes in White Rock Formation 
LAMO94- 1 

LAM 1 06- 1 

LAM1 07- 1 

SilVdyke (WR) Arnph, chlorite, Mg-fg, blue-green, acicular arnph porphs; fg, xenoblastic 
qtz, epidote, brown biotite; fg, xenoblastic epidote in a matrix of 
oxides, biotite, plag recryst qtz and plag. 

SilVdyke (WR) Amph, chorite, qtz, Vcg, subidioblastic, blades of poiküoblastic, green amph. 
oxides Mg, acicular chlorite as well as plag pgrains replaced by 

chlorite? Lots of cryptocrystalline brown alteration. -1 0 
% matrix is recryst, mosaic qtz. Some amph grains 
replaced by chlorite. Some igneous texture preserved. 

Si11 (WR) Amph, biotite, Vcg, subidioblastic, pale green, sheaf and needle amph 
chlorite, qtz, plag, porphs in a fg recryst qtz, plag, epidote, matrix. 
oxides, epidote? 

Composition 

Andesit ic- basaltic 

Basalt ic 

Basaltic 



Appendix A - Petrographic Description continued 

S a m ~ l e  Rock T y ~ e  Mineralogv 
Numbçr 

Silhldykes in White Rock Formation 
LAM1 08-1 

LAM131-1 

LAM1 32-1 

LAM 1 98- 1 

Biotite, qtz, 
carbonate, rare 
arnph, clinozoisite, 
sphene 

Amph, qtz, oxides, 
chlorite 

Amph, biotite, 
chlorite, sericite, 
qtz, oxides 

Amph, biot ite, 

Description 

Abundant mg, xeno-subidio, brown biotite porphs. 
Common, mg, xeno, colourless, clinozoisite; abundant, 
mg-fg xeno carbonate. Very rare, subidioblastic blades 
green amph. Common, xenoblastic, mg sphene? Matrix 
is fg, recryst, mosaic qtz and cryptocrystaiiine material 
and rare mg chlorite. 

Vcg, subidioblastic, poikiloblastic, blades of green amph. 
Matrix is recryst qtz and sericite. Slight foliation of the 
qtz but not of the amph? 

Vcg, feather-sheaf and blade green amph, poikiloblastic. 
Matrix is mg-fg, slightly recryst qtz, sericite, mg-fg 
brown biotite, mg chlorite. 

Cg, blades of poikiloblastic green amph. Matrix fg-mg 

Composition 

Granitic 

Basalt ic 

Basaltic 

Basalt ic 
oxides, qtz, epidote recryst qtz, fg brown biotite, fg-mg xenoblasts epidote. 



Appendix A - Petrographic Description continued 

S a m ~ l e  Rock Type Miaeraloev 
Number 
Sills/dykes in White Rock Formation 
LAM 1 99- 1 Dyke Gamet, biotite, 

margh(WR) chlorite, plag, qtz, 
oxides, rare amph 

LAM1 99-2 Dyke (WR) Arnph, biotite, qtz, 
oxides 

LAM2004 Dyke (WR) Amph, qtz, oxides, 
plag 

LAM205- 1 SilVdyke (Hfk) Amph, plag, 
amphibolite? epidote, qtz, 

oxides, chlorite 

Description 

Vcg idioblast ic, poikiloblastic pink garnet. Half of the 
garnet is inclusionless. Cg poikiloblastic brown biotite. 
Cg, poikiloblastic, xenoblastic plag. Mg xenoblastic 
undulose qtz. 

Vcg, poikiloblastic, blades of green arnph. Matrix is 
recryst qtz, fg, xenoblastic brown biotite 

Cg feather and sheaf, pale green arnph, in an 
granoblastic, fg, plag and qtz matrix. 

No matrix in this sample. Mg-cg subhedral plag, with 
abundant included epidote, some corrosion and 
alteration. Porphs of mg, green amph, xeno- 
subidioblastic. Abundant porphs of mg-fg feathery 
chlorite. Qtz is very rare and vfy. 

Composition 

? 

Basalt ic 

Basalt ic 





Appendix A - Petrogrnphic Description continued 

Sample Rock Type Mineralogy Description 
Number 
Msfic pegmatoid 
LAMO49-9 

LAM049- 10A 

LAMO49- 1 1 

LAMO49- 12 

Granite 
LAM1 57-1 

LAM158-1 

Mafic pegmatite Amph, epidote, Vcg, xeno-subidio, sheaf-like, blue-green amph porphs. 
chlorite, oxides, Cg subhedral plag laths which are recryst, mg, xeno- 
qtz, p h  subidioblastic epidote porphs. Matrix is recryst plag, fg 

xenoblastic brown biotite, fg epidote and fg amph 
needles and qtz. Igneous texture preserved. 

Mafic pegmatite sarne as 49-9 Same as 49-9 but much more biotite and coaser grain 
size, 

Mafic pegmatite same as 49-9 Same as 49-9 but more biotite and matrix is more q t a  
rich (less plag), more recrystallized and finer grained. 

Composition 

Basaltic 

Basal t ic 

Basalt ic 

Mafic pegmatite same as 49-9 Same as 49-IOA but less epidote and slightly less amph. Basalt ic 

Granite No gamet 

Granite 

Appears very recrystallized (grain size reduction) and 
more foliated/strained than 161 series. 



Appendix A - Petrographic Description continued 

Sample Rock Type Minerdom 
Number 

Granite 
LAM1594 Granite 

LAM 1 60- I Granite 
LAM1614 Granite 
LAM161A-1 Granite Qtz, Kspar, p h ,  

biotite, musc, 
zircon,game t 

Description Composition 

Sirnilar to 16 1 series but slightly more recryst (grain size 
reduc t ion) 
same as 159 
Similar to 1 6 1 series 
Granula~Qtz and feldspar grains show consertal Monzogranite- 
(interfocking-intergro wth) texture. Grains are mg-cg, syenogranite 
subhedral. A micrographie texture between some qtz and 
alkali feldspar grains also present. Some cg musc 
appears intergrown with qtz and feldspar. 

LAM t 6 1 B- 1 Granite 
LAM 1 6 1 C- 1 Granite 
LAM1 61D-1 Granite 
LAM 16 1 E- 1 Granite 
LAM 162- 1 Granite No gamet sirnilar to 159 
Amphibolite 
LAM08 1 - 1 Amphibolite Amph, plag, qtz, Vcg, xenoblastic flakes of blue-green amph, Ui a fg-mg 

epidote, carbonate, matrix of plag, epidote and qtz. Qtz looks recryst. Carb 
oxides, sphene appears to be infilling spaces. 



Appendix A - Petrographic Description continued 

Sample Rock Type 
Number 

Amphibolite 
LAM1 70- 1 Amphibolite 

LAM1 72- 1 Amphibolite 

Metasedimentary rocks 
LAM0 14- 1 Slate? 

LAM 1 14- 1 Slate 

LAM1 75-1 Slate 

Amph, oxides, 
plag, chlorite, qtz 

Qtz, biotite, musc, 
chlorite 

Description 

Mg plag, minor qtz, rnatrix is granoblastic. Cg, 
xenoblastic, green amph is slightly poikiloblastic. 

Cg, sheaf-like green, subidioblastic amph, slightly 
poikiloblastic in a matk o f  fg, recryst plag and qtz. 
Matrix appears grano blastic. 

Matrix is fg, recryst qtz, chlorite and musc. Clusters of 
mg qtz, mg chlorite blades and mg-cg, brown, 
poikiloblastic biotite in the centre of the cluster. Foliated. 

Musc, qtz, oxides, Matrix is fg musc and recryst qtz. Strongly foliated and 
gamet, chlorite, also crenulated. Vcg porphs (-1 cm) of idioblastic, 
staurolite poikiloblastic staurolite rirnrned by chlorite. Cg, 

idioblastic, pink gamet. Clusters of mg qtz, musc and 
chlorite. 

Composition 

Basaltic 

Basal t ic 





Appeodix A - Petrographic Description continued 

Sample Rock Type Mineraloa Description 
Number 

Metasedimentary rocks 
LAM191-2 Tuffaceous qtz, plag, kspar, Fg partly recryst qtz, plag, Kspar, xenoblastic green 

sandstone biotite, epidote, biotite, xenoblastic epidote. 
sphene? 

Composition 



APPENDIX 8 ANALYTICAL METHODS FOR ELECTRON 
MICROPROBE ANALYSIS 

Analyses were obtained using JEOL 733 electron microprobe equiped with four 

wavelength dispersive spectrorneters and an Oxfiord Link eXL energy dispersive system. 

Resolution of the energy dispersive detector was 137 ev at 5.9 Kev. Geological standards 

were used with 15 kV accelerating voltage and 15 nA beam current operathg conditions. 

The accumulation tirne was 40 seconds and the probe spot was approximately 1 micron. 

Data were collected using the Oflord Link ZAF matrix correction program. Instrument 

cd'bration on cobalt metal was +/-OS% at 1 standard deviation and accuracy for major 

elements was +/-1.5% to 2% relative. Detection limits for most elements range fiom 

approximately O. 1% to 0.3%. 



Appendix B - Microprobe analyses of amphibole 

Sarnple 075a-1-1 075a-1-2 075a-1-4 075a-1-5 075a-16 075a-1-7 

Si@ 47.96 543 6 42-65 43.03 54.13 41.53 

Ti02 0.5 0-13 0.42 038 O 034 

Afzo3 7.59 1-54 12-85 12.33 1.77 12.26 

Fe0 19-25 13-18 19.53 20.67 14.17 18.63 

Cr203 0.02 0.04 02 0.16 0-04 0.2 1 

Mn0 0.47 0.24 0.2 0.24 0.38 0.3 1 

M m  12-43 17-02 8.97 8.52 16.53 8.71 

Ca0 9.59 12.6 1 1.43 11.7 11.8 11.01 
NazO 1.04 0.38 1.7 1.52 0.5 1.89 

K20 021 O 0.2 0.39 0.04 027 

CI 0.06 0.02 O 0.02 0.04 O 
Ba0 O O O 0.03 0.02 O 
Zr02 0.09 O 0 O O O 

Ni0 0.18 0.25 O 0.0 1 O 0.12 
ko3 0.04 0.06 O 0.06 0.06 O 
Total 99.43 99.9 1 98.2 99.03 99.49 95.3 8 

Structural Formdae (based on 23 oxygens) 
Letters A,B,C and T refer to coordination sites in generai fornula &lB2C5T8022(0H,F)2 

TSi 
TAI 
TF=- 
Su-T 
CAl 
CCr 
C F ~ ~ +  

CTi 
CMg 
C F ~ ~  
CMn 
sum_c 

BMg 
BF~" 
BMn 
BCa 
BNa 
Su-B 
ANa 
AK 

S-A 
Sum-cat 
CC1 

S ~ _ o x y  



Appendix B - Microprobe analyses of amphibole continued 

SiO, 45.84 4 1.99 
TiO, 027  038 

A h 0 3  1 1.63 13.05 
Fe0 17.98 19.93 
Cr203 0.04 0 
M n 0  0.25 034 

M a  9.67 8.43 
Ca0 1 1.27 1 1.85 
NazO 2.03 1.63 

KsO 0 2  0.42 
CI 0.02 O 
Ba0 0.07 O 

Z r 0 2  O O 

Ni0 O 0.16 
Lazo3 O. 17 0 
Total 99.53 98.26 

Structural Formulae (based on 23 oxygens) 

TSE 
TAI 
T F ~ ~ '  
Sum_T 
C A  
CCr 
C F ~ ~ '  
m 
CMg 
C F ~ ~  
CMn 
Sm-c 

BMg 
B F ~ +  
BMn 
BCa 
BNa 
SumJ3 
ANa 
AK 
Sm-A 
Sm-cat 
CC1 
Sum-oxy 



Appendix B - Microprobe anaiyses of amphibole continued 

Sarnple 
SiOz 
'rio2 

A1203 
Fe0 

Cr203 
Mn0 

Mg0 
Ca0 
Na20 
K20 
Cl 
Ba0 

m 
Ni0 
La203 
Total 

Structural Formulae (based on 23 oxygens) 

TSi 
TAI 
T F ~ ~  
Sun-T 
CA( 
CCr 
C F ~ ~ '  
CTi 

CMg 
meB 
CMn 
Sum-c 

BMg 
BF~" 
BMn 
BCa 
BNa 
Sm-B 
ANa 
AK 
Sm-A 
Sum-Cu 
cc1 
sum_oxy 



Appendïx B - Microprobe anaiyses of amphibole continued 

Sample 133-1-9 133-1-10 173-1-3 
Si02 3 8.02 44.6 
Ti02 1.67 0.57 

A1203 16.43 1 1.83 

Fe0  13.44 13 -64 
Cr203 0 0.1 1 

Mn0 0.02 0.46 

M@ 16-22 12.99 
Ca0 0.07 12.19 
Na20 0.29 1.55 

K20 8-94 0.17 
CI O 0.03 
Ba0 024 0.09 
Z r 0 2  0.14 O 

Ni0 O. 1 O 

La203 0 0.15 

Total 95.58 98.38 

Structural Formulae (based on 23 oxygens) 



Appendix B - Microprobe analyses of amphibole continued 

Sample 196-1-2 196-1-4 205-1-8 
SiOz 39-53 40.19 49.82 

TiOz 0.34 0.48 0.19 

Al203 18.0 1 18.57 5.1 

Fe0 17.64 19.99 16.46 
Cr203 O 0.09 0.06 

Mn0 0.39 0.25 0.3 1 

M a  6.0 1 5.24 12.72 
Ca0 1 1.48 1 1.59 12.4 
NazO 1.37 1.38 0.7 1 

K20 0.43 0.43 0-06 
CI O O O 
Ba0 O O O 

Zr02 O 0.0 1 O 
Ni0 O O O. 19 
La203 0.17 0.07 0.02 

Total 95.4 1 98.33 98.23 

Structural Formuiae (based on 23 oxygens) 

TSi 
TAI 
?Tek 
Sm-T 
CA1 

CCr 
me'+ 
CTI 

m g  
C F ~ ~  
CMn 
sum_c 
BMg 
BF~'+ 
BMn 
BCa 
BNa 
Sum_B 
ANa 
AK 
S-A 
Sum-cat 
CC1 
Sum_o?cy 



Appendix B - Microprobe analyses of biotite 

SampIe 
SiO2 
TiOz 
Al203 

Fe0 
Mn0 
Mg0 
Cao 
Na20 
K20 
c f 2 0 3  

N i 0  
p205 

C1 
Ba0 
Zr02 
La203 
Total 

Structurai Formulae (based on 22 oxygen) 
Si 5.67 5.67 5.75 
~ l ~ *  2.33 2.33 2.25 
AI* 0.93 0.78 0.89 
Ti 0.3 1 0.28 0.27 
~e~~ 2.35 2.57 2.50 
Cr 0.00 0.00 0.00 
Mn 0.08 0.09 0.05 

Mg 2.59 2.66 2.65 
Ba 0.00 0.00 0.00 
Ca 0.00 0.00 0.0 1 
Na O. 10 0.06 0.07 
K 2.05 2.03 1.95 



Appendix B - Microprobe anaiyses of biotite continued 

Sample 
Si- 
Ti02 
AI203 
Fe0 
M n 0  
~Mg0 
Ca0 
NazO 

K20 
Cr203 
Ni0 
PZOS 
CI 
Ba0 
za2 
La203 

Total 

Structural Formulae (based on 22 oxygen) 
Si 5.83 5.83 5.67 
A? 2.17 2.17 2.33 
Al* 1.16 1 .28 0.93 
Ti 0.37 0.34 020 
~ e "  3 -90 3 -77 3.00 
Cr 0.00 0.00 0.00 
M n  0.08 0-09 0.02 

M g  0.48 0.47 2.27 
Ba 0.00 0.00 0.00 
Ca 0.0 1 0.00 0.00 
Na 0.05 0.05 O. 13 
K 2.13 2.14 1.96 



Appendix B - Microprobe analyses of chlorite 

Sample 004- 1 - 1 OXa- 1 - 14 144- 1 - 1 144- 1-2 
Si02 33.63 27,02 23,78 23,88 
Ti02 O 0.12 0.09 O 
A1203 20.43 19.72 40.38 40.29 
Fe0 t 1.76 21.35 25.92 25.59 
M n 0  O 0.18 O. 16 0.22 
Mg0 O, 1 19.35 1.88 2 
Ca0 18,3 0.06 O O 
Na20 O. 1 0.09 O 0.07 
KzO O 0.02 O O 
N i 0  0.08 0.15 O. 14 O 

pz05 O 0.09 O 0.0 1 
B a 0  O O 0.09 0.0 1 
CI 0.02 0.03 O O 
Zr02 O O O O 

LazO, O O 0.13 0.02 
Total 84.42 88.17 92.56 92.18 

Structural FormuIae (based on 24 oxygen) 
Si 7.07 5.55 4.63 4,65 
AI'" 0.93 2.45 3.37 3.35 
AI"' 4.13 2.3 1 5.88 5.90 
Ti 0.00 0.02 0.0 1 0.00 
~ e "  2.07 3.67 4.22 4,17 
Mn 0.00 0.03 0.03 0.04 

Mg 0.03 5.92 0,55 0.58 
Ca 4.12 0.0 1 0.00 0.00 
Na 0.04 0.04 0.00 0.03 
K 0.00 0,Ol 0.00 0.00 



Appendix B - Microprobe analyses of epidote 

Sample 
SiOz 

A12°3 

Fe0 
Mg0 
Ca0 

K20 
Cr203 

Ni0 

p2os 
CI 
Ba0 

Zr02 
s a  
Total 

Structural Formulae 
2.96 

2.19 

0.83 

0.00 
2.02 
0.0 1 

12.50 



Appendix B - Microprobe analyses of gamet 

Structural Formulae (based on 24 oxygens) 
Tsi 
TAI 
Sum-T 
AI* 
Ti 
Cr 
Sum-A 
l?e2+ 

Mg 
Mn 
Ca 
Na 
SumB 
Sm-cat 
A h  
Gross 
mope 
Spess 
Uvaro 



Appendix Y3 - Microprobe anaiyses of K-feldspar 

Sample 004-1-2 004-1-12 004-1-14 004-1-15 16ld-1 lg 
SiO2 64.6 65.62 64-91 

TiOz 0.04 0.06 0-08 

A1203 18.62 19 18.61 
Fe0 O 0.08 O 
Mn0 0.1 I O O 
Mg0 0.05 0.0 1 O 
Ca0 0.02 O 0.05 
Na20 0.38 0.59 0.4 

K20 16.94 17.08 17.3 1 
Ni0 O O. 14 O 
pz05 0 0 0.09 
Ba0 0.2 1 0.49 0.37 

La203 0.09 0.12 0.2 1 

Cr203 0.05 0.07 0 
To ta1 101.12 103.26 102.07 

Structural Formulae (based on 32 oxygen) 
Si 11.90 11.87 11.88 
Al 4.04 4.05 4.0 1 
Ti 0.0 1 0.0 1 0.0 1 

~ e ~ +  0.00 0.0 1 0.00 
Mn 0.02 0.00 0.00 

M g  0.0 1 0.00 0.00 
Ca 0.00 0.00 0.0 1 
N a  O. 14 0.2 1 0.14 
K 3.98 3 -94 4.04 
Ab 3.30 5 -00 3.40 
An O. 10 0.00 0.20 
Or 96.60 95.00 96.40 



Appendix B - Microprobe analyses of muscovite 

Sample 01 1-1-4 01 1-1-8 161d-8c 16ld-log 
Si02 
Ti02 
A1203 
Fe203 
Fe0 
Mn0 
M g 0  
Ca0 
Na20 
K20 
F 
Cl 
Cr203 
Ni0 
Ba0 
Zr02 
La203 
Total 

Structural Formulae 
Si 6.24 
AI"' 1.77 
Aiv' 3.16 
Ti 0.09 
~ e ~ +  0.00 
~ e ~ +  0.55 
M n  0.02 
Mg 0.33 
Ca 0.00 
Na 0.08 
K 1.92 
Cations 14-16 
CCI 0.0 1 
O 24-00 



Appendix B - Microprobe analyses of plagioclase 

Samplç 004-1-3 004- 1 -4r 004-1 -6a 
Si02 69.4 68.69 65.89 
Ti02 O O O 
Al201 20.25 19.99 22.75 
Fe0 O 0.08 0.37 
Mn0 0.07 0.1 1 0.04 
Mg0 0.08 O. 14 0.08 
Ca0 0.4 1 0.42 0.67 
Na20 9.88 1 OS5 7.79 
K2O 0.04 0.02 1.66 
Ni0 O. 18 O 0.1 1 
pzos O. 17 0,07 0.12 
Ba0 O 0.05 0.06 
La203 0 0 0.02 
Cr203 0 0 0 
Total 100.49 100.12 99.54 

Structural Formulae (based on 32 oxygen) 
Si 1 1.98 1 1.95 11.57 
Al 4.12 4.10 4.71 
Ti 0.00 0.00 0.00 
k3+ 0.00 0.0 1 0.05 
Mn 0.01 0.02 0.0 1 

Mg 0.02 0,04 0.02 
Co 0.08 0.08 O, 13 
Na 3.3 1 3.56 2.65 
K 0.0 I 0.00 0.37 
Ab 97.50 97.70 84.20 
An 2.20 2.10 4.00 
Or 0.30 O. 10 1 1.80 



Appendix B - Microprobe analyses of plagioclase continued 

Sample 0750- 1 - 12 078-2- 1 078-2-4 
SiO2 68,15 66.72 68.76 
TiOz 0.02 O 0.02 
A1203 20,74 20.43 20.16 
Fe0 0.02 O O 
Mn0 0.04 O O 
Mg0 0.05 0.04 0.18 
Ca0 1.11 1 .O3 0g4 l 
NnaO 10.21 11.36 10.18 
KzO 0.0 1 0.01 0.02 
Ni0 0.03 0.08 0.06 
p203 O. 15 0.06 0.08 
B a 0  O 0.15 O 
L a 2 0 3  0 0 0 
Cr203 O 0.06 0.06 
Total 100.57 99.96 99,94 

Structural 1:ormulac (bascd on 32 oxygen) 
Si 11.82 1 1.73 1 1.95 
Al 4.24 4.23 4.13 
Ti 0.00 0.00 0,OO 
k'+ 0.00 0.00 0.00 

Mn 0.01 0.00 0.00 
Mg 0.0 1 0.0 1 0.05 
Ca 0,2 1 0.19 0,08 
Na 3.43 3.87 3.43 
K 0,oo 0.00 0.00 
Ab 94,30 95.20 97.70 
An 5,70 4.80 2.20 
Or 0.10 0.00 0.10 



Appendix B - Microprobe analyses of plagioclase continued 

S m ~ p l ~  205-1-3 205-1-6 205-1-10 
SiOz 67.78 68.17 66.69 
TiQ2 O 0.07 O 
A1203 20.27 20.05 21.24 
Fe0 0.07 0.3 1 0.2 1 
Mn0 0.03 O O 
Mg0 0.01 O 0.06 
Ca0 0.52 0.5 1 1.84 
Na@ 1 1.58 1 1.43 10.46 
K20 0.03 O 0.02 
Ni0 0.02 0.24 0.03 
1'205 0,09 0.1 1 O. 15 
Ba0 0,28 O 0.09 
ho3 0,17 O 0.04 
Cr203 0 0.0 1 0 
Total 100.86 100.9 100.83 

Structural Formulac (based on 32 oxygcn) 
Si 11.81 1 1.84 1 1.62 
Ai 4,16 4,lO 436 
Ti 0.00 0.0 1 0.00 
pcji. 0.0 1 0.05 0.03 

Mn 0.00 0.00 0,OO 

Mg 0.00 0.00 0.02 
Ca 0.10 0.10 0.34 
Na 3,91 335 3,53 
K 0.0 1 0.00 0,OO 
Ab 97.40 97.60 91.10 
An 2,40 2.40 8,80 
Or 0.20 0.00 O, 1 O 



Appendix B - Microprobe analysis of staurolite 

Sarnple 
SiO2 
TiOz 

N2°3 

Fe0 
Mn0 
Mg0 
Cao 
Na20 

&O 
Cr203 

Ni0 

P2O5 
Cl 
Ba0 
Sr0 
Zr02 

La203 
Total 



APPENDIX C ANALYTICAL METHODS FOR X-RAY FLUORESCENCE 
ANALYSIS 

Samples were analyzed with the Philips P WNOO X-ray spectrometer with a 

Philips PW2S 10 102-position sample changer at the Regional Geochemical Centre, S t  

Mary's University, Halifax, Nova Scotia. Major eIement oxides and some trace elements 

(V, Cr, Sc, Ce, Ba, Pb, Ni, Zn, Ga, and Co) were measured on fùsed beads. Other trace 

elements were measured on pressed powder pellets. Loss on Ignition (LOI) was measured 

by cdculating the diference in sample weight before and aiter heating to 300' C for 90 

minutes and 1 0 0 0 ~ ~  for 150 minutes. The relative accuracy for Si02 is about 0.5%. The 

relative accuracy for other major elements measwed as oxides is about 0.01% and is 

about 5% for trace elements. Detection W s  for Ti02, Mnû, and Na20 are 0.005%, 

0.003% and 0.02%, respectively. AU other major oltides have a limit of detection of about 

0.0 1 %. Detection limits for trace elements are 1 ppm, except for Sc (1 6 ppm), V (12 

ppm), Cr (12 ppm), Ba (39 ppm) and Ce (66 ppm). 



Appendix C - Major and trace element geochemistry 

Major elements (wt.%) 
Si02 47.77 
TiOz 2.55 

%O3 15.06 
Fe203 14.34 
MnO 0.20 
Mg0 7.55 
Ca0 4.64 
Na20 3 -50 

K20 1.82 
pz05 0.40 
LOI 0.89 

Trace elements (ppm) 
Sc 19 
V 282 
Cr 283 
Co 69 
Zr 205 
Ba 326 
La 30 
Ce 44 
Nd 32 
Ni 142 
Cu 16 
Zn 105 
Ga 18 
Rb 37 
Sr 378 
Y 33 
Nb 20 
Sn 2 
Pb 10 
Th 1 
u 2 



Appendix C - Major and trace element geochemistry continued 

SAMPLE LAM0754 

Major elements (wt,%) 
Si02 46-58 

P205 0.36 
LOI 0.82 

Trace elements @pm) 
Sc O 
V 346 
Cr 72 
Co 69 
Zr 201 
Ba O 
La 23 
Ce 50 
Nd 22 
Ni 75 
Cu 49 
Zn 112 
Ga 24 
Rb 11 
Sr 487 
Y 33 
Nb 17 
Sn 2 
Pb 4 
Th O 
u 2 



Appendix C - Major and trace element geochemistry continued 

SAMPLE LAM08 1 - 1 LAM0841 LAM085-3 LAM094-1 LAM095-1 

Major elements (W.%) 

Si02 47.49 47.32 46.65 47.99 46.29 

Mn0 O. 14 0.18 0.22 0.23 0.20 
Mg0 7.5 1 5.1 1 4.3 1 3 .90 4.97 
Ca0 11-18 7.16 6.72 6.89 9.35 
Na20 3.19 3 .O0 3.38 4.83 3.46 

P205 0.23 0.67 0.76 1.48 0.73 
LOI 1.92 0.9 1 2.48 0.49 0.30 

Trace elements (ppm) 
Sc 15 
V 253 
Cr 370 
Co 56 
Zr 152 
Ba 187 
La 21 
Ce 36 
Nd 10 
Ni 140 
Cu 74 
Zn 87 
Ga 24 
Rb 16 
Sr 570 
Y 23 
Nb 14 
Sn 3 
Pb O 
Th O 
u 2 



Appendix C - Major and trace element geochemistry continued 

SAMPLE LAM1 06- 1 

Major elements (W.%) 

Si02 42.56 

Ti02 3.84 

A1203 17.94 

Fe203 17.5 1 
Mn0 0.50 
M g 0  4.65 
Ca0 9.34 
Na20 0.88 
K.20 1.13 

P205 0.99 
LOI 1.82 

Trace elements (ppm) 
Sc 11 
V 270 
Cr O 
Co 66 
Zr 381 
Ba O 
La 72 
Ce 143 
Nd 61 
Ni 10 
Cu 1 
Zn 268 
Ga 35 
Rb 21 
Sr 200 
Y 42 
Nb 35 
Sn 3 
Pb 5 
Th 2 
U 2 



Appendïx C - Major and trace efement geochemistry continued 

SAMPLE LAM1 53-2 

Major elements (wt.%) 
Si02 46.77 

Ti02 3 -53 
Aï203 15.23 
Fe203 15-18 
Mn0 0.20 
Mg0 5-39 
Ca0 9.3 8 
Na20 3.36 
K20 0.19 
P205 0.67 
LOI 0.10 

Trace elements @pm) 
Sc O 
V 364 
Cr 32 
Co 65 
Zr 326 
Ba 30 
La 35 
Ce 75 
Nd 43 
Ni 35 
Cu 48 
Zn 134 
Ga 24 
Rb 9 
Sr 1097 
Y 31 
Nb 24 
Sn 3 
Pb 12 
Th 2 
u 2 



Appendk C - Major and trace element geochemistry contiaued 

Major elements (W.%) 
Si02 76.83 

Ti02 0.15 

A1203 12.57 

Fe203 1.45 
Mn0 0.03 

Mg0 0.07 
Ca0 0.48 
Na20 3 .O9 

K20 5.3 7 
P205 0.05 
LOI 0.18 

Trace elements @pm) 
Sc 42 
v 10 
Cr O 
Co 51 
Zr 127 
Ba 282 
La 20 
Ce 96 
Nd 42 
Ni O 
Cu 3 
Zn 50 
Ga 24 
Rb 262 
Sr 42 
Y 54 
Nb 46 
Sn 13 
Pb 27 
Th 19 
u 3 



Appendix C - Major and traceelement geochemistry continued 

SAMPLE LAM161D-I LAM161E-1 

Major elernents (wt.O/o) 
Si02 76.46 
Ti02 0.17 
A1203 12.53 
Fe203 1.65 
Mn0 0.03 

M g 0  0.08 
Ca0 0.56 
Na20 3 .O3 
K20 5.49 
P20S 0.05 
LOI 0.34 

Trace elements (ppm) 
Sc 22 
v O 
Cr O 
Co 24 
Zr 168 
Ba 289 
La 3 1 
Ce 57 
Nd 32 
Ni O 
Cu 1 
Zn 65 
Ga 26 
ICb 247 
Sr 34 
Y 59 
Nb 49 
Sn 14 
Pb 28 
Th 22 
u 3 



Appendix C - Major and trace element geochemistry contiaued 

Major elements (W.%) 
Si02 49.64 

Ti02 2.96 

AI203 15.68 

Fe203 13.68 
Mn0 0.19 
M g 0  5.44 
Ca0 6.95 
Na20 4-25 

K20 0.07 

P205 0.39 
LOI 0.48 

Trace elements (ppm) 
Sc 36 
v 353 
Cr 82 
Co 61 
Zr 273 
Ba O 
La 14 
Ce 62 
Nd 25 
Ni 44 
Cu 38 
Zn 106 
Ga 25 
Rb 12 
Sr 646 
Y 32 
Nb 18 
Sn 3 
Pb 12 
Th 1 
U 2 



Appendix C - Major and tnice element geochemistry continued 

SAMPLE LAM206-3 

Major elements (W.%) 
Si02 45.87 

Ti02 3.88 

A1203 15.24 

Fe203 15.47 
Mn0 0.2 1 

Mg0 6.07 
Ca0 9.61 
Na20 2-89 

K20 0.19 

P205 0.5 1 

LOI 0.96 

Trace elements (ppm) 
Sc 21 
v 437 
Cr 138 
Co 67 
Zr 3 16 
Ba O 
La 35 
Ce 127 
Nd 30 
Ni 53 
Cu 21 
Zn 120 
Ga 24 
Rb 10 
Sr 647 
Y 38 
Nb 22 
Sn 4 
Pb 12 
Th 1 
u 2 



APPENDlX D ANALYTICAL METHODS FOR ICP-MS ANALYSIS 

Samples were analyzed by inductively coupled plasma-mass spectrometry at 

Mernorial University, St. John's Newfoundland using a pure quartz reagent blank and one 

or more cerîified reference standards such as gabbro MRG-I (CCRME') and basdt BR- 

688 P S T  SM 688). Analytical procedure for rare earth eIements includes (1) sintering 

of a 0.2 g samples aliquot with sodium peroxide, (2) dissolution of the sinter cake, 

separation and dissolution of precipitate, and (3) analysis by ICP-MS using the method of 

interna1 standardization to correct for matrix and drift efEects. Elements Zr, Nb, Ba, 

and Ta were analyzed by the digestion procedure and results are semi-quantitative. 



Appendix D -1CP-MS Chernical data 

Sample LAM002- 1 LAM004- 1 LAM075A-1 LAM085-3 LAM1 3 1 - 1 LAM1 6lD- 1 LAM205- 1 



ANALYTICAL METHODS FOR SM-ND ISOTOPIC 
ANALYSIS 

Al1 analysis were conducted at Mernorial University, S t. John's, Newfoundland. 

Concentration data are standard ICP-MS trace element analyses and are precise to 1 5  % 

(2a) Congerich et al. 1990). 1 4 7 ~ m / 1 u ~ d  ratios were measured directiy by high- 

precision ICP-MS with an estimated precision of &5 % ( 2 ~ ) .  143Nd/1"~d ratios were 

determined by thermal ionization nass spectrometry using a VG Micromass 30B 

spectrometer or Finnegan MAT 262 spectrometer and normalized to a '%d/"%d ratio 

of 0.7219 with an estimated error of +0.000030 (20). The isotopic data were corrected to 

LaJoUa value of 0.5 1 1 850. AU epsilon Nd values were calculated with respect to CHUR, 

assuming a present day ' 4 7 ~ m / ' 4 4 ~ d  ratio of 0.1 96593 and a '43Nd/'"~d ratio of 

0.5 12638. 



Appendix E - Sm-Nd isotopic anaiysis 




