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ABSTRACT " • • 

The Wild Bight Group, part of the Newfoundland Dunnage Zone or Central Mobil~ Be~. Is 

a thick (probably more than 8 km.) sequence of dominantly epiclastic (-75%) and lesser volcaPIIc 

(-25%) rocks which outcrops in and to the south of centtal Notre Dame Bay. The base of the .- ~ .. 

group is not exposed. It passes conformably upward into fossiliferous shale with a tar~d?cian 

(Middle Ordovician) gra_e)61ite f~una. On this basis, it is considered as Ear~ to Middle Ordovician . . . I . 
. in age. 

Volcanic rocks occur throughout the s\ratigraphic section of the Wild Bight Group. Eleven 

{' separate volcanic sequences are identified and sampled, most of which comprise dominantly or J 

wholly mafic pillow tfva. Less commonly, massive basah or pillow breccia and asso~iated mafic. . 

pyroclastic rocks are the dominant lithology. Felsic volcanic rocks occur in five of these 

sequences and volcanogenic sulphide deposits or prospects in four of them. The entire 

assemblage is intruded by fi,ne to medium grained mafic sills and, less commonly, dykes, which 

are interpr~ted on field and geochemical evidence to be subvQic(!njc. 

. • The mafic volcanic rocks exhibit a greenschist facies metar>rphic assemblage of c;hlorite· 

-albite- quartz- epidote± (actinolit~. sphene, magnetite and calcite) . The only primary mineral 
( 

remaining is clinopyroxene. Comparison of secondary mineral chemistry w ith ancient and modern 
/ 

. oceanic rocks and with experimental resuhs are consiste'nt with metamorphism at temperatures in 

the range 200° C to 280° C anCIIow water I rock ratios. The local presence of secondary . 

amphibole is interpreted to reflect slightly higher temperatures. 

Major and trace elemen! whole rock ·analyses of volcanic and subvolcanic rocks . as well as 

clinopyroxene mineral chemist.ry, reveal a complex geochemical association. Two broad 

paleotectonic environments can be iden!ified using high field strength elements; volcanic rocks 

in the lower and middle parts of the group nave a clear island arc geochemical signature (negative 

Ta and Nb and positiveTh with respect to La on achondrite-normalized basis) whereas those in. 
. I 

the upper parts of the group generally do not However, basahs of both affinities occur together 
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.In one seq:t:· at th~top of th~ group, sugge~tlng that magmatism of island arc and non-arc 

affinity overt · d in time. . . · . 
. . 

· · these.two environmtfnts, further variations can be recognized. Rocks with an 

Island arc geochemical signature include both LREE-depleted ~nd LREE-enricl!ed island arc 

tholeiites as well as a group of very incompatible element-depleted tholeiites which are· 

Interpreted to represent partial melting of refnfctOf)' sources. Bocks lacking the island arc 

· geochemical signature range from slightly LREE-enriched basalts to alkalic basalts and include a 

group of basalts that have geochemical characteristics _transitional between the two end 
( 

· members. Mafic subvolcanic rocks represent all of these eruptive types. 
-. -. - . 

Felsic volcanic rocks are Low- K, high - Si02 rhyolite. They OCCl,lr only in the central 

stratigraphic parts of the group aoo are assOciated with mafic rocks of island arc affinity. 

P'etrogenetic modelling of the Wild Bight Group volcanic rocks, using a comprehensive 

suite of Nd Isotope analyses on selected whole rocks, allo~s further Interpretation of their origin. 

Rocks of Island arc affinity, 'for the most part, have epsilonNd in the range -1.2 to +4.8, indicating · 

_,r. the Involvement of enriched·mantle sources in the magmas. Negative Nb and Ta and positive Th 
. 
• 

- --- -anomalies with respect to the tREE irldicate that1his--component was most llkely<n~onr.n=em.....,al.--··--- - -

crust~l spur:ce from the subducting slab. The island arc tholeiites can be modelled as resulting · 

from mixing of this crustal source and normal depleted mantle followed by varying amounts of 

partial melting. However, the melting history of the depleted tholeiites must be more complex, as 

suggested by a strong negative correlation between epsilonNd and both Sm'Nd and atomic 

I . 

Mgt(Mg+fe) (Mg#). All rock~ that lack the Island arc geochemical signature have epsilonN9 in the 

range +4 to + 7 and ·are Interpreted to have resulted from varying degrees of partial melting of an 

~ean Island basalt- type source, locally mixed with normal depleted mantle. , 
The geochemical and isotopic data, and comparisons wlt!1,1J19<1em oceanic environments 

. . ~ 

such as Fiji and the Mariana Trough, suggest a four-stage conceptual model for the geological 

development of the WiJd Bight Group: Stage 1, the bottom of the group, records the last phases 

' I 
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of volCanic. activity in w~ may have been an originally more extensive Island arc terrane. Stage _ 
. . ' 

two fleCOrds the fragmentation of the arc, wnh attendant hydrous partial melting of both refractory 
. . 

mantle SQIIrces and basal arc crust. Stage three records an earty stage of back-arc magmatism with 

the eruption of alkalic and transitional alkalidtholeiitic basalts, respectively formed by Increasing 

' amounts of partial melting of an ocaariic island basalt-type source. Stage four record;; a more 

m,ature stage of back-arc volcanism with advanced partial melting of oceanic Island ba~lt sources 

and possibly mixing with normal depleted mantle sources. The contlnuect eruption of _arc 

tholeiites at this stage indicates that the back-arc basin was not very wide, and even in the latter , 

stages w~ still broadly In a ~supra-subduction zone' environment. 

The four volcanogenic sulphide deposits in, the Wild Bight Group Include both massive . . 

sulphides and stockwor1<·deposits formed during Stage 2, probably as a result of Increased 

fracturing, heat flow and hydrothermal circula1ion accompanying breakup of the arc. 

Comparison of_ geochem~l-data from the Wild Bight group with nearb~ approximately 
~ J . 

coeval, volcanic sequences suggests that the environments can be recognized throughout 

central and eastern Notre Dame Bay anci in south-central Newfoundland. Lead Isotope studies of 

·----_ .. . .. ·- .YQJcanoge.nic_sulphide deposiis.-throughoutcentral Newfoundland·suggest that deposits In the 

WikfBight Group arc had similar lead sources to those in an earlier island arc of late Cambrian age 

\ 

that Is represented throughout south central Newfoundland and Notre Dame Bay. This suggests 

a tectonostratigraphic relationship between them and it is possible that the earlier arc was the 

basement upon which the later arc was built. Lead isotopes In these sequences are _r.,latlvely 

radiogenit and contrast sharplY with those in most of .the western Dunnage Zone deposits, where 

relatively ~n-radiogenic lead is prevaient. This contrast suggests that a m_afor structural boundary 

may be present along the eastern side of the ~uchans - Robert's Arm bell . ~quences on ellher · 
----- -------- . 

side of this boundary may represent different t~onostratigraphie terranes, juxtaposed di:irtno 

the late Ordovician or ~arty Silurian. 
. ' 
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CHAPTER 1 

INTRODUCTION 

1.1 Subject and Scope of Thesis \ 
The Wild Bight Group comprises a sequence of early and middle Ordovician volcaniclastic. 

volcanic and subvolcanic rocks·outcropping in the central part of Notre Dame Ba)(. north-central 

Newfoundland. It forms part of an extensive tract of dominantly pre-middle Ordovician. oceanic. 

stratified (dominantly voleMic and volcaniclastic) rocks that outcrops throughout Central 

Newfoundland and defines the "Central Mobile (or Volcanic) Belt" (Figure 1.1) . The thick 
e 

· sequences of volcanic and volcaniclastic rocks in this tract have been widely interpreted ets the 

products of island arc vokanism and sedimentation accompanying the closure of the Iapetus 

Ocean (e.g. Wilson. 1966; Bird <l.nd Dewey, 1970; Williams et at . 1974; Strong, 1977; Williams. 

1979; Dewey eta/., 1983). 

The broad outlines of the stratigraphy of the Wild Bight Group were f irst described by Heyl 

~ 

(1 938) and further refined by later reconnaissance studies (Wil!iams. 1 964; Horne and Helwig, 
·-

1 969; Dean and Strong; 1976; Dean, 1978. among others) . However, few detailed data 

regarding the distribution and stratigraphic setting of the volcanic rocks have been published. 

Likewise, there are no geochemical or isotopic data on which to interpret the magmatic and 

paleotectonic history of volcanic rocks in the group and the interpretation of this seque~ce as 

products of island arc tectonism remains unsubstantiated. 

• 
This lack is particularly significant in view of. the fact that the Wild Bight Group hosts four 

volcanogenic sulphide deposits including the Point Leamington deposit. the largest massive 

sulphide deposit in the Canadian Appalachians outside the Bathurst area. Pre-Middle Ordovician 

volcanogenic depositsare widespread in Central Newfoundland, have historically been a m&~jor 

source of base aod.precious metals and continue to be a major target for exploration efforts. 

Despite tM1s. there is little documentation of the specific types of volcanic rocks associated with 

m;ne<at;,atlon o< the pateoteelon~ e\ments ;n wh;ch they fo<me~ 

\ 
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Figure 1.1: Tectonostratigraphic subdivision of Newfoundlqnd. Wild Bight Group indicated by 

dar1< stipple. Other Cambrian to Ordovician volcanic and volcanidastic rocks indicated by light 

stippie, ophiolites by black shaqfg. 
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This thesis presents the results of a detailed gcolo~ical; petrological, geochemicat and 
I . . 

isotopic study of volcanic and subvolcanic rocks in the Wild Bight Group. The aims and principal 

objectives of the sltldy are : 

1) to document the geological settings and petrological characteristics of volcanic and 

subvolcanic rocks In the Wild Bight Group; 

2) to Identify and documen~ the geochemical variation in volcanic and subvolcanic-rocks in 

the Wild Bight Group, and to interpret thesQ characteristics in terms of the petrogenetic history of 

the magmaltc rocks and the paleotectonic environments in which they might have formed. 

3) to define the geological setting of volcanogenic mineralization in the Wild Bight Group, 

to 1\erpret this setting it1 terms of possible paleotectonic environments and to refine genetic 

models for the mineraflzation based on this understanding of their paleotectonic setting ; 

4) to Integrate this study in the wider reference frame of the geology and paleotectonic 

history of Central Newfoundland, in order to further our understanding of the pre·Middle 

Ordovician geological development of the Central Mobile Belt. 

The Wi~Bight Group has several characteristics that make it particularly amenable to such 

a study: 

1) adequate geological control at a scale of 1:50,000 is provided by the geological 

compilations of Dean and Strong (1976); 

2) volcanic rOcks are widespread in the succession and occur at virtually all stratigraphic 

levels; 

3) the Wild Bight Group outcrops along (and generally strikes into) more than 80 km of 

deeply Indented coastline, providing excelient accesS to the complete stratigraphy and good · 

exposures of many critical stratigraphic and structural relationships; 

·-zt) no geoChemical or whole rock isotopic data wer~ previously available; 

5) like many other volcanic unijs in north-central Newfoundland, his overlain by a 

widesprea .. d fossil~erous unit, the ·caradocian shale" (Dean, 1978), which provides a compelling 
~ 

stratigraphic link and permits conclusions reached in the Wild Bight Group to be applied over a 

4 



broad area; 

6) the Wild Bight Group contains four v.olcanogenic sulphide deposits. and, therefore, 

provides an excellent opportunity to investigate the relationship between genesis of the volcanic 

rocks.and the presence (o.r absence) of mineralizat ion. 

Chapter 2 presents detailed descriptions of the geological settings of the volcanic and 

subvolcanic rocks from field data coll~cted by detailed traversing of all volcanic sequences 

including examination of all contact and internal stratigraphic relationships where expased, 

detai_led traversing of all coastal exposures to examine regional lithological and stratigraphic 

relationships, and systematic inland traverses to examine regional relationships not exposed on 

the coastline. These data are supplimented by petrographic studies of the volcanic and 
~ 

subvolcanic rocks and electron microprobe analyses of selected secondary mineral phases. 

Whole rock samples were analysed lor major and trace elements and selected samples 

were analysed lor additional highj ield strength elements (HFSE) and rare earth elements (REE) 

These analyses are presented in Chapter 3 with preliminary interpretations of the nature of the 

magmatism and the possible tectonic environment(s) that the rocks represent. Electron 

microprobe analyses of clinopyro}(ene in malic rocks further contribute to the discussion. 

Whole rock Nd isotopic studies. prese~ted in Chapter 4, allow further comparison of the 

magmatic history of the Wild Bight Group, by helping )O constrain the nature of the maomatlc 

source area{s). Isotopic and ge~emical data are inte,grated in a synthesis and interpretation of 

the petrogenesis(es) of ~he various magmatic rocks at the end of this chapte~. 

In Chapter 5 , the geological, petrological, geochero~ical and isotopic data are compared 

with modem oceanic environments that are interpreted as good analogues for the W ild Bight 

Group. These form the basis for a model of the paleotectonic developmen~ of the Wild Bight . 

·Group. 

Volcanogenic sulp~ide deposits in the Wild Bight Group are described in Chapter 6 and 
\ 

their genesis interpreted in terms of the paleotectonic setting o~ the host roc~~ - Lead isotopic 

data from these and other deposits in Central Newfoundland are used to constra in further the 
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correlation of units across the Mobile Belt and to interpret further the tectonic history of the 

Central Mobile Belt. 

Chapter 7 is a summary of the thesis and its principal conckJsions. 

(.. 

.,.1.2 Location and Access 

The Wild Bight Group is centered at approximately 49°,20' N., 55°, 30' W. and occupies 
. . . 

parts of 1:50,000 map sheets 2EI3 (Botwood), 2EI4 (Hodges Hill), 2EJ5 (Robert's Arm) and 2E/6 

(Point Leamington) . Most of the northern part of the Wild Bight Group is easily accessible by small 

boat from the shores of Badger Bay, Seal Bay an~ Osmonton Arm·and from all weather gravel 

roads linking Point Leamington with Leading Tickles (Figure 2.1). The southeastern corner of the 
• 

Wild Bight Group Is crossed by highway 350 near Northern Arm and much of the_ area northwest 

Of here Is accessible via an extensive network of (mainly abandoned) bush roads'and trails (now 

passable only to four-wheel drive and all-terraln vehicles) which connect with major highways at 

Point Leamington, Botwood and Grand Falls. Inland outcrops in the western part of the group are 

locally accessible via all-weather forest access roads which link with Highway 380 between South 
- ' 

' 41 0 ' 

Brook and Robert's Arm. Access to remote areas throughout tha.southern part of the group is 

gained by canoe on the numero_us lakes and rivers and by fixed and rotary winged aircraft. 

1.3 Regional Setting of P,.Middle Ordovician Stratified Rocks In the Central 

Mobile Ben 

The island of Newfoundland is the northeastern termination of the Appalachian Orogen .. 
(Williams eta/., 1974; Williams. 1978). The orogen in Newfoundland_ is generally regarded as a 

"two-sided, symmetrical system· (Williams, 1964). Precambrian continental platforms (fhe Humber 
~ 

and Avalon Zones of Williams, 1978, or the Humber and Avalon Terranes of Williams and Hatcher, 
. .. 

1983) occur to the west and east. respectively (Figure 1.1 ). These are separated by an earty 

• 
Paleozoic mobile belt (the Dunnage and Gander Zones or Terranes, Williams. 1978; Williams and 

Hatcher, 1983) which records the formation, dev_elopment and subsequent destruction of part of 
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an early Paleozoic oceanic terrane, commOnly termed the ·ProtiAtlantic· or ·lapelus· ~ean 
(Wilson, 1966; Harland and Gayer, 1972). The DU,l)nage Zone forms the western and northern part 

of the Mobile Belt and its pre-Silurian rocks record mostly intra-oceanic events. In the, Gander 

Zone to ~he south and east, the pre-Silurian record contains quartzose clastic and fel/olcanlc 

rocks which are interpreted to have been deposited at or near a sialic continental margin -. . 
(Colman-Sadd, 1980; Colman-Sadd and Swinden, 1984). 

A summary of stra~igraphic relationships in the norther;W of the Central Mobile Belt tan 

be found in Dean (1978), to which the reader is referred for a comprehensive reference to . 
previous work and the development of ideas concerning the geologiCal history of this part of the 

orogen .. , 
The analogy between pre-Middle Ordovician volcanic sequences of central Newfoundland 

. and modern ~olcanic islands has been part of geologic thought for more than one hundred years..: _ 

Wadsworth (1884) was one of the first to compare volcanic rocks of Notre Dame Bay with those in 

modem Volcanic islands and Heyl (1936) also considered that volcanic and volcaniclastic.rocks in 

central Notre Dame Bay (now assigned to the Exploits and Wild Bight Groups) probably represent 

anci~olcanic4s+ands. The concept of an Ordovician chain of volcanic Islands was also an 

integral part _of geosynclinal theory applied to the Appalachians by, among others, Kay ( 1951) . 

Wilson (1966) pointed out that modern voJcanic chains adjac~nt to continental margins 

were pro!jably analogous to Ordovician volcanic-volcaniclastic sequences in the Appalachian~ 

and with the advent of plate tectonic theory, many authors were quick to note the similarhy 

between the pre-Middle Ordovician sequences of central NeWfoundland and modern island arcs. 

This geological comparison was the basis for the identification of an early to middle Ordovician 

island arc in regional syntheses by, fQI' example, Bird and Dewey (1970), Mitchell and Reading 

(1971), Williams ei"al. (1972,1974), Kay, (1973). Kennedy (1975), Stror19 (1977), Dean (1978) 

and Dewey eta/., (1983) and figured strongly in mortjdetailed studies of individual sequences by 

Kean and Strong (1975, Cutwell Group), Strong and Payne (1973, Moreton's Harbour Group), 

DeGrace et al. (1976, Snooks Arm Group) and Tuach and Kennedy (1978, Pacquet Harbour 

t 
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Group) among others. 

These and other early modets for Central Newfoundland geological and tectonic 

development assumed a simple stratigraphic succession from ba~al ophiolites to overlying island 

arc sequences interpreted as recording the Cambrian to early Ordovician opening'of Iapetus 

(ophiolitic rocks) followed by its early to middle Ordovician closing (volcanic/volcaniclastic \-

sequences Interpreted as island arc-related) . In each case~ island arc volcanism was postulated on 

the basis of some or all of the following observations: 

\___; ( 1) the substantial thickness of some sequences (up to ten km) . believe9 to be more 

characteristic of island arc than oceanic settings ; 

(2) the association of volcanic rocks with voluminous, volcanically -derived, clastic ., 
sedimentary rocks; 

(3) the presence of felsic volcanic rocks in the sequences; 

(4) the stratigraphic setting of these sequences above ophiolitic rocks ~hich, following 

Church and Stevens (1971), were generally interpreted as ocean floor; 

(5) geochemical data suggesting a broad calc alkalic affinity for many of the volcanic 

products. 

However, more recent detailed geochemical and isotopic studies, and particularly 

geochronological work, have shown that such a simplified model is unfenable. Geochronological 

studies have shown, for example, that ihere are at. least two generations of ophiolites (Dunning 

arid Krogh, 1985), each of which locally contains evidence for magmatism in a supra subduction 

zone environment (the Pipestone Pond Corfl)lex at ~495 Ma, Swinden, in press; the Betts Cove 

Complex at- 488 Ma, Coish eta/., 1982). Furthermore. at least three generations of island arc 

volcanic rocks have been id~ntified (Dunning eta/., 1986; 1987) spanning t~e time period from 

late Cambrian to middle Ordovician and geochemical studies have shown that within some of the 

thick volcanic-volcaniclastic sequences previously interpretjd as arc-related, there are magmatic 

rocks that appear to be products of within-plate rather than island arc activity (e.g.,. Jenner and 

,Fryer, 1980; Jacobi and Wasows~. 1985; W~sowski and Jacobi. 1985; see Section 1.4). 

,~~ ' 
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It is now clear that the Central Mobile Belt records a long and complex history, the details of 

which are equivocal. The present geological, geochemical and geochr~nological data base. 

however, suggests the general sequence of events ~ummariied bel<;>w (time scale according to ., 
van Eysinga, 1975): 

1) -505 to 520 Ma. late Cambrian: The oldest radiometrically-dated rocks in the Dunnage 

Zone are felsic volcanic rocks of the Tally Pond volcanics (-517 Ma, Dunning et al., 1986), The 

geology of this sequence (mafic pillow lavas and up to 35 percent felsic volcanic rocks) Is 

indicative of an island arc origin (Kean and Jayasinghe, 1980). A somewhat younger U!Pb (zircon) 

date of 510(+ 17/-16)Ma has tMen obtained from the Twillingate trondhjemite (Williams ei a/., 

1976), likewise interi)reted as formed in an island arc environment (Pay.ne and Str~ng, 1g79). It is 

not known whether ther'e is any direct relationship between these two old island arc terranes, but 

together they apparently constitute the earJiest volcanic activity in the Dunnage Zone. 

~ost r~ently, a preliminary late Cambrian U/Pb (zircon) age has been recovered from the 

southernmost part of the Tulks Hill volcanics in the Victoria Lake Group (G.R. Dunning, pers . 

• comm. 1987) and it now appears that at least part of this sequence may be approximately coeval 

with the late Cambrian arc. 

2) -495 Ma, Tremadocian: ophiolitic rocks of the Gander River Ultrabasic Belt (GRUB) 

represent the earliest peri.od of ophiolite generation. G~Jochemical studies of the Coy Pond . 

(Colman-Sadd, 1985) and Pipestone Pond (Swinden, in press) ophiolites suggest that they 

were, at least in part, supra-subduction zone ophiolites. There are no geological links between 

l 
these and the slightly younger ophiolit-es of the western Dunnage Zone. 

3) -475 to 488 Ma, Arenigian: During this period, most of the western Newfoundland 

~phiolites (e.g. Betts Cove, Annieopsquotch, Bay of Islands) were generated (Dunning and 

Krogh, 1985). These mainly appear to represent oceanic crust generated in back arc basins (e.g. 

Upadhyay and Neale, 1979; D~nning and Chorhon, 1.985) although geochemical and isotopic 

evidence suggests tl)at the Betts Cove coV!plex may r~resent the,atter stages of an arc rifting 

event (Coish eta/., 1982). 

' 
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These ophiolites are locany conformably over1ain by volc~niclastic and mafic volcanic rocks 

of oceanic island affinHy (Jenner and Fryer, 1980). 

4) -475 Ma, late Arenif)ian: . The Buchans and Robert's Arm groups were formed at this 

time (Dunning et at .• 1~87}- as were nearby volcanic rocks of the Cutwell Group (Gl. Dunning, 

pers. comm. 1987). The extensive development of felsic volcanic rocks and data from detailed 

geochemical studies in the Buchans area syggest an island arc origin (Thurlow, 1981). Little 

detailed work on the petrogenesis of these rocks has been published to date although Bostock 

(1978) suggested on the basis of Ti02 and P205 concentrations that parts of the Robert's Arm., 

Group contained volcanic rocks of both oceanic island and island arc affinity. 

3) -460 Ma. Llanvirnian to Caradocian: Felsic volcanic rocks in both the Dunnage and 

Gander Zones, have yielded dates of approximately 460 Maat a number of localities in central and 

southern Newfoundland (Dunning et at., 1986). Volcanic sequences that have yielded these 

· dates have previously been interpreted as of island arc affinity on the basis of geological and 
·t 

geochemical arguments (t;t.g.-volcanic rocks in the northwestern part of the Victoria Lake Group, 

here termed the ·victoria Mine sequence·: Kean and Jayasinghe, 1980; the Bay du Nord Group, 
~ . 

Charlton, 1980). However; recent work has also identified volcanic rocks with geochemical 

signatures of oceanic w~hln plate environments in some of these sequences (e.g. Reusch. . . . \ 
) 

1963; Jacobi and Wasowskl, 1985; Wasowski and Jacobi, 1985). Locally, the volt:qnic rocks are 
' • 

Interbedded with fossiliferous sedimentary rocks containing a Llanvirnian fauna (e.g. the Tulks Hill 

volcanics. Kean and Jayaslnghe, 1982) and at several locations, are conformably overlain by 

fossiliferous Caradocian shale (Dean, 1978). 

' . 4) Caradocian to Silurian~ Carbonaceous argiMe, grey and red chert and local 
0 ; 

accui'Tl.llations of calcareous argillite and siHstone overlie the volcaniclastic and volcanic 

sequences of Notre Dame ~ay and south-Central Newfoundland (Kay, 1975; Dean and Strong, 

1976; Dean, 1978; Dean and Meyer, 1982). This pelagic facies is overtain in most areas, by Late 

Ordovician to Silurian turbidites, consisting of graywacke and fine-grained conglomerate, 

assigned to the Sansom Formation. the Point Leamington greywacke and the Goldson 

-. 
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conglomerate. These were derived from a volcanic t~rrane to the north and northwest (Helwig, 

1967; Helwig and Sarpi, 1969; Nelson and Casey, 1979) and detrital chromite grains in them 

suggest a partially ophiolitic provenance (Nelson and Casey. 1979). An exception is found In the 

Cutwell Group on Long Island where Caradocian argillites are over1ain by Intermediate volcanic 

) rocks of the Parson's Point Formation (Kelan and Strong, 1975). 

• Volcanic activity resumed in the early-Silurian with IRe widespread eruption of terrestrial 

volcanic rocks accompaoied by the deposition of fluviatile clastic sediments. Detailed studies of • 

the Springdale Group and volcanic sequences on the Burlington Peninsula (Kontak and Strong. 

1986; Coyle and Strong, 1987) indicate that these rocks were ertJpted in an epicontinental 

environment and are not related to subduction. 

The post-Silurian history of Central Newfoundland involved mainly extensive granitoid 

plutonism spanning Silurian to Carboniferous time (Strong et al., 1974a; Strong and Dickson, 

1978; Bell et al., 1977; 1979; Strong, 1980; Elias and Strong, 1982) and the opening of 

successor basins, beginning in the late Devonian, accompanied by clastic fluviat il~ sedimentation 

(Belt, 1969; Bradley, 1982). 

1.4 Previous Geochemical Studies of Pre-Silurian Volcanic Rocks In Central 

Newfoundl~nd 

There are a number of published and unpublished geochemical studies of pre-Silurian 

volcanic rocks in the Central Mobile Belt. These data have figured prominently in S<.VOO . 

paleotectonic ~dels for the Centra~obile Belt and are particularly relevant to the results of the 

present study. A compilation of previous geochemical Studies Is presented in Table 1.1 and the 

brief discussion below highlights significant features of the studies. 

Geochemical studies in the early 1970's r~lied heavily on interpretation of major element .. 
relationships ( including alkali fr.d alkaline earth 'elements without regard to possible effects of 

alteration) and a limited number of trace elements, usually including Ti, Zr, 'V. Cr and Ni, 

11 
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Table 1:1: Summary of previous geochemical studies of 
pre-Silurian volcanic rod<lln the "Central Mobile Belt. 

REFERENCE UNIT(S) 
DATA· INTERPRETATIONS 

DIAGRAMS 
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~ . 
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interpreted with reference to the discriminant diagrams of Pearce and Cann (1971 ; 1973). These • 

data led to early recognition of probable island arc volcanic rocks in the Culwell, Robert's. Arm and 
. . 

Buchans Groups. However, they also led some workers to suggest that the chemistry of many of 

the volcanic rocks in the thick volcanic/volcaniclast ic st:quences in Notre Dame Bay might not be 

of island arc origin. Strong ( 1977), in particular, pointed out that although geological 

interpretations of the Snooks Arm and Moreton's Harbour groups Indicated an island arc origin, 

they generally plotted in ocean floor fields on the Pearce and Cann diagrams Bostock ( 1978) 

made a similar case for tholeiitic rocks at the base of the Robert's Arm Group (although without 

publishing his data) and suggested that this group was bipartite, with a lower volcanic sequence 

of oceanic island origin and an upper sequei1Ce formed in an island arc. 

Jenner and Fryer (1981) were the first to present rare earth element (REE) data for any of 

\ ~hese volcanic rpcks in their analysis of the petrochemistry of the Snooks Arm Group. They 

showed that these volcanic rocks are dominantly large ion lithophile element (LILE) enrichP.d 

tholeiites unlikely to have been ggnerat~d in an island arc environment, supporting pre,dous 

conclusions of Upadhyay (1973) and Strong (1977). 

Geoc.hemical studies in central and eastern Notre Dame Bay have not yielded much 

evidence of island arc volcanic activity. Both the Summerford Group (Reusch. 1983; Jacobi and 

Wasowski, 1985) and·the upper part of the Exploits Group (Wasowski,1984; Wasowski and Jacobi, 

1985) have been found to contain mainly light rare earth element (L~EE) enriched tholeiites 

indicative of oceanic island volcanics although incompatable-element depleted basalts in the 

lower Exploits Group were interpreted by Wasowski (19.B5) as possibly-representing a forearc 

setting. The geochemical similarity of volcanic blocks in the Dunnage Melang~ to those i!l 

volcanic un~s in the nearby Summerfor~nd Explo~s groups (Wasowskl and Jacobi, 1985) 

' supports the contentions of Hibbarq (1976) and Hibbard and Williams (1979) that the blocks are 

derived from the adjacent Lm~s . 

In summary, although geochemical studies_ of volcanic rocks in the Central Mobile Belt 

have been carried out sporadically for over fifteen years, .there are still few ·volcanic sequences 
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that have been adequately characterised geochemically. In particular, REE data are only available 

for three un~s (Snooks Arm, Exploits and Summerfdrd groups) and ihe trace element data for 

many rocks which was gathered in the early to mid 1970's is of variable quality and in many cas~s 

does not include precise analyses for cmical elements (in particular Nb andY). There are no 

published data_ for the high field strength elements (HFSE) Ta or HI . CIBarly, the paleotectonic 

envirooments of most volcanic rocks in the Central Motile Belt, interpreted on geological 

grounds, have yet to be confirmed by geochemical data . 

1.5 Definition of Terms 

This thesis deals with a large number {)f samples that have been subdivided in various 

ways (I.e. on the basis of geographic distribution, geochemical composition). For ease of 

reference when describing and discussing these different sample groupings, s~mantic t~~ms 

have been assigned to the different types of subdivisions. These have a specific meaning with 

regard to the un~s being discussed and are defined as follows: 

Suites: Sample combinations referred to as "suites" are groups of volcanic af!d 

subvolcanic rocks identified on the basis of their geographic distribution (e.g. the Glover's 

Harbour suite). The geographic areas are shown and labelled on Figure 2.1. 

Groups: Combinations of samples that have been combined on the basis of similar 

geochemical characteristics are referred to as "groups" (e.g the ·n-poor group") . They may 

include sample:> from more than one suite. 

l 
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CHAPTER 2 

GEOLOGY AND PETROLOGY OF THE WILD BIGHT GROUP ,_,OLCANIC AND 

SUBVOLCANIC ROCKS 

2.1 Introduction 

The Wild Bight Group underlies approximately 1000 km2 and has been estimated by Dean 

(1978) to comprise a stratigraphic thickness in excess of 10 km. Approx imately 75 percent of the 

sequence comprises epiclastic rocks, the remainder being mainly mafic and lesser felsic volcanic 

rocks. Mafic dykes and_sUls~erpreted to be subvolcanic occur throughout the sequence . 

Volcanic rocks occur only in the eastern and central ·parts pf the Wild Bight Group. The 

• 
distribution of lithologies and regional setting 'of the Wild Bight Group is illustrated in Figure 2.1 ,.. 
while the geological relationships in the eastern part of the group, particularly with respect to the 

1 

setting of the v~anic members, are depicted in fT.l.Ore detail in Figure 2 ' 

2.2 Previous Work and Nomenclature 

Early workers in Notre Dame Bay recognized the widespread outcrop·of volcanic and 

epiclastic rocks (e .~and Howley, 1881; Wadsworth, 1884; Sampson, 1923; Snelgrove, - - . "\ - ' 

1928). However, Espenshade (1937) was the first to publish detailed descriptions of rocks 

presently assigned to the Wild Bight Group. Mapping in what is now considered as the western 

t> part of the Wild Bight Group, he considered the volcanic strata in Wild Bi~-~~ger Bay, which 

he termed the "Wild Bight volcanics" (the "Badger Bay basalt" of this thes.orm the base of a 

west-facing stratigraphic sequence (the "Badger Bay Series") that included rocks now assigned 

to the Wild Bight Group, Shoal Arm formation '(Caradocian shale), Sansom Graywacke and the 

Robert's Arm Group. 

Previous to Espenshade's work, Heyl ( 1936) had described the geology of the Bay of 

Exploits area immedJately east of the present Wild Bight Group. In 1937, he extended this work 

westwards in a reconnaissance fashion to the area between New Bay and Badger Bay (Heyl, 

I 
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' Figure 2.1: Generalized geological map of th.e Wild Bight Group (light and dark stipple) illustrating 

the regional setting, contact relationships and distribution of lithologies . Yolcimic rocks are in 

dark stipple, epiclastic rocks in light stipple. Names in boxes are nomenclature for the volcanic 

rock units (Section 2.5). Light stipple is dominantly Wild Bight Group epiclastic rocks. Crosses 

ind~te probable Acadian plutonic rocks, wavy lines are Caradocian shale and broken pattern the 

South Lake Igneous Complex. Geology is shown in more detail in Figure 2.2 . 
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1938). In the process he examined ~n..~ch of the Wild Bight Group coastal exposure, assigning it 
. . . ~ . 

to the Exploits Series which he had previously defined in the Bay ot Exploits area. Unfortunately, 

~n..~ch of Heyrs (1936) stratigraph)' In the Bay of Exploits area was erroneous (see review in Dean, 

1978) and these errors were propagated across the central part of the Notre Dame Bay area 

during his later won<. Ahhough most of Heyt's nomenclature has been discarded by later workers, 

i~ Is of interest wijh respect to the present study that he was the first to assign a formal name to 

volcanic rocks In the western part of the Wild Bight Group, (again, the ·Badger Bay basah· of this 

thesis) which he termed the "Wild Bight Formation". 

Hayes (1951) mapped roughly the western third of the present Wild Bight Group, 
\ 

extending Espenshade's wor1dnland t() the southwest. However, he adopted Heyl's (1936) 

nomenclature, reialning the name ·wild Bight Formation• for volcanic rocks in Wild Bight, Badger 

Bay. 
) • 

Williams (1963) was the first to define the Wild Bight Group in its present form. Rec::ognizing 
. . 

the significance of the Shoal Arm Formation as a regional stratigraphic marker in western and 

' central Notre Dame Bay, he included only rocks below this unit in the Wild Bight Group. He 

assigned an Ordovician age to the Wild Bight Group, cor;elating it with volcanic rocks on New 

World Island (now the Summerford Group) and the Fortune Harbour Peninsula (now the , . 

Moreton's Harbour and Cottrell's Cove groups). 

Home and Helwig (1969) retained Williams' (1963) nomenclature and proposed detailed 

correlations between the Wild Bight Group and the adjacent Exploits Group (as redefined by 

Helwig, 1969) to the east. They correlated volcanic rocks in Wild Bight, Badger Bay (near the top 

of the Wild Bight Group) wijh the basal unit of the Exploits Group (Tea Arm volcanics) implying 

that most of the Wild Bight Group is stratigraphically lower than the exposed base of the Exploits 

Group. ~· ·· 

The 1:50,000 scale geological COrJllilations'of Dean and :trong (1976) were tht first . 

detailed published maps of the complete Wild Bight Group. Most of their data for this unit derived 

from previously c~ed workers, and from unpublished ~ps prepared by. Noranda Mines limited at 
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1"~1/4 mi., supplemented by field checking of critical localities. A stratigraphic synthesis based 

on these map CO!ll>ilations was later prepared by Dean (1978) who retainedtfllliams' ( 1963) 

definition of the Wild Bight Gro~ and funher subdivided k into five formations (Figure 2.3). He 

showed that the group is disposed in a major anticline which he termed the "Seal Bay anticline·. 

outlined the distribution of volcanic and epiclastic rocks throughout the group, and provided the 

first published account of rocks in the centrat"'!nd southern parts of the group. 

• Recent geological maps of the Wild Bight Group have drawn heavily upon Dean and 

Strong's (1976) compilations (e.g. Kean et al., 198t), emphasizing the correlation of the Wild 

Bight Group with other pre-Caradocian volcanic and sedimentary sequences in centml and 

southern Newfoundland. 

Swinden (1984) published brief descriptions of the volcanic rocks and mineral deposits of 

the Wild Bight Group, reporting on field work that forms the basis of this thesis . 

Geological mapping carried out during the present study, although not sufficiently 

comprehensive to alte"lJt revision of Dean's (1978) nomenclature of the Wild Bight Group, does 

indicate t~t revision is necessary. The basal Omega Point Formaiion forms a distinctiveard 
....... 

easily mappable unit. However, the overlying SparrQw Cove Point Formation, a thin basalt unit, 

does not outcrop on the point after which it is named, its place being taken by coarse-grained 
.J 

gabbro and epiclastic rocks (Figure 2.2). The Side Harbour Formation SPJ]ears to be an 

appropriately named and subdivided unit but the.Seal Bay Brook and Penny's Brook formations 

includs a great variety of rock types, not a.ll of which are stratigraphically or lithologically correlative. 

They are probably not useful subdivisions. 

For descriptj)te purposes in this thesis, Dean's ( 1978) nomenclature is discarded in favour 

of a purely ~gical subdivision of : a) sedimentary (epiclastic), b) volcanic and c). subvolcanic 

rocks. The epiclastic rocks·are no\ subdivided but variatiOns in sedimentary facies in different 
, · 

pans of the group are oonvnented upon in Section 2.4. Eleven separate volcanic units are . 
recognized and designated with informal names for ease of description in Section 2.5 (not all the 

J 
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Figure 2.3: Distribution of fonnations in the Wild Bight Group according to Dean (1978). Base 

map Is the same as Figure 2.1. 
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names are the same as those used by Swinden, 1984). Geological evidel'lGiffor the stratigraphic 

positions and correlation of these volcanic units is presented in Section 2.5.2. 

2.3 Geological Setting and Contact Relationships 

The Wild Bight Group is generally considered to occupy a broad a~ticlinal structure {the 

Seal Bay anticline, Figure 2.1 ), the axis of which trends approximately north-south through the 

center of Seal Bay. This is undoubted an oversimplification of the actual case. partict,Jiarly in the 

sollthwestern part of the grouP'{ see Section 2.7) but, nevertheless, provides a useful structural 

framework for stratigraphic reconstructions. Strata interpreted to be the exposed base of the 

~sequence outcrop In Seat Bay Bottom in the core of this anticline. The stratigraphic succession 

on either side of the anticline faces generally outward, although in detail, there are many local 

facing reversals resuUiong from minor folds. Despite these roinor folds, the succession youngs • 

more or less continuously to the east and west of the S~y anticlinal axis and is interpreted to . . 
• pass cenformably on both limbs into the overlying fossiliferous shale and chert of the Caradocian 

Shoal Arm Formation (Figures 2.1: 2.2). The Shoal Arm Formation shale in the Badger Bay and 

Leading TICkles areas contains a graptolite fauna indicating a Nemar;raptus gracilis zone 

(Liandeilo- Caradoc) age (Espenshade. 1937; Home and 'ielwig, 1969; Dean. 1978) providing 

tl'le only direco constralot on the age of the Wild Bight Group~ 
Dean's (1978) estimate of a stratigraphic thickness of more than 10 km. assumed an 

I 

almost continuous, uninterrupted, more or less continuously younging, sect ion from the core of 

the Seal Bay anticline to ths Caradocian shale In Badger Bay. In view of the many minor folds and 
\ 

strike slip fauhs. of Indeterminate displacement in the area, this estimate-sbould be viewed with 

caution. However, as an order of magnitude estimate, it is probably broadly correct. Construction 

of a structural cross· section from Seal Bay to Badger Bay, incorporating facing reversals diiZ\ated 

by folds shown on existing maps, yields an estimate of slightly more than 8 km of stratigraphic 
'-.. 

thickness for the sequence. 

The Wild Bight Group is cut by numerous. northeast-trending, faults which show abundant 
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evidence for dextral strike-slip movement (e.g. Plate 2.1) a~se faults locally modify the upper 

contact of the Wild Bigt)t Group. For exarriple, the Osmonton Arm Fault juxtapOses. the upper Wild 
... 

Bight Group with the Point Leamington graywacke southwest of Osmonton Arm. Further south, 

the Long Pond Fault brings similar strata against the Ordovician Frozen Ocean Group northeast of 

Frozen Ocean Lake and the western margin of the Wild Bight Group is faulted against the base of 

the Robert's Arm Group aloJg the Tommy's Arm fault north of North Twin Lake (Figure 2.2). The 

eastern part of the Wild Big Group is in part faulted against and In part Intruded by granodlorltic 

plutonic rocks of the Sout Pond Igneous Suite (Figure 2.2). 

The southem cont s of the WilO Bight Grou~are intruded by Intermediate to mafic • 

plutonic rocks of the Twi Lakes Complex and by ~ucocratic granhoid rocks of the Hodges Hill 

granite. These 1 IVe rocks have not been.studied in detail but display complex intrusive 

relationships with each other and probably are part of a singleJntruslve suite. Mafic and 
)"' 

intermediate rocks which are probably related to the Twin Lakes Complex intrude the 

southeastern corner of the Wild Bight Group west of Northern Arm. 

The age of the Wild Bight Group is directly constrained only by the age of the overlying 

Caradocian shale. During the course of this study, several attempts were made to date different 

· parts of the sequence directly. Five different 150 kg samples of felsic volcanic rock, representing 

all felsic volcanic units, were collected in an attempt to produce a U/Pb (zircon) age. None yielded 

sufficient zircon of suitable quality for dating (G.R. Dunnlng, .. pers. comm., 1986). although 

sampling was directed by early geochemical results to outcrops w~h the highest Zr 

concentrations. A single, 10 em thick, limestone bed in the upper part of the Grfi>up was sampled 

and processed for microfossils but none was recovered (S. Stouge, written communication, 

1985). Likewise, several attempts to recover graptolites. from grey and blat:k argillites in Seal Bay 

Bottom were unsuccessful. 
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Plate 2.1: The Winterhouse Cove Fault north of Glover's Harbour. Recessive rocks on right 
side of the photo are highly sheared, hematized, pillow lava of the Glover's Harbour suite. 
Those on the left are greywacke and siltstone in which the beds are dragged into the fault in a 
sense indicating dextral strike slip movement. The fault continues through the tickle in the 
upper-central he hoto 

Plate 2.2: Volcaniclastic rocks in southern Seal Bay. The lower sequence comprises laminated 
argillite and siltstone with minor chert. The upper sequence is chaotic, unsorted, 
matrix-supported, polylithic, volcaniclastic conglomerate. 
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2.4 Epk:lalt1c Rocks 

Epiclastlc rocks are the dominant lithology in the Wild Bi~ht Groop, comprising up ta 85% 

of the stratigraphic section. They were not mapped in detail during this study and a discussion of 

their sedimentology is beyond the scope of this thesis. However, observations made during the 

course of the field work do permit a general discussion of their nature and variations within the 

stratigraphic succession. For descriptive purposes, these rocks can be consid~red in terms of a 

tripartite subdivision: (1) a basal, fine grained clastic unit; (2) a central succession characterised 

by sandstone turbidites and debris flow conglomerates; and (3) an upper sequence of fine 

" grained sarxfstone, sihstone and argillite. 

The basal unit of the Wild Bight Group, at its present level of exposure, comprises up to 

500 m of red and green argillite, chert and siltstone with lesser pebbly sandstone and minor 

fine-grained conglomerate which was assigned by Dean (1978) to the Omega Point Formation. 

This unit Includes a single, six meter thick member of carbonaceous·black argillite exposed on a 

small Island In Se~I_Bay Bottom. Both the red argillite and the carbonaceous shale are unique to 

this unit in the Wild Bight Group. 

\ 
The transition from the basal fine grained clastic unit to the overfying, coarser grained, 

eplclastic rocks is gradational. Dean (1978) placed the upper contact of the Omega Point 

formation at the bas(;;i' a thin basah flow which he termed the Sparrow Cove Point Formation.(the 

Seal Bay Bottom basalt of this thesis). The basal part of the turbidite-debris flow unit, well 

exposed on the shore of Seal Bay north of Sparrow Cove Point, comprises rhythmically bedded, 

cyclic pairs of laminated sandstone/siltstone/chert and fine to medium grained, matrix-supported ... 
conglomerate (Plate 2.2). The sandstone/chert units are laminated to finely bedded, locaHy 

exhibit cross beds, current ripples, scour and fiU structures and load casts. In many exposures, 

ABCD and BCD Bouma (1962) sequences can be recognized. The intervening conglomerate 

beds consist of angular to subrounded, poorly sOrted clasts of locally-derived sedimentary and 

volcanic material. Of which 60 to 700/o are sedimenlary and the remainder mafic volcanic with minor 

felsic volcanic rocks (I.e. the clasts reflect the proportions of the lithologies in the nearby .. 
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succession). The clasts generally show li111e or no preferred orientation. stratification or 

int>rication and the rocks are interpreted as debris flows. 

The thickness and abundance of the debris flow units and th,e maxirTl.lm and average size 

of the clasts increases steadily northeastward& (I.e. up section) along the east shore of Seal Bay. 

In the area north of Locks Harbour, 1 to 10m intervals of fine grained, laminated siltstone and 
# 

sandstOJle are typically separated by as rTl.lch as 60 m of conglomerate. The conglomerates are 

typically structureless, generally display no imbrication or stratification, and have a sharp, 

unscoured base. Clasts are very poorly sorted, angular to subrounded, range in size from less 
-'"\ 

·than 5 em to greater than 40 em. and consist mainly 'of locally derived sedimentary and volcanic 

rocks. In thin section, angular to locally subrounded quartz, plagioclase and pyroxene crystals are 

seen.to be common constituents of the fine grained part of the clast assemblage. These 

interbedded meQium to coarse grained htrbidites and debris flows form a major part of the-

sequence in exposures along the east shore of Seal Bay and are locally present although less 
. ~ 

at9rindant on the western shore of Seal Bay immediately north of Side Harbour. 

' . ., 
Thl:l upper, fine grained, clastic farJies of the Wild Bight Group is well exposed alonQ-"(he . . 

shores of Badger Bay, L~ing TU1es and Wild Bight, New Bay. The transition with the 

underlying turbidite-debris flow unit is gradational. Epiclastic rocks in this up~r sequence are 

generally finer grained than and lack the prominent debris flows of the underlying sequence. In 

Badgbr Bay, the dominant lithology is bedded, green graywacke and lesser siltstone, locally 
\. . " containing isolated pebble-sized clasts and more rarely, pebbly conglomerate beds. Similar 

.lithologies dominate in Leading Tickles ahd New Bay but here, the section also contains a 

substantial amount of chert and siliceous argillite and a single 40 em thick limestQne bed was 

observed in th(bottom of Wild Bight." New Bay. 

2.5 Volcanic Rocks 

2.5.1 Deacrlptlon and Field Relatlonshlpa 

Volcanic rocks occur mainly in the eastern and· central parts of the Wild Bight Group. They 
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occur In eleven separate geographic areas and exhibit a considerable range in thickness. 

stratigraphic setting (summarized in Section 2.5.2) and lateral extent. The geological setting of 

these units Is lllustratesf on Figure 2.2 and detailed maps of individual units are presented. where 

necessary, with the descriptive material in the sections below. Field relationships of each of the 

volcanic units are summarized in Table 2.1 ~Volcanogenic sulphide deposits are briefly 

menti()Oed in the context of the volcanic units in which thE)Y occur but detailed descriptions are 

presented in Chapter 6. 

2.5.1.1 Seal Bay Bot1om basah 

The Seal Bay Bottom basalt is best exposed on the coast near the mouth of Seal Bay 

Brook where contact relationships are well displayed. It can be traced in inland outcrops around 

the core of the Seal Bay anticline, ahhough it is slightly offset by several northeast-trending faults 
' -

(Figure 2.2). 

The Seal Bay Bottom basalt attains a maximum thi.ckness of approximately 600 m on the 

east limb of the Seal Bay anticline south of the Cramp Crazy Fauh. However, it thins dramatically to 

both north and south to a minirTl..lm thickness of less than 200 m. The dominant lithology is 

moderately amygdaloidal, slightly plagioclase-phyric, pillow lava. 

The Seal Bay Bottom basalt conformably overlies epiclastic rocks of Dean's (1978) Omega 

Point Formation; the contact is exposed on a small island on the west side of Seal. Bay Bottom 

(Plate 2.3) and in inland outcrops southeast of Seal Bay Bottom where pillow lava is chilled arld 

the underlying sediments are baked at the contact. The upper contact is not exposed but is 

· interpreted as conformable. 

' .•· 
2.5.1 .2 Indian Cove volcanic unit 

The Indian Cove 110lcanic unit, occurring on the east side of Seal Bay between Side 

Harbour and Mill Cove (Figure 2.2), comprises three stratigraphic subdivisions, a basal rhyolite 

dome, an intermediate unit of coarse felsic pyroclastic rocks and breccia with minor pillow lava, and 
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Plate 2.3: Conformable contact between Seal Bay Bottom pillow lava and underlying siltstone. 
Sediment above and to the right of the pen has been squeezed upward into pillow interstices 
while still in a plastic state. 
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an upPer, laminated, commonly ferruginous, argillite. These unHs are disposed in a moderately 

open, north- to northeast-trending anticline, aHhough'in detail the distribution of lithologies is 

con:tplicated by numerous east to northeast-trending faults (Figure 2.4). The maximum exposed 

thickness in the central part of the unit is approximately 600 m. 

The ~tratigraphically lowest rocks in the Indian Cove unit consist of massive, buff to green 

•' 

rhyolite dome outcropping in and immediately,west of Indian Cove. The rhyolite Is extensively 

hydrothermally anered, locally exhibiting gas breccias and closely spaced fractures filled with 

epidote, hematite, and pyrite. 

The basal rhyolite is overlain by coarse-grained pyroclastic rocks comprising angular and 

unsorted fragments of rhyolite, Chert and lesser basan fragments ranging In size from less than 1 

em to several1 O's of centimeters set in a buff to dai'K green, felsic to Intermediate matrix (Plate 

2.4). The de~ are poorly stratified, exhibH very rapid lateral variations and are int~rp:eted as 

pyroclastic fall dei5asits resulting from explosive volcanism at a nearby vent. Hydrothermal 

alteration, locally Iron and/or base metal sulphide-bearing, is exten5ive ly developed in both the 

rhyolite dome and the over)ying pyroclastic rocks. 

The pyroclastic rocks are overlain by and grade laterally Into spectacular megabreccias as 
ti 

much as 40 meters thick that contain unsorted, matrix -supported fragments and blocks ranging 

from 2 em to 10 meters in diameter (Plate. 2.5). Thes-e fragments and blocks consist of red chert, 

green siltstone and minor carbonate, which locally have the form of disrupted and plastically 

deformed, semi-coherent beds, and are chaotically distributed in a green to slightly reddisti 

chloritic matrix. The megabreccias are interpreied a~ debris flows formed on the flanks of the 

volcanic complex. 

The top of the Indian Cove.unit consists of fif1ely laminated red chert and argillite 

. ' 
interb6dded with green epiclastic siltstone and sandstone. A few dar1< grey to black argillite beds, 

up to 1.5 m thick and locally containing minor conformable massive pyrite beds as much as 1 0 mm 

thick, are locally interbedded with green and red argillite. ihe lowest bedded red chert is 

apparently stratigraphi~lly equivalent to the debris .flow megabreccias. 
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Figure 2.4: Geology of the Indian Cove volcanic un~. Star mar1<s the location of the Indian Cove 

Prospect; subsidiary mineralized alteration zones are marked by solid triangles. 

Legend: 1 - myolne flows; 2- felsic to intermediate, ooarse- grained pyroclastic rocks; 

3 - pillow lava; 4 - coarse slump breccia; 5- bedded, green to black argillite and siltstone, 

ferruginous chert, minor carbonaceous, pyritic argill~e ; 6- mafic intrusive rocks. 
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Plate 2.4 : Coarse volcanic breccia in the Indian Cove volcanic unit. 

Plate 2.5: Coarse debris flow breccia near Corner Point. Large red fragments are ferruginous 
chert and argillite. 
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A single pillowed mafic flow, exposed on the coast south of Corner Point (Plate 2.7), 

Contains the only mafic volcanic !ockS in the Indian Cove unn. It is generally amygdaloid~{ and 

strongly cleaved; pillow top determinations and outcrop distribution suggest that it occupi~s the 
\ 

core of a minor anticline and is stratigraphically equivalent either to rhyolitiC rocks that form the 

base of _the un~ or the lower part of th~ overlying pyroclas.tic_u.rn,t:-

Neither upper, nor lower contacts of the Indian Cove Jo1canic unit are exposed and rocks 

along slrike to the north and south cannot be lithologically correlated with it. This may be a 

stratlgraphic feat:re resulting from rapid facies changes along strike or non-deposition because 

of symrolcanic faulting. However. n is also possible that movement on northeast-trending faults 

through Mill Cove (the Winterhouse Cove Fault) and Side Harbour has removed stratigraphically 

equivalent rocks from adjacent positions. Almost continuous exposure along the Seal Bay shore 

between Comer Point and Mill Cove does not reveal any evidenc~ of stratigraphic disruption and 

in this area. at least, a conformable stratigraphic succession from volcanic to overlying epiclaslic 

rocks can reasonably be inferred. 

2.5.1.3 Glover's Harbour volcanic unit 

The Glover's Harbour volcanic unit, outcropping in and around Glover's Harbpur (Figure 
• I ~ 

2.5), comprises dominantly mafic volcanic flows, consisting of 0.7 to 1.5 m long, bulbous to 

mOderately flattened and highly amygdaloidal pillows .. Most pillows have well developed rims, and 

minor hyaloclastic mattlrial occurs in the pillow Interstices; amygdules are generally tilled with . . \ . 

chlorite, calcite and minor quartz (see also Section 2.7). Both basalts and andesites are pr\nt 

(Chapter 3) although the two rock types cannot be distinguished in the field. Pillow breccia and 

fine-9rained hyaloclastites are common, particularly west of Glover's Harbour. 

The pillow lava unit is bisected by up to 200 m of mafic pyroclastic ard epiclastic rocks 

which outcrop on islands ard headlands in the central and eastern parts of Glover's Harbour. The 

pillow lavas to the we~ and east of this epiclasticlpyroclastic Interval are geochemically distinct 

and the relationship between the two types is further investigated In Chapt~rs 3 and 4. 
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Figure 2.5: General geology of the Glover's Harbour volcanic unit. Star is location of Lockport 

Mine. 

Legend: 1 - epiclastic sandstone, siltstone, lesser conglomerate, minor argillite; 2- pillow 

' 
lava; 3 - mafic pyroclastic rocks; may incUde pillow breccia, local hyaloclast~e ; 4- rhyolite; 

5 - ferruginous chert 
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A single felsic volcanic member, con5istiOQ of grey to bluish, quartz-fe!dspar crystal tuff, 

outcrops on several rocky hills about 1500 m west of Glover's Harbour village. It apPE!ars to 

~present an single ash flow near the exposed base of th~ Glover's Harbour voifanic unit. 
• I; 

Pillow lavas west of Glover's Harbour host a volcanogenic sulphide deposij, the old 

Lockport deposit. 

The northwest boundary of the Glover's Harbour volcanic unit is fau~ed against well 

bedded chert, argillite and sandstone along ihe Winterhoustt Cove Fault, a dextral strike slip fault 
'· 

which Is exposed on the coast northeast of Glover's Harbour Head and along the east shore of 

Wlnterhouse Cove (Plate 2.1 ). Adjacent to this fault, the basalts are intensely cleaved and 

hemalized and face northwest. The eastern boundary, exposed on the coast between Glover's 

Harbour and 'Leading Tickles, is a confo'rmable succession from volcanic rocks upwar~ into coarse 

eplclastic conglomerate. 

Pillow facing directions in the volcanic rocks suggest that they are disposed in a 

north-northeast trending an1icline, the axis of which lies west of Glover's Harbour (Figure 2.5). A 

maxlmum.cf approximately 1300 m of volcanic and epiclastic rocks occupies the east limb of this 

fold between Its axis and the conformable contact with overlying epiclastic rocks. 

2.5.1.4 Nanny Bag lake volcanic unit 

The eastern part of this unit consists of an extensive felsic volcanic complex centered on 

the west end of Nanny Bag Lake (Figure 2.2). The principal lithology Is pale blue rhyolite with 

minor quartz and feldspar microphenocrysts. Scattered outcrops of rnedium grained. intrusive, 

quartz-feldspar porphyry, interpreted as subvolcanic. occur withir:' this felsic complex. 

The felsic volcanics pass to the south and west into massive, sparsely- to 

non-amygdaloidal basalt. A few pillow lava outcrops were observed near the western contact but 

most of the sequence Is COf'll'OS&d df massive sheet flows. The basalt is separated from the felsic 

complex by a thin (less than 50 m) unn of epiclastic graywacke and conglomerate . 
. I 

As a result of the present mapping, the revised map pattern of the Nanny Bag Lake unit 

/ 
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(Figure 2.2) differs from the compilations of Dean and Strong (1976) in the following particulars: 

1) mafic rocks near the New Bay River south and southeast of the felsic center include 

coarse grained, feldspar-phyric phases, lack volcanic textures and locally hav~ intrusive contacts. 

Although previously mapped as volcanic, they are here interp~_ted as Intrusive, probably related 

to the Acadian mafic pluton centered northeast of New Bay Pond. 

2) there are no mafic volcanic rocks immediately east of Nanny Bag Lake. 

3) mafic (volcanic) rocks north of the Four M ile Lake Fauh and east of Big Lewis Lake are 

reinterpreted as intrusive based on their medium-grained natu~e and lack of volcanic textures. 

They are believed to be part of the South Lake Intrusive Complex (Dea~. 1978; Lorenz and 

Fountain, 1982). 

There are no exposed stratigraphic contacts between this volcanic unit and the adjacent 

stratified rocks ahhough clear intrusive contacts with younger mafic rocks are exposed southwest 

of Nanny Bag Lake. Scattered outcrops of epiclastic rocks within the unit prov_ide the only 

bedding an nudes and these are generally approximately parallel to those in epiciastic rocks to the 

west and east. Scattered east-facing top determinations In sedimentary rocks adjacent to the 

volcanic complex provide the only evidenee of facing directions and suggest that the fe lsic 

volcanic rocks occupy the stratigraphic top of the un~ . 

2.5.1.5 Long Pond rhyolite 

The Long Pond rhyolite, outcropping in a narrow, north trending beh north of Lewis Lake, 

comprises dominantly white to buff quartz-feldspar crystal tuff and lesser silicic volcanic breccia. 

There is a thin (30 to 40 m) unn of highly ahered basahic pillow lava and pillow breccia in the middle 

' 
of the unit that carries minor disseminated pyrne (the Long Pond prospect) . The volcanic rocks 

are in contact to the west With laminated green chert and pebbly ~dston/with minor reddish-

• and black argillite. A prominent red argillite unn is exposed along the east shore of long Pond 

and is succeeded to the west by epiclastic sandstone and fine grained conglomerate. 

Stratigraphic facing directions are not known. 
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The Long Pond rhyolite probably' represents less than 500 m of stratigraphic section. It is 

fault-bounded on all sides; to the west against epiclastic rocks along the Long P~nd Fault and to 

the east against the South Lake Intrusive Suite. 

2.5 .1. 6 Side Harbour volcanic unit 

This laterally extensive unit outcrops in a 15 km long ar~ between Side Harbour and the 

area north of Lewis Lake (Figure 2.2). Mafic volcanic flows consisting of l"(lOderately amygdaloidal, 

bulbous pillows 30 to 50 em ·across are well exposed in isolated outcrops throughout this belt. . . 
Pillows are oommonly west-facing and the unit attains a maximum thickness of more than 2000 .m 

at the southern end of the outcrop area. 

A smaUJelsic volcanic unit consisting of quartz-feldspar crystal tuff and felsic volcanic 

breccia olltCrbps at the western side of the unit northwest of Big Lewis Lake. It is asSociated with a 

large volcanogenic massive sulphide deposit, the Point Leamington deposit, and has been 

traced In drllr oore for more than 1500 m along strike. 

The Side Harbour volcanic unit is bounded above and below by epiclaslic rocks. The 

contact between volcanic rocks and the overlying epicl,astic rocks has been observed in drill core 

near the Point Leamington massive sulphide deposit and is conformable. Elsewhere, the 

contacts are Inferred to b~ conformable based on parallelism of adjacent strata. The northern snd 

of the belt outcrops In the bottom of Side Harbour but cannot be traced beyond this to the 

northeast. At. its southern end, it is· juxtaposed with the Big Lewis Lake basalt along a branch of 

the Long Pond Fault (Figure 2.2). 

2.5.1.7 Seal Bay Head basalt 

This un~ comprises a thin lens of spectacular (up to 3 m in diameter) pillows and lava tubes 

In cliff exposures on Seal Bay Head and in the bottom of Wild Bight, Seal Bay (Plate 2.6). The 

volcanic rocks are only slightly amygdaloidal and little deformed. The entire unit is less than 100 m 

thick and Is exposed along a strike length of slightly less than 2 km. Good three dimensional 

39 



40 

Plate 2.6: Large pillows and lava tubes of the Seal Bay Head basalt. 
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exposures of pillows and lava tubes allow confident determination of westward facing directions. 

Conformable contacts w~h underlying and overlying epiclastic rocks are exposed on the 

coast at Seal Bay Head and in Wild Bight, Seal Bay. 

2.5.l.8 New Bay basalt 

The.New Bay basalt consists of tw9 thin flows in the bottom of Gull Cove, Wild Bight, New 
., 

Bay. Rocks in this cove were assigned to the Penny's Brook Formation by Dean (1978) although 

his map does not show any volcanic rocks in this area. 

The upper ·(westernmost) flow is. ~pproximately 3 m thick and in conformable c.ontact above 

and below with well bed<;fed epiclastic graywacke. The lowerflow, roughly 150m to thl!_ 

southeast, is approximately -15' m thick and enclosed in somewhat finer grained sedimentary 

rocks, principally argillite. and chert. Both flows consist of slightly amygdaloidal pillow lava with 

bulbous pillows ranging from 30 to 50 em in diameter. 

2.5.1 .9 Badger Bay basalt 

This unit, outcropping on the_ bottom and eastern shores of Wild Bight, Badger Bay, 

comprises domiMntly basaltic, highly amygdaloidal, pillow breccia in which pillow fragments range 

from Sto 30 em across an<;f possess well developed rims on rounded surfaces. Thin pillowed 

flows make up approximately 20% of the sequence. Complete pillows are locally preserved within 

the breccias which range frofT1 clast-supportec;l (>70% fragments) to matrix-supported (as mtle as 
• 

20% fragments) (Plate 2.7). Groundmass material consists of a fine chloritic (probably hyaloclastic) 

matrix with abundant small (2-20 mm), angular, basalt fragments. These rocks are interpreted as 

autobreccias formed on the tops a,nd sides of moving flows, as slump deposits in which pillow 

debris was transported laterally from the flows into adjacent hyatOclastite and mud and perhaps, in 

the case of clast-supported facies, as talus on volcanic slopes. 

The Intact pillow lava flows are 10 to 30 m thick, consisting of 1 to 1.5 m long pillows which 

generally contain abundant calcite- and chlorite-filled amygdules. Locally pillow lava can be seen 

41 



Plate 2.7: Pillow breccia in the Badger Bay basalt. In the upper photo, pillow fragments make 
up less than 40 percent of the rocks and are supported by a hyaloclastite matrix. In the lower 
photo, pillow fragments make up more than 75 percent of the rock and the breccia is clast 
supported. 
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to grade upward into pillow breccia. 

Contacts with adjacent epiclastic strata are not exposed. West of Wild a ight, contacts are 

( . ~ 

interpreted to be conformable based on parallelism of strata; the volcanic rocks in t~s area are 

less than 300m stratigraphically below the Caradocian shale (Shoal Arm Formation). 

Existing maps of this area (e.g. Espenshade. 1937; Dean, 1978) show these volcanic 

rocks as extending up the east side of Bac_jger Bay to !he area of Little Cove. The present 

mapping has shown that this area is in fact underlain by massive to s~ightly pE!bbly. dark green 

epiclastie sandstone locally cut by thin mafic sills. No volcanic rocks were encountered in 

shoreline traverses of the eastern side of Badger Bay. 

2.5 .1.1 0 Northern Arm basalt 

This unit outcrops In a northwest-trendin~ between Northern Arm and the New Bay 

River and is well exposed in roadcuts along highway 350 near the village of Northern Arm. The 

dominant lithology is moderately amygdaloidal pillow lava interbedd'ed with minor ep ic las tic 
. . . 

material. The basalts are locally weakly plagioclase-phyric aoogreen chert is locally pqJserved in 

the pillow interstices. 

The Northam Arm basalt is approximately 1000 m thick and forms an overturned, 

. . 
west-dipping, sequence which is interpreted to be O\. erlain ~onformably to the northeast by the 

Caradocian shale (Shoal Arm Formation) and underlain to the southeast by epiclastic rocks of the 

upper part of the Wild Bight Group. The'contacts are not exposed. 

2.5.1.11 Big Lewis Lake basah 

The Big Lewis Lake basal t forms an extensive but very poorly exposed unit in the 

south-central part of the Wild Bight Group. It is juxtaposed with the Side Harbour volcanic unit 

across the Frozen Ocean Lake Fauh but is distinguished from the Side Harbour unit in two 

respects: 
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1) It consists A'lainly of pillow breccia and basatt-bearing volcanic brea:::ia with relatively littl.e 

pil~ lava; 

2) It passes conformably up into Caradocian shale and chert of the Shoal Arm Formation 

and, therefore, occupies a higher stratigraphic position ihan the Side Harbour unit ; 

The Big Lewis Lake basalt has a maxirrum thickness of 1500 m and includes a 
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considerable amount of interbedded epiclastic rocks; an accurate estimation 'of the proportions \S 

hampered by poor exposure. The inferred distribution of the unit south of the Four Mile Lake 

Fault on Figure 2.2 differs considera~ly from that depicled by Dean (1978). Although constrained 

. I 
by only a few scattered outcrops, this distriWion is consistent with both airborne magnetic and 

electromagnetic data and with additional outcrop data collected during the present mapping. 

The upper contact of this unit with the Shoal Arm Formation is exposed on the shores of 

) 

Big Lewis Lake and is conformable. The lower contact is not exposed but is inferred to be 

conformable with adjacent epiclastic rocks. 
--~ 

2 .5.2 Stratigraphic R~latlonshlps 

Field relatio~hips allow the stratigraphic position of some of the volcanic rocks in the Wild 

' { . 
Bight Group to be inferred with reasonable confidence. In other cases, however, structural 

• 
disruption and the paucity of outcrops in critical areas render such interpretations uncertain. 

Stratigraphic relations inferred from field data are illustrated in Figure 2.6; units have been placed 

within the 8.5 km thick succession by inferring the thickness of strata interpreted to lie in . . . , 

stratigraphic continuity between t~em and either the Caradocian shale or the exposed base of , . -

the group ,io Seal Bay Bottom. These relationships, particularly with regard to correlation of units 

· in light stipple, should be viewed with caution. Structural disruption of the sequence is not 

understood well enough to correlate stratigraphic units precisely and it is possible that there are 

major gaps in the straligraphy between some units and the Carad<;>cian shale ; in particular, it is 

possible the significant portions of the stratigraphic column have been excised and/or repeated 

by northeast-trending faults, the movement on which is not well constrained (see Section 2. 7). 
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Figure 2.6: Schematic Ulustration of stratigraphic relationships of volcanic 
rocks in the Wild Bight Group inferred from field relationships. Observed 
and lnfei'T8d stratigraphic ranges are indicated by heavy and light stipple, 
respectively. Thicknesses are inferred maxima. Stri:ltigraphii: positions are 
Interpreted from relationships with Caradocian shale and/or the exposed 
base of the· sequence in Seal Bay Bottom. Dotted lines indicate which 
datum applies to each volcanic unit. Arraws indicate uncertainty in 
stratigraphic placement. 
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Although it is clear that most liQht stippled units occur in the intermediate part of thd stratigraphy , 

the precise correlation of these unns with each other. particularly across the Seal Bay Anticline or 

major faults, is by no means unequivocal. Furthermore. stratigraphic equlvqlence In this Figure 

should not be constru&dfs time equiv~lence; deposition rates and facies may differ in different , 

parts of the group. The evidence for the positioning of units in Figure 2.6 is summarized below. 

1 ). The Seal Bay Bottom basalt is in stratigraphic continuity through an area of good 

exposure with the exposed base \the group In the core of the Seal Bay Anticline. It Is the 

stratigraphicall9 lowest volcanic unit in the group. 

2) The Northern Arm and Big Lewis Lake basalts are apparently conformably overlain py 

the Shoal Arm Formation and so are interpreted to occur at the top of the Wild Bight Group. 

Although the contacts are not exposed, there Is no evidence for structural breaks or stratigraphic 

unconformity. Elsewhere in the group, this stratigraphic position is occupied by epiclastic rocks 

~hich are interpreted as lateral equivalents of these uppermost volcanic members. 

3) The Badger Bay basaH is overlain by approximately 800 m of t~pical Wild Bight Group 

epiclastic rocks (in an area of good exposur~ and these pass upward into Caradocian shale of the 

Shoal Arm Formation. These volcanic rocks, therefore, occur close to the top of the Wild Bight 

Group. A correlation with at least part of the Big Lewis Lake bcisaH is suggested by stratigraphic 

position.and supported by the lithological similarity be_tween these units, both containin9 large 

amounts of basaltic hyaloclastite, volcanic breccia and pyroclastic rocks. 
) 

4) The Side Harbour volc?nic unit is intermediate in the volcanic stratigraphy. There may be 

as m,uch as 4 km of underlying epiclastic (and perhaps volcanic) roCks between it and the lop of 

the Seal Bay Bottom basalt and rt is probably over 1000 m below the base of the Badger Bay 

basa~s. The top of this it appears to be along strike with the Seal Bay Bottom basalt. 

5) The Nanny g Lake volcanic unit is interpreted to be in stratigraphic continuity with the 

overlying Shoal Arm Fo lion and separated from it by up to 2000 m of epiclastic rocks. A similar 

thiCkness of epiclastic r separates the top of the Glover's Harbour volcanic unit from the 

Caradocian shale on Osmonton Arm. 

.~· 
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6) The New Bay basalt is in stratigraphic continuity with and probably less than 1000 m 

'below the Shoal Arm FOrmation in Leading Tickles. This is an area of good exposure and no.major , . 

'structural breaks have been recognized. 

7) The stratigraphic position of the Long Pond volcanic unit cannot be inferred from field 

evidence as It Is fault bounded to the east and west. Likewise, the position of the Indian Cove 
~ . 

volcanic unit is enigmatic as the lower and upper contacts are not exposed ·and it does not appear 

to fit readily into the stratigraphic sequence along strike. If the Yo<f3Stern contact is conformable 

(suggested by the continuity of planar features across the contact) then the top of the Indian 

C~ve volcanic unit is slightly lower in the section than the Side Harbour Formation. 

In surrvnary, although it is clear that volcanic activity is represented at several stratigraphic · 

levels in the Wild Bight Group, the various volcanic ' ;can not generally be precisely cor{elated 
\ ~ 

on stratigraphic evidence. The position of the Seal B~ Bottom basalt near the bottom of the 

sequence and the Big Lewis Lake, Northam Aml and Badger Bay basalts near the top are well 

SL•Pported by field evidence. Other sequences occur at intermediate parts of the succession but 

their stratigraphic relationships to each other are less well defined. Geochemical data presented 

' In Chapter 3 provide further evidence as to the precise correlation of these units. 

2.5.3 Petrography of the Mafic Volcanic Rocks 

Petrographic data for em thin sections are summarized in Appendix 1. Further details of the 

mineralogy, Including electron microprobe data for amphibole, albite and chlorite, are presented 

in Section 2.8 and in Chapter 3 . 

Based on primary groundmass features, the mafic volcan~ rocl<s can be subdivided into . 

~o classes: 1) rocks with a hyalocrystalline groundmass of randomly-oriented plagioclase laths, 

locally I~ subophitic intergrowth with clinopyroxene microcrysts, in an altered, glassy mesostasis; 

depending on the proportion of cryptocrystalline material, textures vary from intersertal to 

hyalopilltlc, and 2) rocks with a holohyaline groundmass. The proportion of optically resolvable 

groundmass crystals in the hyalocrystalline mafic volcanic rocks generally varies from less than 5% 
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to as much as 90%. 

) The dominant crystalline phase is usually plagioclase, now completely altered to albite ' ' . 
(Figure 2.7). The albite commonly occurs as lath-shaped, locally saussuritized, microlites from 

0.25 mm to 1.5 mm long (Plates 2.8, 2.9). 

Groundmass clinopyroxene (shown by electron microprobe analyses to comprise 

dominantly calcic augite~ith lesser endiopside, see Table 3.19) occ;urs in approximately 30% of 

the sanyles and is the only primary mineral phase preserved In the groundmass. It occurs as small 

(generally less than 0.5 mm in diameter) euhedral to subhedral crystals which commonly have 
/ ' 

reaction rims and are locally completely psuedomorphed by chlorite and/or amphibole. 

The remainder of the groundmass consists of secondary alteration minerals. Chlorite . 
(dominantly diabantite, pycnochlorite and brunsvigite, Figure 2.8) Is the ri)ost abundant. 

commonly occurring as irregular plates and microcrystalline aggregates. Epidote is a-common, 

altho~gh usually minor, groundmass constituent, occurring as euhedral, isolated crystals up to 

0.25 mm in diameter, as slightly larger crystal aggregates and as microcrystalline aggregates. 

Secondary green amphibole is locally present, mainly in the Glover's H·arbour and Nanny Bag 

-
Lake suites, occurring as isolated fibrous crystals and sheaves up to 4 mm long. Electron 

microprobe analyses show a ran~e of compositions from ferro-hornblende to actinolite (Figure 

2.8) . Amphibole. where present, is generally a relatively late mineral, overgrowing' both albite and 

chlorite but locally being overgrown by late chlorite. Calcite is less common as a groundmass 

phase; where present, it forms euhedral rhombic crystals and crystal masses which overgrow 

most other phases. Sphene is a ubiquitous but minor secondary phase. Other minor phases 

include opaque minerals (mainly magnetite and pyrite with minor ilmenite) and quartz. 

Thin sections reveal no regional penetrative fabric and both platy and fibrous secondary 

minerals are commonly randomly oriented in the rock. The exceptions to this occur in samples 

taken near major ductile shear zones where aU minerals have been realigned parallel to the 

shearing (Plate 2.10). There was apparently no static mineral growth postdating these shear 

zones . . 
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Figure 2.7: Ab-An-Or ternary diagram showing compositions of 
feldspars in mafic volcanic rock~. 

49 



50 

A 

Plate 2.8: Textural variation in the mafic volcanic rocks. 
In A, typical hyalocrystalline groundmass with abundant white albite microlites and 

rare groundmass clinopyroxene (two red and blue equant grains). Much of the material 
between feldspar grains is chlorite. There is a single, small, round, chlorite-filled, amygdule 
slightly left of the center of the photo. Crossed polars, field of view is 2.2 mm, sample no. 
2140497. 

In B, holohyaline groundmass with albite (al) and clinopyroxene (cpx) phenocrysts. 
Plane polarized light, field of view is 2.2 mm, sample no. 2140463. 

InC, highly saussuritized feldspar microlites with groundmass clinopyroxene (small, 
equant, red/yellow/blue grains) and a single clinopyroxene phenocryst. crossed polars, field of 
view is 0.9 mm, sample no. 2140467. 
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Figure 2.8: Comparison of secondary mineral compositions in 
Wild Bight Group mafic volcanic rocks with those formed by 
seafloor metamorphism of modern and ancient oceanic crust. 
A - Microprobe analyses of secondary amphibole plotted on an 
amphibole classification diagram after Leake (1978); 
_B - Microprobe analyses of chlorite plotted on a classification 
diagram after Hey (1954). Squares are from groundmass, 
triangles from amygdules. Open and closed symbols from 
secondary amphibole-free and amphibole-bearing samples 
respectively. 
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Plate 2.9: Secondary amphibole-bearing mafic volcanic rock. White feldspar laths are 
intergrown with green amphibole (am) and chlorite (ch). Plane polarized light, field of view is 0.9 
mm, sample no. 2140532. 

Plate 2.10: Mafic volcanic rocks from within a local shear zone. Chlorite-filled amygdule (center) 
is strongly flattened in the plane of the foliation defined by chlorite grains. Plane light, field of 
view is 2.2 mm, sample no. 2140480. 
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More than 85% of samples have at least one phenocryst phase. Plagioclase phenocrysts 

ranging from less than 0.5 mm to greater than 6 mm in their longest dimension are the most 

common. They ar commonly euhedral to subhedral, equant to rectangular in outline and locally 

twinned. Howe(er, most are at least partly altered, most commonly to albite with development of 
\ . 

checkerboard textures, or to an alteration assemblage including some or all of chlorite, epidote, 

calcite, amptiibole and quartz. 

Clinopyroxene phenocrysts, occurring in approximately 50% of samples, are rare In the 

absence of plagioclasephenocrysts and are generally both smaller and Less abundant than 

plagioclase. Locally occurring in subophitic intergrowth with or poikilitically enclosed by 

plagioclase, the.Y are typically equant euhedral to subhedral grains, O.Sto 2 mm (although locally 

greater than 6 mm) across and locally twinned. Most have reaction coronas and locally they are 

psuedomorphed by actinolite. 

Glomerocrysts up to 10 mm in diameter, consisting of plagioclase and clinopyroxene in 

approximate proportions of 3 :1, were noted in three thin sections. Plagioclase is commonly the 

coarser phase. In some glomerocrysts, clinOpyroxene is absent and in one case, two olivine 

crystals were noted, the only olivine identified in any of the samples. 

More than half of the samples are amygdaloidal although the size and proportion of 

amygdules is highly variable. Amygdules range in size from less than 0.5 mm to greater than 1 0 

mm and in abundance from less than 1% to greater than 35%. They are filled by a variety of 

minerals including chlorite, calcite, epidote and epidote group minerals, quartz, amphibole artd 

magnetite in various combinations (see Appendix 1 ). Chlorite in the amygdules almost invariably 

gives anomalous Bertin Blue interference colours, in contrast to the first order greys in the 

groundmass. Quartz, calcite, and chlorite are the only minerals observed to occur alone in 

individual amygdules .. Where these minerals occur together, they follow a consistent sequence 

of deposition with quartz being the first. followed by chlorite and then calcite (Plate 2.11 ). Epidote 

and amphibole are generally late. overgrowing other mineral phases. This sequence of filling was 

also observed in the alteration veinlets present in approximately 40"/o of samples. 

) 
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Plate 2.11 : Illustration of the sequence of filling of amygdules in mafic volcanic rocks. Quartz in 
veinlet at lower left of photo also rims the amygdule. Chlorite veinlet in lower right cuts across 
the early quartz rim and fills the remainder of the amygdule with green fibrous chlorite. Plane 
polarized light, field of view is 2.2 mm, sample no. 2140460. 

Plate 2.12: Groundmass of felsic volcanic rocks is a fine, quartzo-feldspathic mosaic. A single 
lithic grain is present in the upper right of the photo. Crossed polars, field of view is 2.2 mm, 
sample no. 2140490. 
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Mineralogical and textural features of the basalts exhibit some consistent variations 

between the geographical suites. Groundmass clinopyroxene Is very common in the Side 

• Harbour and Big Lewis Lake basahs and is pre~nt in one of two samples in both tntl Seal Bay 

Head and New Bay ba~ahs ; however, it is absent in other suites. Sphene is relatively abundant in 

the Side Harbour and Seal Bay Head basahs. Secondary amphibole is very common in the Nanny 

Bag Lake and the wastem part ofthe Glover's Harbour units but less so elsewhere. 

Phenocryst sizes and abundances vary considtuably within suites. Plagioclase 

phenocrysts are rare and small in the Nanny Bag Lake unit and absent in the Indian Cove unit but 

common elsewhere. Clinopyroxene is very rare as a phenocryst phase in the Nanny Bag Lake. 

Bacjger Bay and Big Lewis Lake basalts but very common elsewhere. In the Side Harbour 

volcanics, the feldspar-_larger-than-pyroxene relationship is commonly reversed. 

Samples from the Glover's Harbour suite {particularly the western part of the unit). as well 

as the Indian Cove and Badg_er Bay suites QGnerally contain abundant amygdules. The Seal Bay 

Head, New Bay, Seal Bay Botiom and Nanny Bag Lakt:: units are generally sparsely to non­

amygdaloidal. 

2.5.4 Petrography of the Felsic Volcanic Rocks 

Most felsic volcanic rocks consist of varying proportions of three components. ( 1) 

groundmass, (2) veinlets, and (3) phenocrysts (or crystal fragments) . 

In almost all samples, most of the groundmass is too l ine grained to be resolved optically. 

Locally, recrystallization has produced irregular quartz grains up to .25 mm across and patches of 

chlorite (which locally show Berlin Blue interference colours) , epidote and, more rarely, calcite 

(Plate -2.12). Epidote is the most common resolvable groundmass aheration mineral in the Indian 

Cove suite while chlorite is more common in the Glover's Harbour suite. Sericite was identified in 

most samples where it commonly forms very small , randomly oriented laths in the groundmass. In 

a few samples, sericite occurs dominantly in microveinlets and concentrated at the margins of 

crystal fragments probably having formed in response to abnormally severe potassium 
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Plate 2.13: Petrographic evidence of potassium metasomatism of a K20-rich, rhyolitic tuff. 

Sericite is abundant in the groundmass (very fine grained yellow specks) and also forms 
microveinlets in the rock. Crossed polars, field of view is 2.2 mm, sample no. 2140538. 

Plate 2.14: Photomicrograph showing rounded quartz crystals fragments with resorption 
embayments in a f.elsic volcanic rocks. Crossed polars, field of view is 2.2 mm, sample no. 
2140525. 
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metasomatism (Plate 2.13). ' . 

Approximately 75 percent of the samples have phenocrysts or crystal fragments. They .. 
range widely in size, from. less than 0.5 mm to more than a.mm across. Plagiocla~e ~enecrysts . ., ... 
have been albitized and are generally larger than quartz. Both occur as subhetlral to anhedral 

grains wh;ch locally are broken and/or show volcanic (resorption) embayments (Plate 2.14). 
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Feldspar grains are generally cloudy and are locally completely saussurltized. Very rarely, rhyolitic 

lithic fragments are present. 

Most of the samples show clear indications that they are of pyroclastic orlgln, including 

broken crystal fragments and the local presence of lithic clasts. However, rhyolitic rocks which 

form the core of the Indian Cove unit and which were interpreted on field evidence as a rhyolite 

dome, are generally aphanitic and phenocrysts are rare or absent (e.g. plate 2.12). These consist 

only of polygonized quartz and feldspar and minor sericite and are the most likely candidates for 

true rhyolite flows. 
---

Secondary veinlets are not abundc;~rt in any samples but are present in all but two samples 

examined. In the Glover's Harbour, Long Pond and Nanny Bag Lake suites, they commonly 

comprise narrow quartz veinlets accompanied by minor amounts of other secondary minerals. 

However, in the Indian Cove samples, the veinlets reflect the pervasive hydrothermal alteration 

that has affected this unit and .are rich in epidote and/or hematite. They are locally very abundant 

and produce gas breccias in the country rock (Plate 2.15). ' 
2.6 Subvolcanlc MafiC Intrusive Rocks ,.-

2.6.1 Description and Field Relationships 

Th~ Wild Bight Group is cut by numerous mafic sills and dykes, most of which consist either 
•'-

..... of fine-grained diabase dykes or sills or coarse-grained and/or porphyritic diorite and gabbro sills . 

Intrusions of intermediate grain size are present but not abundant . 

. Fine grained intrusions are commonly concordant to slightly discordant. The'y range from 

30 em to 10 m. but are generally less than 3 m thick. Chlorite- and calcite-filled amygd4les are 



59 

Plate 2.15: Hydrothermal gas brecciation in the Indian Cove rhyolite. In upper photo, dark veins 
cutting rhyolite consist of hematite, rhyolite fragments and cominuted rock grains. In lower 
photo, brecciation of rhyolite (white) in a hematite-filled breccia vein is seen in thin section. 
Plane light, field of view is 2.2 mm, sample no. 2140493. 
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generally present in amounts ranging from S"fo to 25%. The lntrusio~ have chilled margins and 

the interiors of some contain slightly coarser grained or feldspar-phyrlc phase~. · 

Field relationships suggest that the fine grained mafic intrusions were intruded early in the 

history of the Wild Bight Group and are genetically related to the mafic volcanism. These include : 

(t)The intrusions are locally plastically deformed and broken and associated with numerous 

quartz and calcite veins suggesting intrusion into wet sediments (Plate 2:16); (2) AlthoiJgh fine 

grained intrusio.ns have not been observed to feed pillow lavas directly, they do cut and locally 
,, 

terminate in the volcanic units; (3) Mafic intrusive rocks generally do not intrude the sequer\ce 

stratigraphically above the highest pillow lavas. For example, southeast of Leading Tickles, there 

are no mafic intrusive rocks in the roughly 800 m of stratigraphic section be~ettn the New Bay 

basalt and the Caradocian shale. Elsewhere, where basalt occurs consi~rably higher In the 

section (e.g. below the Big Lewis Lake and the Badger Bay basahs), fine grained mafic intrusive 

rocks persist to the top of the group; (4) in all areas, the fine grained intrusions are deformed with 

the adjacent stratified rock? . . 

Gabbr'bic sills and lesser dykes are not as common as but generally thicker than the fine 

grained intrusive rocks, ranging up to several tens of metres. They are generally equlgranular, 

ahhough locally feldspar-phyric, and exhibit good chilled, locally discordant margins. The larger 

intrusions are commonly polyphase with coarse gabbro cut by fine grained dykes. Complex 

intrusive relationships indicate thaHhese are phases of the same magmatic event. The .fine 

grained phases are lithologically similar to the fine grained intrusions described above and ar1 
Q 

deformed with the enclosing rocks. Therefore, they are interpreted as related to the fine grained 

intrusions and to the volcanic activny. 

Geochemical data allow a more detailed correlation of the subvoicanic Intrusions and their 

extrusive counterparts; these data are presented in Chapters 3 and 4 where this relationship Is 

further discussed. 

I 
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Plate 2.16 Fine grained diabase dyke in red argillite near Omega Point. Dyke is plastically 
deformed, associated with abundant calcite and quartz veins, and is interpreted to have been 
intruded into wet sediment. 
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2.6.2 Petrography of the Ane Qralned lnti\JS!ve Rocks 

The fine grained dykes are generally hyalocrystalline, less commonly holocrystalllne, and 

consist of variably attered plagioclase and lesser clinopyroxene associated with greenschist facies 
• 

alteration minerals (some or all of epidote, sphene. magAetite, chlorite, rare sericite, quartz and 
~ 

biotite, see Appendix 1). The hyalocrystalline varieties are petrographically similar to the malic 

volcanic rocks. 

Variably altered, lath-shaped. plagioclase microlites are commonly the most abundant 

mineral in the groundmass; in some sections these are albitized but In most cases, the 

plagioclase is almost completely psuedomorphed by epidote, white mica, calcite and opaque 

minerals. Groundmass clinopyroxene is present in most sections, occurring as small, euhedralto 

subhedral, equant grains which are locally subophitically intergrown with plagioclase. Olivine, 

identified In two samples, occurs as small (<0.25 mm), subhedral crystals and is the only other 

primary phase preserved. 

Secondary minerals, as in the mafic volcanic rocks, record a greenschist assemblage. 

Chlorite is_ the most common, optically resolvable, alteration mineral. It occurs in the groundmass 

as green, slightly pleochroic plates and microcrystalline aggregates and locally as crystal 

aggregates showing Berlin Blue interference colours. It is followed In abundance by epidote 

group minerals which commonly form cryptocrystalline crystal aggregates and less commonly 

small euhedral crystals, sphene and opaques (dominantly lath-like ilmenite and magnetite) which 

are generally the latest alteration products. Secondary amphibole is abundant in one sample. 

. ' Remains ol phenocrysts are present in two samples, although In both cases they are 

highly attered. Sample 2140461 contains 3% to 5°:o equant pyroxene grains up to 2 mm in 

diameter, now completely psuedornorphed by chiOrtte, ·sericite, sphene and epidote while 

sample 2140496 has 10% to 15% completely saussuritized plagioclase phenocrysts up to 3 mm 

long. 

A ~ew, very small, chlorite-filled amygdules Oca.Jr in Sa!ll>le 214049S. 

... 
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2.6.3 Petrography of the Coai'M Grained Intrusive Rocks 

The coarse grained intrusions a~e generally, highly attered, holocrystalline rocks cohSisting 

of plagioclase and clinopyroxene with minor olivine and a variable assemblage of greenschist 

facies alteration minerals. 

Plagioclase Is the do1:11inant, and usually coars st-grained, phase. locally comprising as 

much as 60% of the rock and occurring as euhedral to s hedral grains up to 10 mm long. It is 

commonly highly attered; in plane ~ght the grains have dense, brown dusting that obliterates 

primary features and in polarized light they are opaque. his atte~ation is a fine grained mixture of 

epidote, clinozoisite and sericite and imparts a pale green tint to the feldspars in hand specimen. 

Clinopyroxene commonly occurs as subhedral, equant to lath-shaped, unzoned grains 

which locally have reaction'coronas and exsolution lamellae. In many thin sections, clinopyroxene 

is variably altered to chlorite and epidote and locally only ragged remnants of the original minerals 

remain. In some cases, clinopyroxene grains poikilitically enclose feldspar. 

Olivine is a minor component of approximately 30% of samples typically occurring as fine 

(less than 1 mm in diameter) equant grains, locally psuedomorphed by a greenschist alteration 

assemblage. 

Magnetite and J:)yrite are common minor phases and biotite was identifie9 in one 

specimen. Other secondary minerals in approximately decreasing order of abundance are 

~hlorite, albite, epidote. sericite. ' 

· 2.7 Structure 

Present knowledge of the st~ctural geology of the Wild Bight Gr~-is' b~sed mainly on 

the regional mapping of Espenshade (1937), Heyl (1.938), Hayes (1951), Williams (1963) and 

Dean and Strong (1976). There have been no detailed structural studies in the Wild aight Group .. 
and none were undertaken during the present study. Structural relationships shown on the 

previous maps were checked and confirmed at critical localities. Stratigraphic observations made 

during the course of this study point to the need for furtner, detailed structural wor1<. 

• . 
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The earliest structures in the Wild Bight Group are upright. moderately tight to isoclinal, 

folds, the axes of which generally trend northerty to northeasterly and plunge northerly at more 

than 35g. An axial planar penetrative cleavage~ inhomogeneously developed In si~y and 

argillaceous sedimentary rocks and volcanic breccias but not in the igneous rocks. 
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The Seal Bay Anticline is of this fold generatio~ It is well exposed in Seal Bay Bottom and 

can be traced in outcrop southwards for approximately 6 km where it Intersects the Frozen Ocean 

Lake Fau~ (Figure 2.2). South of this fau~. strata cannot be correlated on opposite limbs of the 

fold and it is inferred that there are further complications as a result of unrecognized faulting In this 

area. South of the Long Pond Fault, the problems of correlation of rocks on opposite sides of this 

fold are even more pronounced. Although Caradocian shale outcrops on both the east and west 
~) . 

sides of the Wild Bight Group in this region, apparently representing the top of re~pective east-

and west-facing sequences and sugg~sting an anticlinal structure, the spction Is much 

attenuated and volcanic rocks below the Caradocian shale on opposite sides of the structure (the 

Big Lewis Lake and Nanny Bag Lake units) contrast strongly in field and petrographic 

characteristics (and in geochemistry, see Chapter 3). They clearly do not represent the same unit 

on opposite sides of a major anticline. Unrecognized structu1al complexity, possibly including 

northwesterly - trending faulting, appear to be necessary to explain the distribution of lithologies 

in this region. 

Second generation folds are inhornogeneously developed and do not define· a consistent 

regional structural pan em. These are commonly seen fr1 two settings: 1) adjacent to 

northeast-trending strike slip faults (see below) where they define a dextral sense of shear and 

are interpreted to result from dra'gging of strata adjacent to the faults and; and 2) in shear zones In 

argillaceous and tuffaceous rocks where they similarly commonly define a dextral sense of shear. 

Penetrative fabrics related to this shearing are loCally developed close to the shear zones. 

The Wild Bight Group is cut by numerous northeast-trending rectilinear f~n coastal 

outcrops, these are observed to be high angle faults with a dominant ~trike-slip component (Plate 

2.1) and locally, they have significantly disrupted the stratigraphy. 
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The timing of structural events is not well constrained. However, the F1 folds affect rocks at 

least as y~ung as the over1ying Sansom Graywacke (Lower Silurian) indicating that folding 

continued at least through thi~ time (although it could have begun earlier) . The F2 folds are 

probably related to the northeast-trendi(1g faults which truncate and offset the earlier fold axes 

. and are not folded by them. Furthermore, they locally juxtapose Wild Bight Group rocks with 

Acadian granitoid rocks of probable Devonian age (the Twin Lakes Complex and the Hodges Hill 

Granite) and, therefore, are probably late Acadian structures. Similar conclusions regarding timing 
, · 

· of deformation were reached by Karlstrom et af. (1982) from their detailed structural studies of 

correiative rocks and structures in eastern Notre Dame Bay. 

·. 
2.8 Metamorphism 

·The groundmass mineralogy of the mafic volcanic rocks (albite- chlorite· sphene-

magnetite ± epidote ± calcite ±actinolite) is a typical spiiitic assemblage which records 

metamorphism in the greenschist facies. This metamorphism has undoubtedly resu lted in some 

redistribution of elements In the rocks. An estimate of the conditions of metamorphism is 

necessary to help constrain the probable effects of this redistribution prior to the geochemical 

discussions in Chapter 3. 

There is a voluminous lit~rature concerning the development of greenschist facies 

metamorphic assemblages in mafic volcanic rocks. Early ideas held that greenschist facies 

~ metamorphism (X)mmonly resulted from ~eep burial (Pk:iad > 2 kb) ~ccompanied by sufficiently 

high temperatures to allo.,_v reactions to proceed (e.g. Gilluly, 1935; Vallance._1965; Smith, 1968). 

However, more recent work has shown th13t hydrous reactions during hydrothermal convection 

under relatively shallow conditions ( Ptoad < 1.5 kbars) can also account for the observed 

metamorphic effects (e.g. Spooner and Fyfe, 1973; Bonatti et af., 1975; Seyfried et af., 1978; 

Mottl, 1983). Evidence for the nature of these processes comes from a variety of sources 

InclUding: (1) study of alteration in ophiolitic rocks interpreted to represent ancient oceanic crust 

\ 
' 

. '. 
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(e.g. Coish, 1977;Stem and Ehhon, 1979; Liou and Ernst, 1979; Evarts and Schiffman, 1983): 

(2) observation of greenschist facies samples drilled or dredged from the seafloor along 

mid-ocean ridge systems (e.g. Melson et at., 1966; ~elson ~nd van Andel, 1966; Humphris and 

Thompson, 1978a,b; Ah et at., 1985); (3) experimental studies in which hydrothermal fluids are 

reacted with basalt under varying conditions of temperature and pressure (e.g. Ellis, 1968; 

Bischoff and Dickson, 1975; Hajash, 1975; Mottl and Seyfried, 1980; Mottl, 1983; Rosenbauer 

and Bischoff, 1984); and (4) analysis of hydrothermal discharges at sub-seafloor vents In order to 

infer the conditions existing at depth within the hydrothermal systems (e .g. Edmond et at., 1979; 

1982; Craig et at., 1980). 

Studies of ancient ophiolites have documented a downward - increasing metamorphism, 

ranging from subcgPeenschist to greenschist facies, that can be interpreted on ma.ny linss of 

evidence as reflecting sub-seafloor hydrothennal alteration through reaction with sea water 

(Spooner ei at .. 1977; Liou and Ernst, 1979; Evarts and Schiffman, 1983). Recently, this 

interpretation has been incontrovertibly confirmed by evidence from Deep Sea Drilling Project 

(DSDP) Hole 5048 in the Costa Rica rift, which cored 1075.5 m of pillow lava and mafic intrusive 

rocks, the deepest penetration of oceanic crust to ~ate . Petrological and geochemical studies of 

metamorphism of the mafic volcanic and intrusive rocks in this hole (Ah et at., 1985; Alt and 

Emmermann, 1985) have demonstrated a continuously increasing grade of metamorphism 

.characterised by sub-greenschist assemblages in the upper part of the hole, and a typical 

greenschist assemblage including albite - actinolite - chlorite- epidote - sphene below 

approximately 900 m. The pervasive greenschist alteration, characterised by generally 

incomplete recrystallization of primary phas~s. was estimated to have occurred under anoxic 
; 

conditions through reaction with partially-reacted seawater at temperatures between 200
8 

and 

2508C (Ah et ~/., 1985). The sequence of metamorphic changes is In good agreement with the 

observations of previously cited workers in ancient ophiolites. 

66 

Similar interpretations have resuhed from experimental studies. For example, Mottl (1983), 

noting that the experimental studies had been notably successful in reproducing the chemical 



changes of hydrothermal, greenschist facies alteration but generally unsuccessful in reproducing 

the mineralogy, modelled the expected metamorphic assemblages at 300°C, and 500 to 600 

bars for a variety of water/rock ratios using natural assemblages as a guide. He showed that the 

composition of the alteration minerals, especially chlorite, would be sensitive to changing 

water/rock ratios during alteration, and that an increasing water/rock ratio should produce 

increasingly Mg-rich secondary minerals such as amphibole and chlorite. 

The greenschist facies metamorphism observed in both mafic volcanic and subvolcanic 

rocks In the Wild Bight Group, is interpreted as resulting from sub-seafloor, hydrothermal activity 

that closely followed the volcanic activity. Several lines of evidence indicate this: (1) The 

abundant alteration veinlets carry the same mineralogy, and in the same filling sequence, as do 

the amygdules. Locally, the veinlets connect and appear to feed the amygdules (Plate 2 .17). The 

veinlets probably served as conduits for fluids from which th.e amygdule fillings were precipitated. 

Evidence from modern seafloor basalts suggests that veinlet formation resulting from fracture- or 

amygdule-filling is usually an early event attributed to hydrothermal circulation closely following 

the extrusion of the rocks (e.g. Alt eta/., 1985). Because the veinlets cut the spilitic assemblage 

In the groundmass In most samples, the spilitization must also be an ear1y event; 2) epiclastic 

sediments in the Wild Bight Group contain mafiC volcanic clasts which were spilitized priOr to their 

Incorporation In the sediments. This implies that they were altered relatively soon after 

deposition; 3) the presence of volcanogenic mineralization and relatively intense hydrothermal 

alteration In some sequences further attests to the circulation of hydrothermal fluids in the rock 

column during and shortly after the volcanic activity; (4) Compositions of the secondary minerals 

in the mafic volcanic rocks are C:onsis~ent with those formed during well documented sea floor 

metamorphism of basaltic rocks. Plagioclase in the mafic volcanic rocks has been completely 

altered to albite (Appendix 3; Figure 2.7). Compositions of secondary amphibole and chlorite 

(Appendix 3) are similar to published examples from both modem and ancient oceanic crust 

(Figure 2.8). 

As noted in Section 2.5.3, secondary amphibole is common in the Nanny Bag Lake and 
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Glover's Harbour suites but uncommon in other suites. Mottl (1983) showed that ·the presence or 

absence of actinolite may in some cases be re.lated to the water/rock ratio during metamorphism. 

the presence of this mineral being favoured by water/rock ratios of less than 30. If the 

amphibole-bearing rocks in the Wild Bight Group were metamorphosed at a lowe~ water/rock ratio 

than their amphibole-free counterparts, the associated chlorite should be more iron rich (Mottl. 

1983). Chlorite analyses from amphibole-bearing and amphibole-free rocks are different iated In 

Figure 2.8; there is no consistent relationship between chlorite composit ion and the presence or 

absence of secondary amphibole in the rocks. (This is not a completely satisfactory criterion. 

Chlorite compositions will also be influenced by primary Fe ~d Mg variation in the rocks which 

may overwhelm any variation resulting from changing water/rock. ratios) . However, in the absence 

of other evidence, the alternative interpretation, that the presence of amphibole in some suites 

reflects slightly higher temperatures duri~g metamorphism, seems more platfsible. 

Estimates of water-rock ratios during alteration of ancient rocks are fraught with 

uncertainties. However, comparison with Mottl's (1983) models can yield some useful generalities 

in this regard. Mottl (1983) predicted from his models, and observed in natural systems, a positive 

correlation between the modal amount of quartz and chlorite in hydrothermally altered rocks. He 

recognized two types of metabasalt in studies of modern oceanic crust in the literature, a 

chlorite-quartz .poor variety (chlorite- 1 to 25 modal percent, quartz- 0 to 3 modal percent) and a 

chlorite-quartz rich variety (chlorite - 42 to 70 modal percent, quartz - 3 to 31fmodal percent) and 

suggest~d that they formed in response to low (W/R<3) and high (WIR>20) water/roc~ ratios, 

respect ively. In terms of modal alteration mineral percentages, most of the Wild Bight Group rocks 

would fall in Mottl's chlorite-quartz poQ( group (see petrographic tables , Appendix 1), indicative of 

low water-rock ratios. 

A low water/rock ratio is further suggested by comparison of the Wild Bight Group chlorite 
.• 

compositions with those for typical metabasalts and compositions predicted by Mottl's models at 

varying water/rock ratios (Figure 2.9). Most Wild BightGroup chlorites are more iron-rich than 

Mottrs "typical metabasalt" and many are more iron-rich than chlor~e from DSDP Hole 504B. They 
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metabasalt 
breccias 

X - Calculated model composition of chlorite in mafic 
metabasalt resulting from reactions at diffent water I rock 
ratios after Mottl (1983). 

MgO 

Figure 2.9: AFM diagram for chlorite in mafic volcanic rocks. Fields of 
quartz-chlorite breccias, typical metabasalts and chlorite-quartz rich 
basalts from Mottl (1983). Stippled line is field of chlorite_in greenschist 
facies basalt in DSDP Hole 5049 (Ait et al., 1985) 
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clearly have not formed in response to the passage of large voiunies of Mg-rich seawater (e.g. 

high water/rock r.atios in the downflow zone of a hydrothermai cell) . The postulated relationship 

between chlorite compositions and water/rock ratio is supported by the comp.arison of chlorite· 

compositions in amygdules and groundmass in the same specimens (samples 2140477 ~nd . 
214051 Q, Appendix 3). Amygdules and fractures in the rock would be expected to have seen a 

higher water/rock ratio than the adjacent rock because of their greater permeability. In both 

samples noted above, chlorites in the amygdules have lower Fe/(Fe+Mg) than those in the 

groundmass, consistent with the expected higher water/rock regime. 

A relativeiy low water/rock ratio is also. suggested by FeO/MgO ratios in ~e~ondary , 

amphibole. Mottl's (1983)models i:>r,edict ~thigh water/rock ratios would also be accompanied 

by formation of MgO-rich actinolite (e.g. for water/rock-1 o; FeO/MgO> 1.4). Examinatioi1:J)I the . .. 
data in Appendix 3 shows that Wild Bight -Group amphiboles are considerably more iron rich than 

this, and are unlikely to reflect high water/rock ratios' 

In summary, mineral compositions suggest that hydrothermal alteration of the Wild Bight . 

Group volcanic rocks proceeded at low water/rock ratios and generally at temperatures slightly 

above the epidote and chlorite stability minimum (approximately 200 to 230gC; Tomasson and . . 

Kristmannsdottir, 1972) and below the actinolite stability field (approximately 280°C ; 
'? 

K;istmannsdottir, 1976). Localiy (~n the Glover's Harbour and Nanny Bag Lake suites) 

temperatures apparently exceeded the actinolite minimum. These slightly higher temperatures 
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may have resulted from an increase in the heat flow during eruption and subsequent alteration of • 

these suites, a fact that is consistent with and may contribute to models for the development of 

the Wild Bight Group presented in Chapter 4. 

2.9 SummaJY and Conclusions 

The Wild Bight Group is a thick (probably >8 km) sequence of dominantly epiclastic (75%) 

and volcanic (25%) rocks. The lower contact is not exposed; the stratiQraphicaHy lowest rocks are 

f~nd in Seal Bay Bottom in the core-of the Seal Bay Anticline. The top of the sequence. -·· 

' . 
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represented by epiclastic rocks in some areas and Ia he-r ally equivalent mafic volcanic rocks in 

others, is conformably_ overlain by fossiliferous carbonaceous shale and chert of ·C3radocii1n agtl 

. Sedimentary rocks at the bottom of !he group are fine-grained. quiet wat~r facies but 

abovP. the first volcani~ flows . they pass into a succession characterised by sandstonu turbidiles 

and coarse-grained debris flows At the top of the group, relatively quiet water conditions are 

once again prev<!_le.Dt. 

Volcanic rock~ outcrop mainly in the eastern part of the group, occurring in eleven 

separate geographic areas and 9ccupying various stratigraphic intervals Maf ic volcanic rocks 

include pillow lava , pillow breccia and fine grained hyaloclastite and massive sheet flows . Felsic 

volcanic rocks. are locally present Figure 2 .10 summarizes the principal geological and 
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petrological features that distinguish the different mafic volcanic units and highlights some points 
- ' 

of comparison and contrast between them including : 

' . 
(1) Mafic pillow lava is the domin-ant lithology in most volcanic units Exceptions are tho 

uppermost units in the western Wild Bight Group (the Badger Bay and Big Lewis Lake units) 

wt;lere pillow breccia is predominant and the Nanny Bag Lake unit in the soutlwastern pe~rt of the 

group where mafic volcanic rocks comprise mainly massive sheet flows. volc;Jnic unit where they 

are associated with minor pillow lavas. · 

(2) Five of the volcanic units include felsic volca-nic rocks and four of these have associalod 

vok:anogenic mineralization. All occur in the intermediate part of the stratigraphy 

(3) Secondary amphibole in mafic volcanic rocks is common only in the Nanny Bag Lake 

and Glover's Harbour areas 

(4) Plagioclase-phyric maficvolcanic rocks are widespread, except in the NJnny Bag Lake 

area. Clinopyroxene-phyric rocks are uncommon in the uppermost volcanic units but common in 

most other areas. 

(5) The proportion of amygdules in the rocks varies widely. Quartz -b earing arnygdu les are 

common only in the Indian Cove and Glover's Harbour areas, in rocks that ha·;e both associated 

felsic volcanic rocks and volcanogenic mineralization . 

I 
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Figure 2.10: Qualitative summary of geolog ica~ and petrologic'al features of the Wild 
Bight Group volcanic units. Intensity of stipple is proportional to relative abundance 
(except felsic volcanics and mineralization where stipple indicates presence. no stipple 
absen~) - · 
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Stratified rocks throughout the group are cut by mafic subvolcanic sills and dykes of fine to ' 

· medium grained diabase and coarse-gra~ned gabbro Several lines of geological t;viaence 

indicate that they are related to the Wild Bight Group mafic volcanic rocks . 

Structur~l relationships in the Wild Bight Group are more complex than existtng maps 
~ 

would indicate. In particular, the section is considerably attenuated in the southeastern part of tho 

group jind a considerable stratigraphic section is probably rtlissing south of the Long Pond Fault. 
-

Major, northwest-trending faulting seems to be necessary· to explain relat ionships in this area 

The mafic volcan.ie-rocks are commonly altered to a spilitic assemblage including some or. all 
l . . 

of chlorite - albite c quartz- epidote± actinolite, spher)e, magnetite, and calcite. The 

metammphism is interprated as sub-seafloor hydrothermal i lteration which prot:><:tbly occurred at 

yery low seawater/rock ratios. Temperature~ in the 2o'0° to 280°C range are generally indicated 

although abundant secondary amphibole in the Nanny Bag Lake and Glover's Harbour suites may 

signal slightly higher temperatures in these areas. 
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CHAPTER 3 

' 
-- GEOCHEMISTRY OF VOLCANIC AND SUBVOLCANIC ROCKS IN THE WILD 

~IGHTGROUP 

\ 

3.1 IntrodUction 

Whole rock samples from mafic and felsic volcanic rockS representing all known volcani~ 
. ~ ,;,.. 

.. 
arotlmulations in the Wild Bight Group as well as. a 1"epr-esentative collection of mafic subvolcanic 

rocks were ~nalysed for major and standard trace elements. In addition, samples selected on the 

basis of initial results were.further inve.st[gated through analysis for rare earth elements (REE) and 

clinopyroxene. . . 

selected high field strength elements (HFSE) and through microprobe analyses of primary 
. . . . \. 

Sampling and sample preparation methods are described in .detail in Appendix 4 . In most 

cases, volcanic units were sampled so as to obtain a representative oollection from throughout 
. . ,• . 

their areal extent, altho~gh in a few cases, systematic sampling at short intervals was carried out 

across strike in the volcanic members in order I() test within-suite variability. 

Sample tocations_J3te~hown on Figure 3.1. Universal Transverse Mercator (UTM) grid 

coordinates, given in Appendix 5 for all sample locat"l'ons, pi~point the sample locations on the 

ground to ±50 m. Most mafic volcanic rock samples are from pillow lava, the exception being the 

Nanny Bag lake suite which comprises dominantly massive basalt and contains only a few . -

pillowed flows. Samples were taken from the crystalline interiors of pillows, and selected in order 

to miOimize the effects of weathering, ~Iteration and vesiculation. 

Mafic subvolcanic rocks include both aphanitic to fine grained diabase and medium to 

coarse grained gabbro. Samples were taken from the interiors of dykes and sills and chosen to __..--

minimize alteration, vesiculation and weathering. 

Representative samples were collected from felsic volcanic rocks at all localities where they .. 
outcrop and include samples of both quartz- and quartz-feldspar phyric crystal tuff as well as . . . 

' ·-

. t • 
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Figure 3.1 : Location of geochemical samples. Squares are. mafic volcanic rocks, triangles felsic 

volcanic rocks, circles mafic intrusive rocks. Sample numbers ·are the last three digits.of 
\ . 

7seven-digi~ numbers used elsewhere in the thesis.Base· map as lor Figure 2.1. 
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massive aphanitic flows. In the Indian Cove unit, where hydrothermal alteration is widespread. 

samples were selected to avoid iones where alteration effects were visible in outcrop. 

Major elements as well as Cu. Zn and Ni were at:~arYsed at the Newfo·undla.nc;l Department of 

Mines and Energy laboratory by atomic absorption spectrometry. FeO was determined by titration 

with 91andard potassium dichromate. Loss on ignition (lOI) was determined by weighing a sample 
' 

before and aft~r heating to 1200~C; gas compositions were not d~termined.. The trace elements 

Rb. Sr. Y. Zr. Nb, sa·. V and Cr were determined at Memorial University by X-ray fluorescence 
. . - . I . 

. analy$is of pressed pellets. REE were determined on some .samples at Memorial University by ion 

exchange chromatography and X-ray fluorescence according to the rnethod of Robinson et a/ . 

(1986) and on other samples. along with Ta. Hf. Th, anq Sc, by instrumental neutron activation 

analysis (INM) by J. Her!ogen at Universiteit Leuve~. Leuven, Belgium. Details of analytic~! 

methods as well as estimates of precision and accuracy. of the methods are presented in 

Appendix 6. .. 
Sixty-nine mpfic volcanic whole rocks were analysed for major and standard trace elements. 

In addition, 22 were analysed for REE and selected trace elements by INAA and a further 9 for 

REE oy---x--iay fli:ioresceiice. Whofe rock analyses for major a11d trace elements are presented in 

Tables 3.2, 3 .5, 3.8, 3.9. and 3.10·. 
~ . 

Seventeen mafic subvolcanic whole rod<s were analysed for major and standard trace-

·. r . 
elements and an additional 9 for RE and selected trace elements by INM. Analytical results are 

presented in Table 3.13. 

Fo~rteen felsic volcanic whole roc were analysed for major and standard trace elements 

and an addifional3 for REE and selected tr ce elements py INM. Analy1ical results are presented 

in Table 3.17. . -.. . . - ~ 

n of the mafic volcanic rocks has shown that they 

represent a heterogeneous assemblage of magmatic rocks and probably record more than one 

tectonic environment. Any at1empt to summarize the composition of these rocks at this point 

would, therefore, be difficult and premature. In the following Chapter. following a brief 
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assessment of the probable effects of alteration, a subdivision based on geochemical parameters 

is introduced and the rocks that define these c)asses ere described. On all major element 
. ' . ( 

diagrams in this and :l!Jiiseque~t ~ections, elements have been recalculated to 1 00 percent 
· ~ ~ 

anhydrous . 

32 Ec. AHenOOOJ'Ihe ~~~ ;._ 

The use of geochemical data to interpret the magmatic history ol volcanic rocks is based ort 

the assumption that some origi'lllal geochemical ch~uacteristic,;s of the rocks have been preserved. 

t:ield and petrographic evidence, however. crearly indicates th_?t all mafic vofcanic rocks in the Wild 

Bight Group have been metamorphosed in the greenschist facies. An assessment of the 

probable effects of this alteration on their composition is necessary as a prerequisite to 

discussing their geochemistry in detail. · 

There is a voluminous literature. on the effects of alteration and metamorphism on·the 

composition of igneous rocks, particularly directed towards the question of which elements 
~ 

rem~in essentially immobile. Various approaches to i?vestigating this pr~blem have been 

'empted includin~ : . . . . 

1) comparison of lhe chemical fharaderistics of relatively more and less altered rocks in 
' . 

order to establish element mobil~y vectors (e.g. Humphris and Thompson, 1978a; Ludden and 

Thompson, 1979; Schrader and Stow, 1983; Alt et at., 1985). 

2) experimental studies on the reaction of seawater and basalt under greenschist 

· conditions (e.g. Ellis, 1968; Bischoff and Dickson, 1975; Seyfried and Bischoff, 1981 ; Mot11, 

1983); 

3) study of the chemistry of hydrothermal fluids aimed at interpretation of the alteration , 

conditions at depth in the hydrothermal system; (e g;Arnorrson et at., 1978; Giggenbach, 1981 .) . ~ . 

4) comparison of the stability of inter-element relationships, the nature of which can be 

inferred from observation or theory (e.g Pearce and Cann, 1973; Pearce and Norry~ 1979; 

Stephens, 1982); 
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5) theoretical treatment of the mobility vectors of various elements during mineralogical 

change and fluid flux (e.g. Bird and Norton, 1981; Golf , 1984). 

A complete review of studies of .element mo~lity during alteration is beyond the scope of 

the present study. Such a review has recently been carried out by Goff (1984) and to a lesser 

degree by Stephens (1982) . There is substantial agreement among most wori<ers that many 

elements, including P, Ti, Y, Zr, Nb, HI, Ta, Th and the heavy rare earth elements (HREE). are 

. essentially immobile on hand specimen scale, during seafloor weatheri~g and low grade 
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hydrothermal alteration. In addition, Sc, V, Cr. Co, Ni and the light rare earth elements_(LREE) may 

be sufficiently irrmobile under these conditiooo for use in petrogenetic interpretations (e.g. 

Miyashiro et at., 1911 ; Humphris·and Thomps~ 1978a,b; Coish, 1977; Stephens. 1982; Goff, 
~ . . ..... 

1984). AI may be stable through low grade alteration but Fe, the alkali m!Jtals and the 

alkaline-earth metals-are variably mobile and their absolute and relative abundances may be 

disturbed. Before using these elements. therefore. some assessment of the effects of alteration 

mU6t be made. · 

The mobi~ty of the \ali elements Na and ·K in mafic rocks can be assessed using the 

'igneous spectrum' diagram of Hughes (1973), on which fields of normal igneous rocks, spilites 

and keratophyres are defined on a binary plot of two functions of K20 and Na2o. On this 

diagram, shown in Figure 3 .2 with field boundaries after Stauffer eta/. (1975): approximately 75 

" percent of mafic volcanic rocks plot outside the 'igneous spectrum'. Most of these plot in or near 

the 'spilite' field, suggesting substantial Na2o addition and K2o depletion although Na depletion 

is suggested in five samples that plot below the field . Samples that plot within the 'igneous· 

. ' 

spectrum' may be relatively unaltered; however, it is also pos:;ible that they have experienced 

K
2
o and Na

2
o addition in appropriate proportions to have moved their bulk compositions parallel 

to the fie!d boundaries. ) 
Mafic intrusive rocks, in contrast. do not show evidence of extensive alkali m etasomatism 

All except five of the analyses plot within the field of normal igneous rocks. 

Calcium mobi.lity is tested in Figure 3.3 with ~~ferenceio a binary plot of Na20 versus CaO 

--
... 



--
/ 

~ 

" 

~ 

'i 
0 
N 
~ 

+ 
0 

- ~ 
z 

, 

· ~ 

~ 0 

'i 
0 
~ 
+ 

' 0 
~ z 

' 

A 
12 

10 lgneous.Spectrum 

8 .. 
0 

6 

4 
0 

0 

2 
ClJ 0 

0 
0 

0 20 30 40, 50 60 70 80 

B 
12 

.. 
10 . Igneous Spectrum 

8 

0 
6 

c 

0 
0 10 20 30 40 50 60 70 80 

K20 X 100 
Na20 + K20 

FigurE1 3.2: 'Igneous spectrum' diagra!T)s for Wi ld Bight 
Group mafic volcanic rocks (A) and mafic subvolcanic rocks 
(B) after Hughes (1973) and Stauffer et al. (1975). More 

· than 70 percent of volcanic rocks are Na - metasomatized 
\ and plot in the field of spilites (outlined by stippled line) while 

more than 60 percent of subvolcanic rocks plot in the 
igneous spectrum. . 

,•. 

'·-

. 80 

~ 

.. '. 



8 

7 

6 

~ 5 

0 
N 
~ 4 
z 

3 

2 

c 

c 

c 
c c 
c 

rfl 
~c a 

c • c 0~ 

Do 

c 

D Do 

0+--~~~--+---~--~---+---+----~--40 
8 

•7 

6 

rfi 
~ 5 

0 
N 4 

"' z 
3 

2 

D 

c 

c 

D 

0 +---~---+---+--~~--+---+-~~--~ 

A 

0 2 4 6 8 10 12 14 16 

GaO (wt . % ) 

Figure 3.3: Ca6-Na20 diagrams for Wild Bight Group mafic 
volcanic (A) and subvolcanic (B) rocks. Rectangular field 
outlines normal igneous mafic rock composmons (after 
Stephens, 1982). Solid symbols in A·are samples that plot in 
the igneous spectrum field in Figure 3.2. 

81 



after Stephens (1982). Approximately 20 perCent of the mafic volcanic rocks plot within the field 

of normal igneous compositions. Most of the remainder have apparently been deplete_J in ~aO 

and eflriched in Na2o relative to normal igneous rocks . Samples with apparent enrichment in CaO 

are seen in thin section to contain an unusually large proportion of calcite-filled vesicles and 

veinlets. Samples that plot in the igneous spectrum in Figure 3.2 mostly plot in or close to the 

field of igneous compositions in Figure 3.3 supporting the conclusion that these rocks may 

preserve relatively unaltered igneous compositions. 

Most intrusive rocks. particularly those that plot within the 'igneous spectrum; field (Figure 

3 28). plot in or near the igneous field on this.diag.ram but w ith consideraple scatter indicating 

some mobility of calcium. 

The above discussion suggests that in the majority of volcanic rocks in the Wild Bight 

Group, Na2o. K2o and CaO have been substantially redistributed. By inference. most of the low 

field strength trace element$. (i.e. Rb. Ba and Sr) must also be cOnsidered suspect and caution 

should be exercised in their use for petrogenetic interpretations. As pointed out by Wood eta/. 
{ . 

- -- (1979). Wood (1980) and Saunders eta/: (1980). the one low field strength element (LFSE) that 

probably has only limited. if any, mobility during low grade hydrothennal alteration is Th. The 

stat?ility of Th-under the~e conditions has recently been documented by Merriman et at. (1986) in 

the hydrothermally altere~ margins of a dolerite intrusion in Wales. 

· Alkali and alkaline earth element mobility is less in evidence in_ the mafic intrusive rocks . 

This is additional indirect evidence that the metasomatism of the volcanic rocks resulted from 

sub-seafloor weatheriOQ ~ndlor hydrothermal activity soon after eruption rather than a later burial 

metamorphism which should have had a ~imilar effect on both intrusive and extrusive rocks. 

The mobility of Si02 is of considerable interest as subdivision of mafic volcanic rocks into 

basatts. basaltic andesites. etc: is commonly done on the basis of Si02 contents. Experimental 

·evidence clearly demonstrates that silica can be mobilized during low grade metamorphism (e.g. 

Mottl and Holland, 1978; Seyfried eta/., 1978; Hajash and Archer. 1980) and studies in modern 

.(Humphris and Thompson. 1978b) and ancieolt (Smith, 1968; Coish. 1977' environments have 
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confirmed that silica changes do accompany greenschist facies hydrothermal alteration. Silica is 
0 

comrTlQJlly taken up in seawater in these circumstances (demonstrated In the experimental 

studies referenced above) and, in most cases. increased hydrothermal alteration will result in a 

decrease in Si02 in the rock (Coish, 19?7; Hurriphris and Thompson. 1978b) .• However, local 
. . ~ . 

veining and filling of amygdules with quartz may localli re,~ult in an increase in silica contents 
J 

during low grade metamorphism (Humphris and Thompson. 1978b) . It is concluded that in the 

absence of free vein- and amygd~e-filling quartz. the present sil ica content of a greenschist 
· .. 

facies, hydrothermally-attered. mafic volcanic rock is be~ considered as a minimum estimate tor its · 

original concentration in the unaltered rock. .. . 
The relative mobility of iron and magnesium is of some importance in basalt petrogenesis 

as the fractionation of these e'iements is commonly used'as a differentiatiorf index . later in this 

Chapter, extensive use is made of the atomic Mgi{Mg+Fe] (Mg number) and it is desirable to know 

the extent to which this ·number may have been affected by alteration. Many authors have shown 

both through experimental studies (e.g . ~llis . 1968; Biscl'lotf and Dickson, 1975; Hajash. 1975; 

Mottl and Holland. 1978); Seyfried and Bischoff. 1981 ; Rosenbauer and Bischoff .. 1984) and · 

comparisons of altered pillow rims 3J1<1 less altered core!i in submarine basalts (e.g. Cann, 1971 ; . 

Coish, 1977; Humphris and Thompson, 1978a,b; Seyfried eta/. , 1978) that Mg is a major reactant 

in hydrothermal alteration of basalts. Mg from sea water is taken up by the·basalt during 

chlorite-forming reactions while total iron is essentially conserved. The i'{'portant f.actor in the 

amount of Mg uptake during alteration of basalt is apparently the effective water/r~ ratio of the 

system, the amount of Mg-addition being directly correlated with the water/rock ~a t io (Seyfried et 

a/., 1978; Mottl and Seyf(ied. 1980; Mottl, 1983). 

Hydrothermal alteration of a pillow basalt pile will not be homogeneous. Spooner et a/. 

(1977), pointing out that the bulk permeability of a pillowed sequence is probably several orders 

of magnitude greater than the permeability of unfractured basaltic rock , suggested that 

~ydrothermal flow (and, therefore . m'dss transfer through the pile as 3 whole) princ ipally occurs 

along pillow boundaries, fractures and cooling joints. In these areas, reactions mq y proceed 

• 
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under high seawater/rock conditions. Mass transfer accompanying chemical reactions in the solid 

rock, on the othel'>hand, occurs mainly by grain-boundary diffusion at low water/rock ratios. 

Chemical changes during hydrothermal alteration are likely to be less severe in pillow cores 

than in the rims for two reasons : ( 1) pillow interiors contain more crystalline material from which 

elements are less easily mobilized than the glassy material at the rims; and (2) because of 

permeilility differences as suggested above. they will see considera~fe les~waterplll)ing the life'" 

of the hydrothermal system. Data from Humphris and Thompson (1978a) and Cois~ (1977), 

plotted in Figure 3.4A and B, illustrate this . In both cas.es. the more
0

altered rjm is significantly 

enric~ed in Mg (ie. has reacted under higher water/rock conditions and taken up more Mg) 

producing a significant shift to higher Mg# with higher water/rock ratios. Pillow rims should be 

avoided in geochemical studies of ancient rocks. 

Data from two sources, however, suggest that in the solid ro.ck. Mg# changes with respect 

. t~ original rock compositi?ns are not likely to be significantly 13rge: 

•· . 
1) Ah and Emm~rmann ( 1985) have documenled chemical changes with increasing 

metartlorphic grade in DSDP Hole 5048 (see Chapter 2) . Mg# of their 'dark' basalt is plotted 

. ' 

against depth in Figure 3.4C. There is no apparent consistent change in Mg# with depth and Mg# 

in all cases is w~hin ±0.04 of their value for least ahered basalts. These data show that at low 

water/rock ratios. there may be little change in the Mg# during the transition from fresh basalt to 

greenschist facies metabasalt . ,_ 
2) Experimental data from Seyfried eta/. (1_978) , plotted in Figure 3.40'7' show the 

expected increase in Mg# with)~creasing water/rock ratio. Despite the fact that the reactant in this 

experiment was glass and not crystalline material, alteration at water/rocks1 0 produced a change 

of only +0.05 in t~e Mg#. Mer at ion at much lower water/rock ratios under natural conditions could 
. . 

be expected to produce even less chanpe. 

( · ~ ;s conc'"""d I hal by confioi,<>g :ampli<>g IQ pillow e<><es and by avoiding pillow nms aod 

fractures with o~vious aherafion (e 51 calcite . chlorite. quartz-filled veins) most problems 

associated -w ith using the Mg# as a differentia tion index in these rocks should be obviated. This 
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conclusion is supported by data presented later in this Chapter where it will be seen that in 

petrogenetb1lly related rock groups, although there is generally a consistent , linear relationship 

between Mg# and tha.jmmobile elements (cJ. Figures 3 .15, 3.21, 3 .34), no such relat ionship 

exists between Mg# and mobile elements (e.g. total alkalis, see Figures 3.15, 3.21 , 3 .34). 

Specific problems related to abnormal alteration of individual samples de exist, :,owever, and will 

be noted where appropriate in the following discussion 

3.3 Subdivision of the MafiC Volcanic Rocks 

3.3.1 General Statement 

Mafic volcanic rocks in the Wild Bight Group, in terms of their Si0 2 contt?nt, span iile 

compositional range of basalt and basaltic andesite (the basalt - basaltic andesite boundary is 

taken as 53 percent Si02. following the Basalt it Volc<~nism Study Project, 1981 ) and have a 

broadly bimodal distribution (F igure 3.5) . However, from minor and trace element considerations , 

It is clear that these rocks are not a single, petrogenetically-related group. This is part icularly 

apparent in the wide range of incompatible element abundances . For example, Ti02 contents 

range from 0.35% to 3 .87%, a compositional range that is unlikely to have resulted from a single 

parent by any simple fractionation process-in the differentiation range of basalts and basic 

andesites A similar argument holds for other incompatible. elements such as P2o5 (< .01 % to 

1 4%), Zr (3 ppm to 414 ppm). Nb (<05 ppm to 85 ppm) , andY(< 5 ppm to 57 ppm) . Comparison 

of the re~llonships between compatible and incompat ible element~ further emphasizes the 

heterogooeous nature of these rocks. Cr and Ni are plotted against Ti02 in Figure 3 .6 and show 

no Silrflle linear or curvi linear relationship which would suggest a common fractionation history. 
0 ~ 

Furthermore. the heterogeneity of Nd isotopic compositions of volcanic roc,ks in the group, 

described In detail in Chapter 4, is a compelling argument that they represent a petrogeneticalty 

complex assemblage of volcanic rocks. 

Before describing the geochemistry of the rocks or anempting to interptet their tectonic 

setting or petrogenesis, It is necessary to subdivide them i~ consistent and geologically · 
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meaningful groups. This subdivision procedure is a two-stag~ process and is outlined in detail in 

the following Sections., Geochemical groups are defined in Section 3.3.2 based on variations in 

incompatible element abundances within and between the geographica.My defined suites. The 

subdivision is refined and final assignment of samples to the various geochemical groups is made 

based on relationships between high field strength elt?ments (HFSE), low field strength elements 

(LILE) and rare earth_ elements (REE) in Section 3.3 .3 . In Section 3 3.4, the subdivision is tested 

statistK:ally by discriminant function analysis. 

3.3.2 IdentifiCation of~hemlcal Groups Based on Incompatible 

Element Abundances 

The initial subdivision of the Wild Bight Group is based on the recognit ion th3t the various 

geographic suites (and in some cases, parts of these suites) form coherent groups according to 

their incompatible element contents In Figure 3.7, binary incompatible element relationships. 

represented by Zr and Ti02, exhibit a rather diffuse posilive trend.:. However, with three 

exceptions (see below), each geographic suite has a restricted and relatively homogeneous 

incompatible element composition on this diagram, suggesting that rock's in each suite are 
. I 

I 
genetically related. Four classes of malic volcanic rocks can be defined based on increasing 

incompatible element concentration, termed for 90nvenience, 'depleted', 'intermediate', 

'transitional' and 'enriched' (Figure 3.7) . Each class includes two or more suites or subsuites . 

Th?re is very little overlap between these classes Although they are defined in this case on the 

basis of Zr and Ti02. binary plots using other incompatible elements (e .g. P2o5, Nb, Y) yield 

similar resu~s . 

The distribution of samples from the individual sulies in this lramewor'l< is shown in Figure 
'· -

3.8 where it can be seen that the Glover's Harbour, Side Harbour and Big LewisLake suites are 
• 

inhomogeneous and probably composite . The Glover's ~arbour suite containS two clear 

• subsuites, one with 'depleted' and the other with 'intermediate' incomp~tible element 

concentrations; respectively, these represent the western and eastern (stratigraphically lower 
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and upper) portions of this volcanic unit. No stratigraphic or structural break has previously been . . 
recognized between these rocks althOugh they are separated by approximately 200m of mafic 

pyroclastic andtor epiclastic rocks (Figure 2.5) Hereafter, \hey are referred to as the 'Glover's 

Harbour West • and 'Glover's Harbour East' suites. The Side Harbour suite contains three 

subtypes. The two 'depleted' samples come from the southwestern part of the volcanic unit less . 

than 300m below the Point Leamington massive sulphide deposit. 'Transitional' rbcks'form the 
. 

rest of this suite except for the one 'enriched' sample which is interbe~ded with 'tran~itionar rock' 

nortp of Big Lewis Lake. The Big Lewis Lakf) suite contains two subsuites of 'intermediate' and . 

'enriched' composition which are interbedded with each other on outcrop scale on the north 

shore of Big Lewis Lake. 

3.3.3 Paleotectonic Affinities of the Geochemical Groups and Further 

Refinement of the ::}ubdlvlsk>n 

A full discussion of the tectonic settings represented by the Wild Bight Group volcanic 

92 

rocks is premature at this point . However, it is necessary to introduce.\tt1e ~pic as it is precisely the 

geochemical features that are commonly used to discriminate paleotectonic environments which 

provide the key to the second stage subdivision of the Wild Bight Gfoup volcan!c r'bcks. 

Relati<?nships between HFSE and REE on a partial extended rare earth plot (e.g. Wood, 

1979; Wood eta/., 1979; Sun. 1980; Briqueau eta/., 1984), presented in Figures 3.9 to 3.11. 

and between Ti, Y. and Zr on a ternary plot after Pearce and Cann (1973) , presented in Figure 

1 3.12, are used to accomplish this subdivision. Further evidence in support of the prel iminary 

lnrnrpretailons advanced in this ~action is presented in later discussions of whole rock 

geochemistry (Section 3.7), primary mineral chemistry (Section 3.11 ), Nd isotopic studies and 

petrogenetic calculations (Chapter 4). 

Wood et sl. (1979) and Sun (1980) were among the first to point out that volcanic rocks 

erupted In Island arc setti:1gs show a distinctive underabundance of the HFSE Ta and Nb with . ·, 
respect to REE of similar Ionic character. They furthr.r pointed out that relative overabundance of 

... 
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Figure 3.9: Partial extended REE plot for 'depleted' mafic volcanic 
rocks. All have negative Ta anomalies. Nb is below detection limits in 
most samples. Primitive mantle normalizing values given are-in · 
Appendix 7. ' 
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the LFSE was characteristic of island arc lavas. This can be graphically expressed on achondrite-

or primitive mantle- normalized, extended rare earth plot where island arc lavas generally show 

distinctive negative Ta and Nb anomalies relative to La while the LFSE elements plot in an 

irregular paHern at normalized abundances generally greater than the LREE. Mid-ocean ridge 

basalts (MOAB) and various within plate settings generally produce lavas in which the LFSE plot 

in a smooth curve, underabundal')t with respect to the LREE, and Ta and Nb are comparable to or 

slightly overabundant with respect to the- LREE. Of course, in ancient rocks, the mobility of the 
.... 

LFSE elements severely limits their usefulness: in the present'study, the only LFSE elemen& 

which is used for this type of interpretation is Th (see Section 3.2). 

Partial extended REE diagrams (Th to Nd) for 'depleted' samples are presented in Figure 

3.9. In some samples, Tawas below the detection limits as ~s Nb in most samples. However, 

where abundances could be measured, the samples show a clear island arc signature with 

positive Th and negative Ta and Nb anomalies. Detection limits for Nb are approximately o.n X 

primitive mantle on this diagram so that all samples in which Nb is below the detection limit 

probably also have negative Nb anomalies. 

Samples of 'intermediate' composition, plotted in Figure 3.1 0, comprise two types. Those 

from the Glover's Harbour East sune and the Seal Bay BOttom. Northern Arm and Nanny Bag Lake 

suites have distinct negative Ta and Nb and generally positive (Th/La)n (the subscript 'n' 

designates concentrations that have been chondrite-normalized) characteristic of island arc 

volcanic rocks . In contrast, samples from the Badger Bay and Big Lewis Lake suites have smooth 

patterns with a slight underabundance of Th with respect to 4 (La!Ta)n and (La/Nbln are near 1. 

Samples of 'transitional' and 'enriched' compositions likewise lack the island arc signature \ 

(Figure 3.11) having smooth patterns and a sli<]htly negative (Thllaln· Ta and Nb in the enriched 

group show slight but distinct ~sitive anomalies. On the basis of HFSE, LFSE and REE 

abundances, therefore. two broad group;; can be defined, one with apparent island arc aff inities 

and the other without . 

The Ti-Y-Zr di<1gram (Pearce and Cann, 1973) gives a similar result and has the added 
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·advantage that all samples in the Wild Bight Group have been analysed tor these elements: tor 

this reas_on, it provides a more universal test of the grouping. On Figur~ 3 12, 'depleted' rocks are 

more depleted in Zr than the reference field of island arc tholeiites and are displaced away from 

the Zr apex outside the fields of normal lAT. 'Intermediate' rocks from the Nanny Bag Lake. Seal 

Bay Bottom. Glover's Harbour _East and Northern Arm suites plot in the plate marginal nelds. the 

Nanny Bag Lake suite is most similar to normal island arc tholeiites while the others plot mainly 

within the indeterminate CAB•IAT-MORB field and spill across the boundary into the field of calc 

alkalic basalt . Two samples from the Glover's Harbour East suite plot just across the upper field 

.:: 
boundary in the within plate bas~ltf.ie~. In contrast. all Badger Bay and Big Lewis Lake samples 

plot in the WPB field, emphaiizing the~ichotomy between them and othe' rocks or 'intermediate' 

composition . All of the 'transitional' and 'enriched' basalts plot as expected in the WPG field 

From this evidence, the Wild Bight Group can be viewed as broadly bimodal , with 

geochemical affinities to two paleotectonic environments The 'depleted' and some of the 

'intermediate' rocks have characteristics of island arc magmatism in their HFSE and nEE .elements 

and plot in plate marginal fields on the Ti-Zr-Y diagram. The remainder of the 'intermediate' rocks 

as well as those of 'transitional' and 'enriched' compositions, exhibit no island arc affinities on the 

e;<~ended REE diagrams and plot in the WPB field on the Ti-Zr-Y diagram. Althou;)h it is 

recognized that interpretation of -the paleotectonic environments at this point is prem:1ture, the 

subdivision is necessary in order for the geochemical data to be presented coherently. The 

justification must await detailed presentation of the geochemical and i~topic data . 

The classification of Wild Bight Group malic volcanic rocks arising from the above 

discussion is illustrated schematically in Figure 3 .13. For convenience in description. tho live 

groups that comprise it are designated 

a) Island Arc depleted (lAD) group: Glover's Harbour West suite , Indian Cove ~uite , Side 

Harbour 'depleted~ samples: 

b) Island arc intermediate (IAI) group; Glover's Harbour East suite, Seal B;-~y Bottom. 

Northern .Arm, Nanny Bag Lake suites; 
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zrL_~~~~-------------===========~-lYx3 zrL_~~~~~~~--------~======~--~Yx3 

• Glover's Harbour East 

0 Northern Arm 

CAB - calc alkalic basalt lA T - island arc tholeiite 
MORB - mid-ocean ridge basalt WPB -within plate basalt 

Figure 3.12: Ti-Y-Zr plot (Pearce and Cann, 1973) of mafic volcanic rocks of the Wild Bight Group. 'Intermediate' rocks form two groups; those 
with negative Ta and Nb anomalies (Figure 3.9) plot in the plate-marginal fields while those lacking negative Nb and Ta anomalies plot with the 
'transitional' and 'enriched' rocks in the WPB field. 'Depleted' rocks plot outside the field of IAT indicating extreme Zr depletion. 



F~gure 3.13: Schematic illustration of the geochemical subdivision of the Wild 
~lght Group mafic volcanic rocks. Four groups are defined on the basis of 
Incompatible element abundances (white rectangles). These are assigned to 
two broad environments showing affinities to 1 )island arc and 2) non-arc 
environments (stippled fields) based on HFSE, REE and Ti-Zr-Y 
relationships. lhe 'intermediate' samples are further subdivided on this basis 
leading to the final subdivision into five groups (lAD, IAI, NAI, NAT, NAE) 
defined in the text. 
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c) Non-arc intermediate (NAI) group (Badger Bay suite and 'intermediate' rocks from the 

• 
• Big Lewis Lake suite) 

d) Non-arc transitional (NAT) group: S ide Harbour 1ransitional' rocks and New Bay suite 

e) Non-arc enriched (NAE) group: Seal Bay Head, 'enriched samples from Side Harbour 

and Big Lewis Lake suites 

3_3_4 Statistical Test of the Subdivision; Discriminant Function Analysis 

The validity of this empirically-derived geochemical subdivision can be tested by 

discriminant function analysis. The variables on which the functions are based are Ti0 2. P2o5• 

Zr, Y, Nb and V, the incompatible elements which 1) are least likely to have been affected by 

alteration, and 2) have been analysed in all rock samples. A description of the method, 

parameters, possible limitations and a tabulation of the results including the discriminant scores 

are included in Ap~endix 8. 

Sta_Y->tically, the five groups appear to be geochemically d istinct with respect to the six 

elements considered. Four funct ions define the separation of the five geochemical grO!JPS 

(Table 3.1) successfully classifying 95.6% of the volcanic rock samples. Functions 1 and 2 

together account for 98% of the variance and a terr~orial plot using these functions (Figure 3.14) 

Illustrates that a good separation of the five groups has been achieved. The misclassified cases 
/7 

are all from the IAI and NAI groups reflecting the relative difficulty of distinguishing these rocks of 

similar overall composition in the absence of HFSE and REE relationships. The considerable 

success achieved by the two functions in separating these two groups is mainly attributable toY, 

which Is slightly more abundant in the IAI group. 1 

Two further-comments regarding Figure 3.14 are in' order. First, the assignment of eaeh 

safll)le to a group carries a statistical probability that it actually belongs to this or another group. 

For samples near the field boundaries. the probability that the sample has been correctly "' 

assigned is locally calculated to be less than 7fJ%. particularly for smaU groups, this may still 
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Table 3.1: Unstandardized canonical discriminant functions calculated from 
incompatible element data for Wild Bight Group mafic volcanic rocks. 

Function Eigenvalue Percent Cumulative 
Variance per(llntage . 

Fct. 1 
11 .69TI02 · 1.22P205 + .984Y + 4.69Zr 

25.65 87.48 87.48 - 7.86Nb- 5.86V + 3.42 

Fct. 2 
14.55Ti02-+' 1.68P205- 3.37Y- 9 .67Zr 3.09 10.53 98 .01 
+2.74Nb-3.00V +27 

-
Fct.3 -3.96TI02 + 2.77P205- 9 .68Y + 4.15Zr .48 1.64 99.65 + .02Nb +8.87V -13.91 

Fct. 4 -7.60TI02 + 2.63P204 + 2.95Y·.- 2.06Zr .10 .35 100 
+ 2.47Nb + 5.9V- 12.91 

' 

\ 

• 
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Figure 3.14: Territorial plot of discriminant functions 1 and 2 
for all Wild Bight Group mafic volcanic rocks. Solid lines outline 
the fields in two dimensional space of the geochemical groups 
defined on four functions. Symbols indicate the groups to 
which samples were previously assigned on geochemical 
evidence. Stippled circles are group centroids. 
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underestimate the uncertainty of classific~t~n (see Appendix 8)l Second, there is one. sample 

that the discriminant functions correctly classifiea as belonging to the NAI group but which plots in 

" -..__... 
the NAT field on this diagram. Any of three factors may be responsible for this: 1) the probability 

that it belongs to the NAT group is 66%, COfll)ared to 34% for the NAE group; 2) 2)~ the total 

t. variance is accounted for by the two functions that do not appear on this diagram. 

As a res1.1~ of this analysis, it is concluded that the empirically defined groups probably 

have a valid statistical base. They form the framework for discussions of the detailed geochemical 

relationships, which constitute the rest of this Chap)er 

3.4 Deserlptlon of the Mafic Volcanic Rocks 

3.4.1 Background for aasslflcatlon and Description 

The.~ochemical ~lassificat~n of Wild Bight Gro~p mafic volcanic rocks outlined in Section 

3.3 provides the framework for discussing their geochemistry. In the following Section, the nature 

of the magm~ series represented in each group (and where necessary in individual suit'es within 

the groups) is discussed and the rocks are compared to modern examples with similar 

geoc1J!icai characteristics·. The di~cussion includes interpretations of possible paleotectonic ·- . environments and qualitative estimates of source region characteristics and fractionation 

histories. Quantitative modelling is reserved until Chapter 4 so as to· have the benefit of Nd 

isotopic analyses. 

A series of diagrams and discrimination plots have been chosen, from the large number of 
. . 

such plots available in t~e literature~ illustrate ttie gepchemical features of these rocks. The 

descriptive approach and the diagrams used are briefly described below. 

3.4.1.1 Magma Series 
. . 

Gill ( 1981) has defined magma series as ·magmas which are related to each other by some 

differentiation process(es) or by being separate partial mehs of a convnon source under similar 

conditions·. Assigning ancient rocks to a particular magma series, however, may be hindered by: 

t 
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a) lack of _agreement as to the cr~eria for separating the various magma series; and b) the variably 

altered nature of ancient rocks which render many of the classifications based on mobile major 

elements unreliable. 

There is general agreement as to the geochemical separation of alkalic and non-alkalic 

series rocks; in fresh rocks. this is generally accomplished on the basis of relative alkali contents 

(MacDonald and Katsura, 1964) and/or alkali-lime indices (Peacock, 1931 ). Floyd and Winchester 

(1975) have provided a basis for separating these magma series-in ahered rocks using Ti02, Zr, Y, 

Nb and P2o5 contents and their diagrams are used extensively for this purpo~e in the following 

Sections. 

Conclusions in this regard can be checked with reference to tlie composition of primary 

minerals in the rock, W such minerals can be identified (e.g. clinopyroxene, see Section 3.6) 

The separation of non-alkalic tholeiites from calc alkalic rocks is less st~aightforward. Most 

workers consider the "iron-enrichment trend: al)d the "iron depletion trend• to .define, 

respectively, the tholeiitic and calc alkalic trends in non-alkalic rocks (Nockolds and Allen, 1953, 

1954, 1956; Irvine and Baragar, 1971; Miyashiro, 1974) There is, however, considerable 

discussion as to whether, in orogenic environments, an Iron enrichment 1Ie.ill1 is necessary to 

define a tholeiitic magma series (e.g. Osborn, 1962) or whether a high Fe!Mg ratio without 

substantial increase during subsequent differentiation is sufficient (e.g. Miyashiro, 1974). 

Jakes and Gill (1970) suggested that low con~of large ion lithophile elements (LILE) 
/ . . ·. 

are characteristic of tholeiitic rather than calc alkalic rocks in island arc environments and on this 

basis defined an ·Island arc tholeiite" series characterised by low LILE oontents and 

chondrtte-normallzed REE patterns that are flat to slightly LREE depleted. 
l. 

Gill (1981) reviewed these arguments and concluded that the initial Fe/Mg ratio and rate of 

change of Fe/Mg with increasing Si02 provide the best practical means of distinguishing tholeiitic 

from calc alkalic rocks in oroge!!ic environments; he used\4iyashiro's (1974) Si02 versus 

FeOIMgO diagram for \his purpose. Following Jakes and Gili d 970), he further concluded that 

LILE contents (as reflected by K20) could be used to identify oontrasting petrogeneses in 
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orogenic environments, and on this basis, defined low-K, medium-K and high-K suites, each 

enco~assing representatives, of tholeiitic and calc alkalic differentiation series. 

For the purposes of classifying rocks in the Wild Bight Group, Gill's conceptual approach 

will be followed as much as possible. However, because the use of Si02. FeO and MgO Is not 

always feasible in anclent rocks because of the effects of alteration, these elements are not used 
I 

directly. Ti02 and V vary sympathetically with FeO in the non-alkalic series (Miyashiro, 1974; 

Miyashiro and Shido, 1975; Shervais, 1982) and, following these authors, increasing or 

decreasing Ti02 and V with differentiation (represented by atomic Mgi!Mg+Fe). the Mg#) Is 
... 

taken in this study as evidence for tholeiitic or calc alkalic magma series, respectively. In the . .. \ . . ' .' . ' ' . 

absence of reliable K20 data, the distinction between low-K, medium-K and high-K suites can be 

made on the basis of REE pa«ems (Gill, 1981). As·a general rule,low-K suites have slightly 

negative to.slightly pos~ive REE patterns (Lan!Ybn<-1 .5), medium-K suites moderately positive 
# • . 

slopes (LaofYbn-1 to 5) and high-K suites steep positive slopes (LaofYbn>5). The d istinction 

can also be made on the basis of the relative abundances of La andTh (Gill, 1981}, as Th 

distribution in the magmas parallels that of K2o. High Th/La ratios indicate high-K suites and low 

Th/La, low-K suites. 

A relatively uncommon non-alkalic magma type, termed the boninite series by Meijer 

(1980), Hickey and Frey (1982). Cameron et at. (1983) among others, has been identified at 

some consuming plate margins. These magmas are characterised by high MgO and compatible 

trace element concentrations, andesitic Si02 contents. and severe depletion of incompatible 

" elements (particularly Ti and the HREE but also the other HFSE). Chondrite-normalized Zr and Hf 

are generally e~riched relative to the MREE, Ti/Zr ratios are characteristically very low (< 60, 

Hickey and Frey, 1982) and th~ REE pat1erns are commonly, although not in every case, 

concave-upward . 

\ 
3.4.1.2 Paleotectonic environment 

There are a number of approaches in the literature to discriminate between volcanic rocks 
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formed In different tectonic environments, most based on observations of modern rocks in 

known environments and extrapolation of these results to unknown ancient environments (e.g. 

Pearce and Cann, 1973; Miyashiro, ·1974; Garcia, 1978; Wood et al., 1979; Pearce, 1980; 

Meschede, 1~6). 01 particular value in interpreting ancient volcanic rocks has been the 

recogniti9n that the LFSE and some of the HFSE behave coherently in normal mantle 

environments but are decoupled in a subduction environment, the LFSE being anomalously 

enriched and the HFSE, particularly Ta and Nb, being depleted relative to the LREE. This 

characteristic has lead to a number of qiscrimination diagrams, the best known of which is the 

Ta-Ht-Th diagram of Wood et al. (1979) . . 

Preliminary conclu,sions regarding the paleotectonic environment oi the va~;ous groups 

have already been presented in Section 3.3.3. In the following discussion, these are 

swpplemented by four additional diag~ams. The Ti-V diagram (~fte( Shervais,1982) provides some 

separation of tholeiitic basalt types but is most useful in c:Uftinguishing within-plate groups of 

transitional and alkalic nature. The Zr!Y- Zr plot of Pearce and Norry (1979) provides some 

separation between plate marginal and within plate types and more importantly, a visual illustration .. 
of subdivisions within the groups distinguished by diHerent incompatible element ratios. The 

Ta-Ht-Th plot provides a good separation of arc from non-arc types and related binary plots from 
) 

. . 
Wood et at. (1979) further illustrate this separation. Finally, chondrite-normalized REE plots allow 

CO"llarison with modern rocks of known tectonic affinity and lead into a discussion of possible 

source areas and fractionation histories. 

3.4.1.3 Fractionation histories 
j1 

The origin of geochemical trends developed in the various s~ites and subsuites (e.g. 

fractional crystallization, partial melting, mixing) is investigated in a preliminary way in this Chapter 

using combinations of trace and major elements. Detailed considerations await the presentation 

of Isotopic data in Chapt6r 4. 

FraCtionation pathways for different ell3ment pairs can lje calculated for any assumed 
, · 
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fractionation model and compared to the actual variatiOn of these two elements, assuming that 
I 

• 
the observed variation is resuhs from fractional crystallization. By choosing elemtlnts that have 

high distribution coefficients for only one of the minerals likely to be crystallizing in the magma, 

and in concert with petrographic observations of phenocryst abundances, this approach can yield 

a qualitative estimate of the minerals potentially involved in the fractionation. 
\ 

The approach is illustrated, for suites that have a sufficient number of samples, by a series 

of binary plots. The Ti · Y plot provides an estimate of the total fractionation and the Cr- Ni plot. an 

illustration of olivine and pyroxene fractionation. Plagioclase fractionation is estimated from the 
,I 

Al2o3 - Ti plot of ~~ar~e and Flower (1977). -

Preliminary modelling of trace. element concentrations has been used: 1) to test whether 

the trends can be reasonably interpreted as the resuh ot fractional crystallization; 2) to provide an 

estimate of the amount of fractionation represented by the available sample se~; find 3) to 

estimate the approximate proportions of the minerals involved. Rayleigh fractional crystallization 

was assumed. Distribution coefficients used in these calculations are detailed and referenced in 

Appendix 9. The modelling approach is as follows: 

1) A selection of both incompatible and compatible elements were plotted against Mg# . .. 
2) The endpoints of a least squares regression line through the data for the incompatible 

element data wef'e taken as the maximum and minimum of the concentration range. of the element 

G 
and used to calculate the amount of fractional crystallization necessary to account lor the 

variation. Where each incompatible element yielded a similar estimate of the amount of 

fractionation, the hypothesis that the observed variation resuhs principally from fractional 

crystallization was accepted. Where different incompatible elements gave different estimates of. 

total fractionation for the same sample set, the hypothesis was rejected. 
.. 

3) In most suites in the Wild Bight Group, petrographic and/or geochemical evidence 

"Suggests that olivine, clinopyroxene and plagioclase were the most important minerals during · 

fractional crystallization. The approximate proportions of oli~ine and clinopyroxene crystallization 

were estimated by adjusting the proportions of these minerals in the model to produce the 
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observed changes In Cr and Ni (the endpoints of regression lines through the data plotted 

against Mg#) after the appropriate total fractionation (estimated from incompatible element 

changes). If plagioclase was the only other mineral on ihe liquidus. its proportion in the model is. 
I 

thereiore, fixed; this was checked qualitatively against the estimate provided by the Pearce and 

Flower (1977) AI20 31Ti versus Ti diagram. 

3.4.2 The lAD Group 

The lAD group is characterised by very low contents of incompatible elements and by 

Si02 contents that vary widely but are generally in the andesitic range (Table 3.2) . In the Glover's 

·. 
Harbour West suite, Ti02 and V increase regularly with decreasing Mg# (Figure 3.15) . The least 

fractionated samples have Mg# of approximately 0.6 and low contents of both Ni and Cr, 
) 

indicating that some fractionation has occurred prior to eruption. Si02 does not show 'uch a 

consistent relationship with' Mg# which is not surprising considering the abundant petrogra~hic 
·~ 

.~ . 
evidenee for mobility of silica during alteration (e.g. free quartz in vesicles, veins and 

groundmass). The relationships between secondary quartz and silica content of the rocks is not ' . 
straightforward. Some rocks with the most abundant amygdule-filling quartz actually have 

relatively low silica contents (e.g. 2140471, 2140476) while other samples with relatively high 

silica contents contain little optically resolvable free quartz (e.p. 2140462, 2140477). As 

previously noted, in the absence of abundant free q·uartz in amygdules and veins, the silica 

content of sub-seafloor, hydroihermally altered, basalt is likely to represent a minimum for the 

original silica content. It is tentatively concluded that at least some of these rocks may have been 

originally andesijes. ,although their silica contents may have been redi!tributed somewhat during 

alteration. 

Cr and Ni abundances .. are generally very low and decrease steadily with decreasing Mg#, 

consistent with continued fractionation involving olivine and pyroxene . 

. • The sa01)1e fror:1 the Indian Cove su~e has incompatible element contents and Mg# similar 

to the Glover's Harbour West suite and mc.y be petrogenetically r~lated. However, the elevated Cr 
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Table 3 .2: Major (wt. "to) and trace (ppm) element compositions of samples in the lAD group. 

Suite !-Indian Cove- !-Side Harbour:····· · ····! 1···· ···--Giover's· Harbour West·· ·· ·· ··: ·· ··· ······ ····· ···· ·· ···• ... 

Sample 2140492 2140526 2140765 2140456 2140458 2140460 2140462 2140471 

Si02 5907 58 .91 62.57' 54 .81 54 .86 49.o42 66.23 50.39 

Al203 14.29 14.32 12.89 15.29 15.63 17.12 12.02 16.52 

Fe203 3.61 2.83 1.62 3.38 2.19 3.3 1.86 4.12 

FeO 4.67 10.17 .8.28 709 7.39 8.39 5.75 8.89 

MgO 5.06 4.38 3.37 5.46 7.04 7.14 509 5.26 

CaO 8.79 3.79 5.8 6.77 8.64 10.65 4.52 12.37 

Na20 '}77 4.65 4.58 6.01 3.38 2.51 1.38 1.53 

K20 0.17 0.16 0.13 0.12 0.26 0.79 2.24 0.11 

Ti02 0.46. 0.54 0.52 0.67 0.47 0.52 0.45 0.62 

MnO • 0.1 0.22 0.19 0.13 0.12 0.16 0.15 0.17 

P205 003 0.04 0.05 0.28 0.03 0 .01 · 031 0.03 

LOI 5.95 2.75 3.86 5~ 5.68 4 .10 4.83 4.86 

Total' 100.42 99.84 99.43 100. 18 99 7~ 100.21 99.65 99.'J2 

Cu 51 160 141 178 117 26 108 138 

Zn 58 117 91 92 77 58 69 8 7 

Ni 75 4 5 6 12 12 12 7 

Cr 461 50 .~ 28 48 62 64 45 50 

v 245 403 364 361 310 355 235 375 

Sc 41 .7 41 45.6 

C<J 30 32 45.6 

Rb 1.9 7 <0.5 1.6 2.5 ~ 12 24 1.3 

Sr 83 50 55.0 40 116 88 75 82 

Ba <20 43 <20 38 33 50 87 35 

Th 0.24 0.05 0.14 

y 8 7 8 28 5 6 25 7 

Zr 6 7 8 11 7 9 4 7 

Nb <0.5 <0.5 0.7 0.6 0.5 0.6 <0 .5 <0.5 

HI 2.90 0.43 0.21 

Ta 0.01 0.01 0.01 

' 
La 0.6.1 0.6 2.1 0.59 0.8 

Ce· 2.1 5 1.5 0.8 

Nd 1.4 1.1 3.9 1 1.9 

Sm 0.71 0.7 1.6 0.58 0.8 

Eu · 0.29 0.66 0.29 0.4 

Gd 0.01 0.9 l 2.6 0.01 1.1 

Tb 0.21 6 .55 0.19 

Dy 1 1.7 

Er P8 . · 12 

Yb . 0.87 3.3 0.76 0.7 

Lu 0.14 0.5 0.15 

La/Ta 81 .0 210.0 59.0 

Th!fa 24.00 5.00 14.00 

(La/Sm)n 0.70 0.80 0.62 0.61 

Ti/Zr 451 460 4{)5 380 425 353 636 507 

Zr/Nb 11 19 13 14 

TiN' 11 8 9 11 9 9 11 10 

Zr/Y 0.7 1.0 1.0 0.4 1.2 1.5 0.2 1.0 

Ti/Y 333 472 410 143 515 516 106 503 

Mg• 0.56 0.41 0.41 0.52 0.60 055. 0 .58 0.45 
J 

• - analytical total ; major element ooncentratioos are recalcu lated to 100% anhydrous 
" . Side Harbour suite samples from Point Leamington ~posit loo.twall 
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Tabla 3.2 (continued) 

·· ···· ··· ·"·- -----Glover's Harbour West (continuoo)-·-········· · ········· · -- --------- ---------· ----------------- ------1 
Sampl11 2140472 2140473 2140474 2140475 2140476 2140477 2140478 214048.0 

St02 55.14 58.71 56.88 48.44 5 1.72 59.16 53.21 51 .48 

A1203 14.85 13.56 15.3 21 .07 16.36 14.02 15.32 18.85 

Fe203 4.57 302 3.04 1.57 5.18 3.68 2.3 1.84 

FeO 645 7.51 5.88 8 .06 6.5 6.81 6.79 8.85 

~0 4.5 5.49 3.87 6.1 4.65 4.5 5.41 7.82 

CaO .13.04 8.22 13.67 9.36 10.96 6.08 10.12 4.05 

Na20 0 .57 2.64 0.47 3.04 3.83 4.94 6.08 6.17 

K20 0.17 0.12 0.25 1.82 0.04 0.06 0.07 0.21 

TI02 0.52 0.53 0.47 0.35 0.57 0.66 0.49 0.48 

MnO 0.16 0.16 0.14 0.16 0.17 0.06 0.2 0.22 

P205 0 .02 0.03 0.03 0.01 0.02 0.03 0.01 002 
~ 

LOI 4.41 ' 3.18 4.99 8.03 3.44 2.96 5.62 5.98 

Total" 100.32 99.41 100.10 100.1 0 100 .31 99.99 99 .59 99 .61 

·Cu 116 113 123 94 . 109 101 113 110 

Zn 71 69 69 68 63 165 64 " 70 

Nl 6 6 7 15 6 7 10 12 

Cr 47 45 42 63 45 54 56 71 

v 330 307 302 239 325 425 313 300 

Sc 46.6 45.8 

Co 33.6 30.8 

Rb 1.3 1.0 2.0 14 <0.5 <0.5 <0.5 <0.5 

Sr 36 19 12 38 19 30 64 53 

Ba 32 22 25 52 20 50 21 44 

Th 0.1 4 0.16 

y 5 7 7 4 7 9 6 6 

Zr 5 4 4 4 6 9 3 6 

Nb 1.4 -·:o.s <0.5 <0.5 <0.5 <0.5 40.5 <0.5 

HI 0.24 0.27 
Ta 0.01 0.01 

La 0.4 0.55 
Ce 1.2 1.4 
Nd 0.9 1.3 
Sm 0.52 0.65 
Eu 0.25 0.29 
Gd 1.1 0 
Tb 0. 18 0.19 
Dy 
Er 
Yb 0.87 0.87 
lu 0.1 8 0.16 

La!Ta 40.0 55.0 
Th/Ta 314.00 16.00 
(La!Sm)n 0.47 0.52 0 

TVZr 620 714 676 578 563 430 1053 503 

Zr/Nb 4 
TW 9 10 9 9 11 9 9 10 

Zr/Y 1.0 0.6 0.6 0.8 0.8 1.0 0.5 . 0.9 

TVY 590 439 392 487 473 418 500 474 

Mgt 0.46 0.52 0.47 0.56 0.45 0.47 0.55 0.60 

•. analytical total; major element concentrations are recaJrulated to 100% anhydrous 
•• - Side Harbour suite samples from Point Leamington deposit footwall 
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Figure 3.15: Ti02, V, Si02, Cr, Ni and total alkalis, versus Mg# for the lAD group. The 
regular increase of Ti02 and V with decreasing Mg# and the corresponding decrease in 
Cr and Ni suggest fractional crystallization. Scatter in the Si02 data probably results from 
silica remobilization during alteration. Total alkalis, used as an index of alteration, show 
no correlation with Mg# in the Glover's Harbour West suite suggesting that variation in 
Mg# is not closely linked to alteration. 
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and Ni co.ntents probably reflect currulate olivine and pyroxene and this analysis may not be a 

liquid composition. The two &arll>les from the Side HarO<>ur sune have considerably lower Mg#, 
' 

reflecting lower MgO and marginally lower Fed (the superscript refers to total iron, in this case 

. . . 

calculated as FeO) concentrations. Their incompatible element concentrations, however, are, 

similar to. the other suites. These two samples were taken in the footwall of the Point Leaming1on 

massive sulphide deposit and their field and petrographic characteristics suggest a more intense 

hydrothermal alteration than is normal for regional greenschist metamorphism in the Wild Bight 

Group .. In this situation, Mg and Fe have probably been mobile and the Mg# may not accurately 

reflect the degree of differentiation of the protolith . 

Samples 2140456 and 2140462 in the Glover's Harbour West suite have anomalously 

high P2o5 and~ contents but are not otherwise remarkable . This may indicate the presence of 

~ some accumulated apatite. 

The very low Ti02 Contents and NbiY ratio <1 dictate that these r~ks a·re non-alkalic (Floyd 

and Winchester, 1975) ( Figure 3.16). The increasing Ti02 and V contents with differentiation 

(Figure 3.15A.B) suggest that they are tholeiites. 

In Table 3.3, the depiElted group is compared to representatives of similarly depleted 

magma series from modern oceanic volcanic environments. Specific points of comparison are 

' illustrated in Figures 3.17 and 3.18.. Four pairs of samples are chosen to illustrate the comparison, 

~mprising two boninites from the Mariana-Bon in arc system (representing melting of refractory 

sources in a supra-subduction environment). two normallow-K tholeiitic, basaltic andesites from 

the intra-oceanic Tongan arc, two unusually depleted basalt ic andesites from the 

Tonga-Kermadec arc, and two island-arc tholeiitic basalts from the New Britain reference suite of 

the Basaltic V<>fanlsm S1udy Project. In all cases, the sample pairs represent the extremes of a 

range of compositions. 

, The lAD group displays similarities with each of the reference pairs while being strictly . 

cofl'4)arable to none of them. Like the Tongan arc tholeiites, it has undergone moderate to 

S~;Jbstantial fractional crystallization (in contrast to the New Britain arc tholeiites and the boninites) 

• I. 

112 



4 

• 

3 ALKALIC 

BASALT 

>--- 2 
.D z 

I ·~ 1 

NON-ALKALIC 

BASALT 
0 

0 0 

0 .00 0.05 0.10 0.15 0.20 

Zr (ppm) I P205 (wt. %) 

Figure 3.16: Discrimination of alkalic and non-alkalic'"basalts, after 
Floyd and Winchester (1975), for the lAD group. Stippled area is 
transitional. The very low Zr contents shift these rocks to the lett of the 
field of normal basalts but the very low Nb I Y ratio confirms them as 
non-alkalic. • · 

113 

, .... 

. ' 



114 

Table 3.3 Comparison ollhe lAD group with depleted basic volcanic rocks in modern plale marginal environments 

lAD llfOL'l Modern Examples 

Mean Sl O'ev Max Mrn A B c D E F G H 

St02 55.49 4.84 66.23 48.4'>' 58.46 57.99 57.57 54.44 52.52 48.58 53.1 49.2 

Al203 15.53 2.18 21 .07 1202 13.37 14.46 14.14 18.52 16.85 17.73 14.7 14.4 

Fe203 3 04 1.05 5.18 1 .57 3.6 2 .08 5.34 2.24 1.91 1.4 

\ 
FoO 7.7 1.98 13.34 4 .67 

; 
8 .27 8.03 8.62 6 .73 4 .87 8 .07 6.9 8.1 

MgO 5 .35 1.18 7.82 3 .37 9 .39, 6.71 3.29 4 .16 604 6.n 9.2 10 8 

CaO 8 28 326 13 67 3 .79 811 10.47 8.49 11 .31 11 95 12.84 10.9 114 

Na20 3 .35 1.89 6.17 0 .47 1.59 1.87 242 1.78 0 .95 1.37 1.58 2.15 

K20 0 .51 0.73 224 0 .04 0 .7 0.35 0.7 0.24 0 .15 0.13 0.22 0.17 

Tt02 0 .54 0.12 0.87 0 .35 01 0.23 08 0 .49 0 .36 0.69 0.3 1.15 

MnO 0 .16 0.04 0.22 0 .06 0.21 0 .16 0 .18 0.18 0.16 0.18 

P205' ' 0 .03 001 0.01 0 .06 0.12 0 .06 0 .04 0 .02 0.03 0.11 

Cu 117 40 189 26 21s 67 94 97 86 

Zn 85 32 165 58 72 76 2.6 1.9 

No''' 8 4 15 3 140 9 26 23 33 88 196 

cr··· 15 13 64 22 538 197 6 54 62 54 283 535 

v 324 54 425 235 174 410 260 315 350 188 230 

Sc' 44 .14 2.59 46.60 41 .00 36.2 33.3 41 35 42 33 

eo· 344 6.4 45.6 300 31 26 \ 34 34 

Ab 5 7 24 <0 01 12.2 8.5 9 120 56 2.3 2.6 2.4 

Sr 60 38 158 12.0 97 .2 69 1 225 85 145 175 167 167 

Ba 39 22 87 13 30 26.8 165 120 2 2.3 40 38 

Th' 0 .15 0.07 0 .24 0 .05 0.27 0 .16 0 .13 0.21 0.07 0.29 

Y" 7 2 13 4.3 4 .9 7 25 16 6 9.4 6 25 

Zr 7 2 11 2.8 25.4 26 38 24 7 .6 16 15.7 64 

1'1> 0.4 ' 0.3 1 4 <0 .5 0.63 0 .52 1.4 3 89 

HI' 0 .29 0 .43 0 .21 0.69 062 0.92 073 0.5 175 

Ta' 001 0.01 0.01 <0.01 

La' 0 .89 0.69 2.10 0 .40 1.27 0.75 2.9 16 1 11 074 3.97 

ee· 224 1.58 500 120 2 .57 2.1 7.1 3.6 2 .3 3 2.05 12.1 

Nd' 1 70 1.25 390 0 .90 1.65 1.72 5.45 3 1 .8 I 2.8 1.68 9.33 

sm· 0 .81 0.45 1.60 0 .52 0.43 0.57 1.9 1.2 0 .59 0.96 0.6 2.7 
Eu' 0 .36 0.17 0.66 0.25 0 .15 0.23 0.69 0 .45 0 .26 042 0.26 0.98 

Gd' 0 .74 1.14 260 0 .00 24 1.5 0 .94 1.5 0.86 3.23 

Tb' 0 .26 0.16 0.55 0 .18 0 .1 0.16 0.43 0 .3 0.18 0.27 0.16 0.59 

Dy' 1.1 12.8 

Er' 0 .87 1.2 

Yb' 1.33 1.10 3.30 0 .76 059 0.74 2.3 1.5 0 .65 1.18 0.74 2.22 

Lu' 023 0.15 0.50 0 .14 0 .1 0.12 0.11 0.34 

La.!Ta' 89.0 69.2 210 0 4o.o 
Th/Ta' 14.6 6.8 24.0 5.0 
(la/Yb)n' 0 .4 0.1 0 .6 0 .3 1.4 0.7 0.8 0.7 3 .2 3.5 0.7 11~ 

TVZr 541 7 169.0 1053 3526 23.4 49.2 126.2 122.4 283.9 258.5 114.5 107.7 

Zr!Nb 18.8 8.1 36.8 3.6 l;o,;}> 46.2 11 .2 16 .4 

TW 10.1 111 16.6 8.0 3.4 11 .7 11 .3 6 .9 11 .8 96 30 

ZrfY" 0 .9 0.3 1.5 02 5 .2 1.5 1.5 1.3 1.7 2.6 2.56 

TVY" <l65.9 63.8 590.3 · 106.5 122.3 4.0 1.8 183.6 3596 440.0 299.7 275.7 

Mg• 0 .50 0.07 0.60 041 0 .67 0.60 0.35 0 .49 0 .55 0 .57 0.68 0.70 

· INM data only 
" - Exdudlng 2140456 and 21 ~62 due to probabiWiy ol cumulate apatite 
... · Excluding 2140492 because ol the ptObabitity of cumulate ok'line and/~ pyroxene 

A . Chichi Jlma. Bonin !stands. bonnfnlle. II'Oiatile lree whole rock microprobe analysis by G . Jenner, 
quoted by Hicll8y and Frey ( 1982). 

8 · DSDP Site 458, sample No. 2&-1, Marlania lorearc, bonninite. volat~e lree whole rock analysis from Meijer (1980) 
C • Island arc ti'IOI&iite L 131rom Late. Tonga he (Ewart et al. , 1973) 
0 · Island arc thOteite. basal flow trom Hunga Ha'apaf, Tonga Arc (Ewart et al , 1973) 
E . Island arc depaited tholeiitic basalt T ahafi 116, nor1hem Tonga (Ewart et al .. 19 77) 
F . Island arc depleted thole1itrc basalt Raoul 7128, Kermadoc arc (E!wart et al., 1977) 
G · Island arc tholeiile IA·1 lrom the New Britain reference suite, Basanic Volcanism Study Project (1981) 
H - Island arc tholeiite IA-11 lrom the New Britain relerenoe suite. Basaltic Volcanism Study Project ( 1981) 
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samples plot in the arc fields. Stippled areas in 8 are fields of 
overlap. 

116 



and as a result has comparably low Ni, Cr and Mg# (although the depleted Tonga arc samples are 

generally less fractionated than the normal arc tholeiites). .... 
Ti and V contents and th~ TiN ratio of both the lAD group and the two modern island arc 

suites are approximately chondritic and within the range of typical island arc tholeiites (Figure 

3.17). Boninites generally have lower Ti contents and less than chondrit ic TiN_, plotting closer to 

the origin of this diagram. 

The lAD group is very strongly depleted in Zr. Nb and the LREE compared to all except the 

depleted Tonga-Kermadac tholeiites and ha_s higher 1 i!Zr ratios than all of the modern arc suites. -'\ 

However, absolute abundances of other incompatible elements are similar to those in the arc 

suites as are incompatible element ratios (e.g. ZrfY and Ti/Y) . Compared to boninites. the lAD . . 

group is strongly depleted in Zr, Nb and HI and enriched in SC. Ti02 and V . It lacks the very low 

I 

Ti/Zr ratios characteristic of boninites (Hickey and Frey. 1982). 

0~. the ZrfY -Zr diagram ~Figure 3 .178). the lAD group plots outside the field of arc lavas 

because of ~s extreme Zr depletion (as previously seen on the Ti-Zr-Y d iagram. Figure 3.12). In 

this respect, ~ is most similar to the depleted Tonga-Kermadec rocks. The wide variation in ZrN 

ratio probably results mainly from analytical imprecision at very low abundances. Normal Tongan 

arcJl:loleiites and all but the most depleted New_Britain tholeiites plot within the VAB field . 
4 : ' 

Boninites also plot outside the arc field but ~ave considerably higher ZrfY values. 
\ 

The affin~y. with island arc environminls. although wlth..an.abnol'mal HFSE depletion, is 
, 

further supported by Ta-Hf-Th relationships (Figure 3.18) . Th/Ta rat ios are considerably greater .. 

"-..than 2 and characteristic of island arc environments (Wood et al., 1979). All samples plot in the arc 

field on the ternary diagram. 

Chondr~e normalized rare earth patterns for the lAO group (F'igure 3.19) show them to be 

severely depleted in the LREE (la,!Ybn•0.45), even relative to the Tongan and New Britain arc 

tholeiites (larf'Ybn•0.66 to 1.2). The intervals La to Nd a.nd Eu to Tb have flat irends and there is , 
a distinctive 'step' upward between Nd and Eu. A single sample, 2140456, has anomalously high 

REE abundances and a smoother pattern with slightly positive (la/Ce)n and (Ybllu)n· This 

.. 
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sample ~robably contains currulate apatite (see above) ; the high crystal-liquid distribution 

coefficient for the rare earths in apatite may account for this anomalous paHem. 
. ' 

The middle rare earth ~nts (MREE) and HREE in the lAD group have similar .'9 
·. distributiqn and abundances to the Mariana forearc boninite. the depleted Tonga -Kermade~ 

~ andesites and tl?e most primitive New Britain arc basalts but are considerably more depleted than. 

the normal Tongan arc andesites. The Tonga and New Britain rocks have flat to slightly 
) 

LREE-depleted patterns (larffbn"'0.66 to 1.2). The Bonin Islands boninite has MREE and 

HREE abundances approximately similar to the lAD group (although without the 'step' between 

Nd and Sm) but is LREE enriched, displaying a conca\,e- upward REE paHem. This pattern. 

common in boninites (Hickey and Frey, .1982), is generally interpreted as resulting from a two 

stage melting history involving an early partial nielting of a mantle source followed by remelting of 

the refractory source coupled with meta~matic introdu.ction of LREE (e.g. Sun and Nesbit, 

1978, 1980; Hickey and Frey, 1982). MREE and HREE abundances and patterns in DSDP Hole 

458 boninites and the depleted Tonga-Kermadec andesites are similar to the lAD group but they 

are less depleted in the LREE (lar/'(bn~0.67) . 

• Clearly, the lAD group must represent melting of a very refractory sourc~EE and 

t\ , HREE ab~~ances suggest that this source was ar least as depleted as tho~~ pos~lated for 

boninites and more so than the source.s of most island arc tholeiites. This question is considered 

in more detail in Chapter 4. 

As previously noted, the Glover's Harbour West suit.e apparently records fractionation of a 

tholeiitic magma that has previously undergone substantial olivine and clinopyroxene 

crystallizatio~ . ihe Ti02-Y diagram (Figure 3.20A) suggests that approximately 20 to 25 percent 

crystallization of a combination of clinopyroxene, olivine and plagioclase crystallization has 

• 
occurred. Approximately ~0-25 percent plagioclase fractionation is indicated by the 

AJ2o3mo2-Ti diagram (Figufe 3.208) and confirms that the single AJ2o3-rich sample (2140475) 

is probably a plagioclase cumulate. Th~ Cr-Ni and Cr!Ti-Ti diagrams su~est that both 

clinopyroxene and olivine were on the liquidus. The likelihood ol orthopyroxene crystallization 
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Figure 3.20: Binary plots with Rayleigh fractionation vectors as indicators 
of the fractionation history of the Glover's Harbour West suite. A-after 
Perfit et al. (1980) with 30% fractionation vectors; B- after Pearce and 
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cannot be evaluated by the available data. However. its presence on the liquidus would not 

substantially chang~ the conclusions of the preliminary modelling below. 

1 Zr and Nb cannot ~e used in preliminary modelling of the Glover's Harbour West sujte as 

their concentrations in the most primitive samples are either below detection limits or so low that 

they have very high analyticaf.uncertainties. Results of modelling using Tland V are summarized 

in Table 3.4. Changes in both Ti and V are consistent with approximately 25-30 percent Rayleigh .. 
fractionation, in-dicating that the trends developed in Figures 3.4A and B indeed result from 

fractional crystallization. An ol :cpx :pl ratio of approximately 0.2:0.2:0 .6 can account for the 

observed decrease in Cr and Ni over this fractionation interval and the 15 to 18 percent 

plagioclase fractionation that thi~ indicates is in reasooab!e agreement with the 20 to 25 percent 

' 
suggested by Figure 3.208. 

3.4.3 The IAI Group 

The IAI group is the most geochemically heterogeneous in the Wild Bight Group. lntersuite 

variations within this group suggest that a number of contrasting petrogeneses are represented . 
• 

and even within some suites, relatively subtle variations StJggest additional complications in their 

genesis. Compos~ions of the !AI group samples are found"in Table 3.5 and the mean 

compositions of the various suites are compared in Table 3.6. In broad terms. !he IAI group is 

ge9(:hemical!y bipart~e ; the Glover's Harbour East. Seal Bay Bo"om and Northern Arm su~es 

have similar incompatible element abundances and ratios, (Table 3.6) and are distinctly different 

from the Nanny Bag Lake suite, which has relatively higher concentrations of Feo'. Ti02. V. 

P2o5 andY and lower concentrations of Al2o3. Zr, Nb, Ta. Hf and Th. Consistent contrasts in 

incompatible element ratios betweenlbe Glover's Harbour East! Seal Bay Bottom I Northern Arm 

suites and the Nanny Bag Lake suite further emphasize this dichotomy, and suggest contrasts in 
·, 

the source regions and melting histories of these rocks. 

Plots of various elerT~Etnts versus Mgl# (Figure 3.21) further emphasize the dichotomy and 

illustrate geochemical relationships within the group. In all suites, Ti02 and Zr increase regula"Y. 
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Table 3.4. Resu~s of trace element modelling of fractionation in the Glover'~ Harbour West suite. 

Model parameters : ol :cpx:pl-0.2:0.2:0.6 
Distribution coefficients: primitive basalt (Appendix 9) 

Starting Ending %Total 
Compos~ion Composition r ractionation 

Ti02 (wt. %) 0.45 059 22-30 

(±5%) 

V(Rpm) 281 356 25-36 
(±5%) 

Cr(ppm) 62 45.5 20-27 
' (±5%) 

Ni(ppm) 12.8 5.8 17-34 
(±20%) 

\ 
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Table 3.5: llolajor (weight percent) and trace (ppm) element compositions of the tAt group 

Suite !·· ···-----Glover's Harbour East- -···· ··················· ······· ········! 1 ·- -- - ~· -·- -Soal Bay Bottom 

Sample 2140463 3140464 2140467 2140468 2140470 2140553 2140554 2140555 

Si02 53.17 52.52 55.96 55.65 56.34 53.98 53.18 55.88 

Al203 18.49 1V5 16.93 15.94 18.06 16.92 18.33 16.65 

Fe203 1.8 1.87 3.08 4.16 2.71 2.06 .1.95 1.84 

FeO 5 4.83 5.85 ·5.3 6 .11 8.8 5.87 7.02 

MgO 4 .77 4 2.75 2.48 3 5.26 5.7 4.27 

CaO 9 .84 11.11 6.49 7.74 5.15 4.63 9.6 6 .75 

Na20 5.06 4.69 6.57 6 .51 6 .46 6.1 8 3.78 5.46 

K20 0 .67 0.13 0 .53 0 .55 0.74 0.24 0 .26 0 .32 . .. 
Ti02 0.94 0.87 1.49 1.37 1.11 1.51 0 .99 1.44 

MnO 0 .17 0.15 0 .15 0 .13 0.14 0.23 0.21 0 .19 

P205 0 .09 0.08 0.21 0 .17 0 .18 0.2 0 .14 0 .18 

LOt 4.11 5.12 2.49 ~ 2 .26 2.56 4.07 2 31 

Totat• 99.84 100.33 99.35 98.77 99.71 99.81 100.35 99.30 

Cu 32 33 20 26 138 21 41 29 

Zn 63 54 84 81 75 88 72 83 

Ni 22 20 <1 c:1 10 2 48 3 

Cr " 90 100 34 34 34 41 178 42 

v 189 171 287 282 375 330 198 24 7 

Sc 30.1 29.6 37.1 21 .1 

Co 30 23.2 30.4 28.2 

Rb ,14 1.5 4 7 16 2.7 7 6 

Sr 104 79 79 86 137 14 1 139 11 8 

Sa 158 80 184 138 ', 171 193 107 130 

Th 1.8 4.3 4.1 3.62 

y 14 14 27 30 19 29 21 27 

Zr 61 59 131 127 91 120 95 132 

Nb 1.3 3.3 8 7 6 7 5 7 

HI 1.64 3 .36 3.2 2.47 

Ta 0.25 ' 0.59 0.51 0.39 

La 7.4 15.7 13.6 12.1 16.4 

Ce 16.8 36.2 33.8 28.9 34 .7 

Nd 8.8 18.8 17.6 14.3 17.3 

Sm 2.51 4.68 4.48 3.52 4.3 

Eu 0 .88 1.42 1.39 1.09 1.2 

Gd 0 .0 1 5.30 0 00 4 

Tb 0.48 0.82 0.84 0 .63 0.7 
3.9 

Oy 
Er 

2.4 

Yb 1.70 2.74 '2.84 2.16 

Lu 0.28 0.44 0.46 034 

La/Ta 29.6 26.6 26.7 31.0 

Th!Ta 7.20 7.29 8.04 9 .28 

(La!Sm)n 1.8 2.0 1.9 2.1 

TiiZr ( 
92 88 68 65 73 75 63 65 

ZriNb 48 18 17 17 15 18 19 18 

TiiV 30 31 31 29 18 27 •30 35 

Zr!Y 4.5 4.3 4.8 .4.2 4.8 4.2 4 .5 4.9 

Ti/Y 411 379 326 275 352 314 284 320 

Mg# · 0.59 0.55 0.39 0.35 0 .41 0.49 0.60 0 .49 

· . analytical total ; major '(l~ent concentrations are recalculatod to 100"i. anhydrous 

' . 
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Table 3.5 (continu..d) 

·--------·------·Seal Bay Bottom (continued)··---·-------·----- ·· ·---·--------------·-·----------'-------·-----·-·------1 
Sample 2140750 2140751 2140752 2140753 2140"1:54 2140755 2140756 2140758 
Si02 54.23 54 .04 51.46 55.15 55.7 51.19 55.46 51 .94 
Al203 18.79 18.41 17.47 17.93 17.65 21.78 17.17 18.31 
Fe203 2.31 3.1 3.05 2.11 1.87 0 .72 1.99 2,07 
FoO 6.51 4.9 4.94 6.34 6.49 6.09 8.36 5.85 
MgO 3.74 3 3.6 4.07 4.21 4.95 5.01 4.65 
CaO 7.55 11.81 17.9 9.46 7.49 7.63 6.03 13.32 
Na20 4.73 3.06 0.24 3.32 5.09 5.24 4.16 2.25 
K2Q 0.61 . 0.26 0.02 0 .04 0.12 1.34 0.02 0.13 
TI02 1.19 1.1 0.99 .1.23 1.09 0.76 1.44 1.16 
MnO 0.18 0.16 0.1 8 0.19 ' 0.15 0.21 0.19 0~ 
P205 0.17 0.16 0.15 0.16 0.13 0.09 0.18 0.1 

LOI 3.57 4.10 5.86 4.26 3.1 7 6.46 4.01 4.43 
Total• 99.92 99.77 100.88 99.91 i 00. 11 99.83 99.48 99.63 

Cu 69 75 27 21 66 31.! 21 36 
Zn 77 72 64 64 70 51 78 65 
Nl 15 14 46 10 17 40 6 19 
Cr 39• 41 154 69 44 . 149 56 82 'll 
v 230 223 167 224 238 158 284 199 
Sc 
Co 

Rb 16 6 <0.5 <0.5 0 .9 32 <0.5 3.6 
Sr 114 306 56 152 171 200 103 249 
Ba 150 84 28 33 80 173 47 49 
Th 

y 21 22 20 22 22 13 26 19 
Zr 102 86 88 88 85 56 108 72 
Nb 6 4 4 4 4 2.7 6 4 
HI 
Ta 

La 
Ce 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Er 
Yb ' Lu 

La/Ta 
Th!Ta 
(La/Sm)n 
TVZr 70 77 67 84 77 82 80 97 
Zr/Nb 17 22 20 21 24 21 18 18 
Ti/V 31 30 36 33 27 29 30 35 . ZrN 4.8 3.9 4.3 4.0 4.0 4.2 4.H 3.7 
TVY 335 300 291 337 J()4 345 328 359 
Mgt 0.46 0 .44 . 0.48 0.49 ' ·o.so 0.59 0.49 0 .54 

• - anatytlcaltotal; major element concentrations are recalculated to 100% anhydrous 



Sample 
Si02 
Al203 
Fe203 
FeO 
MgO 
GaO 
Na20 
K20 
Tt02 
MnO 
P205 

LOI 
Total• 

Cu 
Zn 
Ni 
Cr . 
v 
Sc 
Co 

Rb 
Sr 
Ba 
Th 

y 
Zr 
Nb 

Table 3.5 (continued) 

1-------- -------Nanny Bag Lake-- ------------ -- --- -- ------ ----
2140534 

5167 
17.03 
3.57 

2140530 2140531 2140532 2140533 
50.42 55 54 26 52.64 

15.2 15.44 15.43 16.29 
3.33 3 .5 5.2 3.12 

11 .93 9.12 7.87 t1.i2 
6.82 5.42 3.53 7.89 
6.87 5.53 4.65 1.39 
3.% 3~ 6M 4M 
0.15 0 .39 0.1 1 't.87 
1.01 1.33 1.58 152 
0 .27 0.21 0.25 0.23 
0.05 0.12 0.25 0.09 

2.93 
99.32 

88 
113 

15 
65 

446 
43.6 
42 .5 

<0 .5 
63 
51 

0.29 

17 
28 
1.3 

2.52 
99.98 

33 
110 

2 
31 

422 

2.0 
75 
58 

28 
52 
1.2 

1.04 
98.90 

38 
108 

2 
26 

:,22 
39.5 
29.3 

0.6 
64 
52 

0:44 

2.67 
99.36 

53 
140 

11 
57 

1>610 

8 
53 
51 

27 
76 
2.1 

10.21 
7.46 
2.15 
5.73 
0.63 
1.26 
0.19 

0.1 

2.36 
99.52 

42 
94 

4 
52 

558 

5 
65 
50 

33 
68 
1.5 

·-- ;;;-~c;5~a 2;~~~~1 
54.63 ' 54 _17 
15.49 15.19 

3.65 4 .3 
9.42 8 .92 
4.79 4 .74. 
4.37 4 .56 
5.54 5.5 
0 .24 1 
1.49 1.26 
0 22 .. 0 .21 
0 15 0 .14 

1.43 
99 .91 

50 
104 

4 
33 

449 

2.8 
88 
43 

29 
82 
3.3 

1.75 
100 .14 

36 
102 

<1 
35 

461 
38.4 
38.3 

6 
86 

146 
0 .6!! 

26 
61 
1.2 

y: 
La 
Ce 
Nd 

0 .92 
0.03 

1.06 
3.3 
3.8 

1.47 
0.62 

27 
55 
1.4 
1.6 

0.08 

2.75 
8 .8 
7.5 

2.75 
1.13 

1.65 
0 .09 

5.0 
12.7 
8.4 

2.77 
1.03 • Sm 

Eu 
Gd 
Tb 
Dy 
Er 
Yb 
Lu 

La!Ta 
Th!Ta 
(La/Sm)r 
Ti!Zr 
ZriNb 
Ti/V 
ZrfY 
Ti!Y 
Mg# 

0 .40 

,_n 
0.28 

35.3 
9 .67 

0 .4 
216 

22 
14 
1.7 

358 
0.48 

154 
45 
19 
1.9 

289 
0.47 

0.69 

3.05 
0.47 

34.4 
5.50 
0.6 
171 
39 
29 
2 .0 

351 
0.36 

120 
36 
15 

2.8 
335 
0.53 

110 
45 
14 
2.1 

229 
0.52 

108 
25 
20 
2.9 

3 10 
0 .43 

• - analytical total; major element concentrations are rocalcula ted to 100% anhydrous 

0 .64 

2 .81 
0.44 

55.6 
7.22 1.1 
124 
51 
16 
2.3 

289 
0 .42 

~25 

I 
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Table 3 .5 (continued) 

• I Nanny Bag Lake (ront'd)-1 1-·--· ----Northem Arm ---·--:·-------------------- --------1 
Sample 2140543 2140544 2 140771 2140772 21 40773 2140774 
Si02 54.36 52.17 54 54 .14 49.78 5 2 .73 
Al203 14.83 14.73 18.99 16.06 14.93 15.9 3 
Fe203 3.79 4.44 1.15 1.69 2.64 1.16 
FeO 9.68 9.48 7.3 1 6 .39 7.81 6.92 
MgO 5.13 5.36 3.9 1 5 .14 9.05 7.02 

CaO 4.82 6.53 7.09 10.15 9.78 11.32 
Na20 5.54 5.1 5.53 4 .98 3.33 2.52 
K20 0.09 O.o? 0.67 0 .14 0.65 1.0 5 
Ti02 1.3 1.73 1.07 0 .96 1.61 1.0 2 
MnO 0.22 0.2 0.16 0 .19 [_. 0.19 0 .18 
P205 0.24 0.19 0 .12 0 .16 0.22 0.14 

LOI 2.66 1.98 2.93 3.rs 2.58 2.70 
Total" 99.04 

~ 
99.60 99. 6 100.10 • 99.80 

Cu 34 9 54 36 67 63 
Zn 110 75 63 9 1 66 
Nl <1 3 24 15 176 127 <. 

Cr 21 30 59 65 531 347 

v 346 471 - 227 194 221 185 
Sc 
Co 

Rb <0.5 dl.S 22.2 2.7 9.9 22 .3 
Sr 47 71 290 4 1 120 228 
Ba 52 56 98 43 116 331 
Th 

y 27 31 19 2 1 17 19 
Zr 56 80 72 80 105 79 
Nb 1.4 2.9 4.0 2A 19 3 .6 
HI 
Ta 

La 10 .3 10 .4 

Ce 24.4 2 1.7 
Nd 15 11 .8 
Sm 4 3 .1 
Eu 1.1 0 .7 
Gd 4 .2 3 
Tb 1 

Dy 4 .4 3 .4 

Er 2 .5 2 .1 

Yb 
Lu 

La!Ta 
.. 

Th!Ta 
(la/Sm)n 1.6 2.0 

Ti!Zr 139 130 89 72 92 77 
Zr!Nb 40 28 18 29 6 22 
TVV 23 22 28 30 44 33 
ZrN 2.0 2.6 3.8 3 .9 6.1 4 .2 

Ti!Y 284 332 343 2 8 1 56 1 3 25 

Mol 0.44 0.44 0 .48 0 .56 0.64 0 .64 

'I · analytical total; major elem ent concentrations are mc;~lcula too to 100o/o amydrous 

•• 
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Suite 

Si02 
A1203 
Fe203 
FeO 
MgO 
CaO 
Na20 
K20 
Ti02 
MnO 
P205 

Cu 
Zn 
Ni 
Cr 
v 

Rb 
Sr 
Ba 

y 
Zr 
Nb 

Ti/Zr 
Zr/Nb 
TiN 
Zr/Y 
Ti/Y 
Mg# 

• 

Table 3.6: Mean maJOr and trace e lement concentrations by suites in 
the IAI group 

Glover's Haroour Seal Bay Bottom 
East 
54.73 53.80 
17.83 18.15 

2.72 2 06 
5.42 6 .48 
3.40 4 .44 
B.07 9.31 
5.86 3 .96 
0.52 0 .29 
1.16 1.17 
0:15 0.19 
0.15 0.15 

50 40 
71 71 

11 .4 20.0 
58 107 

261 252 

9 7 
97 168 

146 96 

21 21 
94 95 
5. 6 

77 75 
23 18 
28 30 
4.5 4.6 

348 345 
0.46 0 .51 

Northern Arm 

52.66 
16.48 
1 66 
7.11 
6.28 
9.59 
4 09 
0.63 
1.17 
0.18 
0.16 

55 
73.75 
85.5 
251 
207 

14 
170 
147 

..... 19 
84 
7 

83 
19 
34 
4.5 

3f 0 8 

Nanny Bag Lake 

• ' 

53.26 
15.51 

3.88 
9.75 
5.68 
4.54 
5 .23 
0 .39 
1 39 
0.22 
0 .15 

47 
110 
4.8 
39 

454 

2.8 
68 
62 

27 
62 
1 8 

142 
37 
19 
2.2 

308 
0 .45 

' ' ·I 
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Figure 3.21 : Binary plots of selected elements versus Mg# in 
the IAI group. Open and closed squares in the Nanny Bag 
Lake suite designate trends NBL-1 and NBL-2 respectively. 
Anomalous Northern Arm sample (2140773) indicated by 
bold "x". 
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w~h decreasing M~ suggesting that these trends may result from fractional crystalliza1ion. There 

is considerable~· particular1y in the Seal Bay Bottom suite, which may indicate further 

~mplex~ies resulting lrom partial meUing, co~taminati~n. accumulation of minor phases, or other 

- causes. In the Northe~n ~rm suit~, one sample.(2140773) has anomalously hi~i02 . It is also 

very enriched in Nb and has very different incompatible element ratios from the Jher three . \ 
samples in this suite. In these respects, it is very similar to samples "khe NAt and NAT groups 

~ . . 

(Sections 3.4.4 and 3.4.5), a point that is returned to in the synthesis nd conclusions at the end 

of this Chapter. A second sample in this suite has anomalously high Cr and Ni contents 

• (2140774) suggesting it is a pyroxene and/or olivine cumulate. , 
The, Nanny B~ Lake suite has generally higher Ti02 and lower Zr cont~ts than the other 

· three suites at equivalent M~#. There is a suggestion that this suite is actually bi~artite, with . 

parallel trends of incomp~Uible element enrichment at contrasting incompatible element 

concentrations (see also Nb versus Mg#, inset in Figure 3.21 D). The low~d (open squares, 

termed for convenience NBL-1) is defined by five sa111tples but the upper (closed squars, ter~ed 

NBL-2) Is essentially a two-point line defined by two pairs of samples and is not well co~in,d. 
Samples from NBL-1 have slightly lower Ti/Zr and higher ZrN ratios than NBL-2 and the two may 

represent separate magma batches. The petrogenetic relationship between these two trends is 

further Investigated in Chapter 4 . ~ 

Vanadium increases regularly with dec1easing Mg# in the Glover's Harbour.East, Seai ~ 

Bottom and Northern Ann suites and this coupled with the similar increase in Ti02 indicates that 

these are part of a tholeiitic magma series. This is in striKing contrast to the Nanny Bag Lake suite 

where V and Feo' (Figure 3.22) (fecrease sharply with decreasing Mg#. There is no obvious 

process to account for these trel"l(i!;; cry~;tallization of an iron oxide should also cause a parallel 

decrease in n. 

Si02 contents are mostly in the basaltic a~esite range, less commonly basaltic, and are 

negati~ly correlated witti Mg# in all ~es (Figure 3.21 G,H). These trends have less scatter than 

in th~ver's Harbour West suite. Petrographic evidence of silica remobilization is less prevalent 
{ . . 

.. 
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Figure 3.22: Total iron versus Mg# for the Nanny Bag Lake suite. 
Open squares are NBL-1 trend; closed squares are NBL-2 trend. 
In both trends, FeO(t) parallels vanadium and decreases with 
decreasing Mg#. 
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in these rocks as well and the andesitic con1;ositions probably reflect andesitic protolnhs. 

The Seal Bay Bottom suite defines a continuous trend of decreasing Cr and Ni w~h 

decreasing Mgl suggesting clinopyroxene and olivine crystallization. The most primijive samples 
. 

have the highest Cr and Ni ~ncentrations and the highest Mg#'s of any liquid composnions in 

the lAO and IAI groups. 

In the Nanny Bag Lake sune. Mg#'s of the least differentiated samples are approxima!ely 

0.53, suggesting that these rod<s were' the most evolved of aiiiAI group volcanic rocks prior to 
I 0 • eruption. This is supported by.very low initial Cr and Ni contents .. Cr and ~i do decrease slightly 

over the range of Mgl repre~e~by the sample set indicating additional pyroxene and olivine 

fractional crystallization. . • · 

The lA I group plots principal! in the non-alkaliC field on the Nb/Y -Zr/P2o5 diagram (Figure 

3.2'3) . Note that the single anomaro"us N?rthem Arm suite sample plots in the transitional field on 

this diagram and is clearly different from the remainder of the Northern Arm samples. 

The Tl-V ratios of the Glover's Harbour East, Seal Bay Bottom and Northern Arm suites are 

somewhat higher than normal for island arc tholeiites and they plot in the field of MOAB and 
; 

back-arc basin basans in Figure 3.24A. The most primitive Nanny Bag Lake sune samples bave 

Ti-V ratio& typical of arc tholeiites but because of their peculiar trend of increasing V wnh 

decreasing Tl, their TW increases to MOAB-like values in the most differentiated samples (Figure 

3.248). ( . 

The contrast between the Glov~r's Harbour East, Seal Bay Bottom and.Northem Arm 

suites and the Nanny Bag Lakb suite Is further eOl)hasized on the ZrfV - Zr diagrams (Figure 

3.24C, 0, E). The latter plot In the field of overlap between MOAB and VAB. The fanner, in 

keeping with their general enrichment In the more incompatible elements relative to normal arc 

tholeiites, ha~e higher ZrfV ratios and plot mainly in the WPB field. 

Th and T a values for the Glover's Harbour East, Seal Bay Bottom and. Nanny Bag lake 

suites (there lire noTa or Th data for the Northam Arm suite) are generally greater than 2 (Figure 

. 3.25A) and an samples plot well within the arc field on the ternary Ta-Hf-Th discrimination plot of 
r-

\ 

; . 
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Figure 3.23: Discrimination of alkalic and non-alkalic 
basalts, after Floyd and Winchester (1975), for the lA I 
group. Stippled area is transitional. All except the 
anomalous Northern Arm sample, 2140773, plot in the 
non-alkalic field. 
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Figure 3.24: Ti-Y (Shervais, 1982) and Zr!Y -Zr (Pearce and Norry, 1979) plots for the lA I group. In A and B, the stippled 
field is back-arc basin volcanic rocks (BABV). The Glover's Harbour East, Seal Bay Bottom and Northern Arm suites have 
higher Ti!V ratios than normal arc tholeiites and plot in the MORB-BABV field. In C, 0, and E, Glover's Harbour East, Seal 
Bay Bottom and Northern Arm suites are again enriched in the more incompatible elements relative to arc basalts and plot 
in the WPB field. 
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Wood eta/., (1979)(Figure 3.25B}, consistent with preliminary conclusions reached in Section 

3 .3 .3 . Notwithstanding the slightly abnormal enrichment in the incompatible elements noted 

above. these rocks'are clearly of island arc affinity. 
, 

The geochemical contrast between Nanny Bag Lake suite and the Glover's Harbour ~ast/ 

Seal Bay Bottom/ Northern Arm suites is also apparent in the REE (Figure 3.26} . The Nanny Bag 

Lake basalts generally have LREE-depleted patterns with flat MREE and AAEE at 10 to 20 times 

' 
c[londrite. Sample 2140541 is anomalously enriched in La and Ce but has MREE and HREE 

• abundances similar to ~140532. ~his sample is also relatively enriche~n K2o and Ba (~able ~.5} 

but Ta and Nb contents of the two samples are virtually identical. This sdggests that the 

anomalous LREE enrichment may be an artifact of alteration, although a LREEJLFSE enrichment 

resul\ing from metasomatism in the source regions above the subduction zone cannot be ruled 
~ . 

out . The Nanny B~g Lake suite REE patterns ard abundances are similar to ~!1ose of island arc 

tholeiites from the Tonga and New Britain arcs (Figure 3.26A) and all samples plot in the field of 

low-K tholeiites on Gill's (1981) La-Th diagram (Figure 3.27). Despite its peculiar V and FeO , 

relationships, this suite is probably best interpreted as part of a low-K island arc tholeiite series. 

The Glover's Harbour East and Seal Bay Bottom volcanic rocks. in contrast , are LREE 

.. 
enriched with a gentle positive slope in the MR6E and flat HREE. This is not unexpected, 

considering the consistent enrichment of these rocks In more incompatible (e .g . Ti, Zr) compared 

to less incompatible (e.g. V, Y; see Figure 3.24) elements. With reference to modern island arcs, 

the degree of LREE enrichment (LartYbn·2.87 to 3.78) suggests similarity w ith medium-K to 

high-K tholeiites (Gill, 1981) such as andesites from Okmok volcano in the Aleutians described by .... ,. ·. 

Kay (19n) (Figure 3.26B, C, D) . This is further illustrated by La-Th relationships in Figure 3.27 

where the samples span the boundary between medium- and high'-K tholeiites (Figure 3.27). 
' . 

Geochemlcally similar rocks have also been reported from back-arc basins in the early 

stages of opening. Weaver eta/. (1979) described three suites of volcanic rocks from the 

Bransfield Strait, whe•e magma genesis is complicated by the presence of several sources and 

l the possible Influence of a subducting sle1b. Rare earth patterns from two of these suites are 

/ 
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Figure 3.26: REE plots for the IAI group. In A, the Nanny Bag Lake suite has flat to LREE-depleted patterns typical of island arc tholeiites. Light 
stipple is field of New Britain arc tholeiites (Basaltic Volcanism Study Project, 1981) and heavy stipple is field of Tongan arc tholeiites (Ewart et al., 
1973). In B, C, and D, the other three lAD group suites have LREE-enriched patterns similar to medium- to high-K tholeiites. Hatched area is field of 
medium-K tholeiites from Okmok volcano , Aleutian Islands (Kay, 1977). Stipple indicates fields of Bransfield Strait basic volcanic rocks (Weaver et 
al., 1979); light stipple is olivine basalt and basaltic andesite from Deception Island while dark stipple is basaltic andesite from Penguin Island. 
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illustrated on Figure 3.26B to D) . These rocks also have marked negative (chondrite normalized) 

Nb anomalies colll'ared to Ce. / 

Clinopyroxene and le~ser plagioclase are the only identified phenocryst phases in the 

Seal Bay Bottom and Glover's Harbour volcanics. Plagioclase is domin.\nt in the Nanny Bag Lake 

suite and rare clinopyroxene was seen in only one thin section. Diagrams illustrating the elfects of 

fractional crystallization in the tAl group (Figure 3 28) show the influence f crystallization of these 

minerals and also reflect the presence of olivine. Comparison of Ti02-Y tends with modelled 

fractionation pathways is consistent with fractionation involving some co bination of pyroxene. 

plagioclase and olivine (Figure 3.28A) . The Northern Arm suite is the onl suite which does not 

appear to represent a significant fracti~nation interval on this diagram. 

Plagioclase fractionation is indicated for all suites by the Al2o3mo2 versus Ti diagram 

(Figure 3.28B). The two trends within the Nanny Bag Lake suite may record -15 percent to 25 

percent plagioclase fractionation. In the Seal Bay Bo"om suite, the single AI20 3-rich sample Is a 

plagioclase cumulate; the remaining samples record 20 to 30 percent plagioclase fractionation. 

The Glover's Harbour East samples plot on a trend that could indicate as much as 30 to 35 

percef)t plagioclase fractionation. In all suites. the trends are flatter than the plagioclase 

fractionation vector indicating some influence from fractionating ferromagnesian minerals. 

Trends on the Cr-Ni diagram (Figure 3.28C) are intermediate between the calculated 

pyroxene and olivine vectors suggesting that each has influenced the composition of the rocks 

during fractionation. There is no indication of iron-titanium oxides on the liquidus for any suite. 

and no explanation for the previously noted decrease of V and Feo' with d ifferentiation in the 

Nanny Bag Lake suite. 

Preliminary modelling of trace element relationships (Table 3.7) shows that the trends in 

the Nanny Bag Lake and Seal Say Bo"or;tiSuites can be explained by crystal fract ionation. Nb 

cannot be used in either-suite because of the relatively large uncertainties at the _measured 
- t 

abundance levels, but modelling of changes in both Ti02 and Zr in all cases yield consistent total 

fractionation. In the Nanny Bag Lake suite, samples of the NBL-1 ttend may represent between 

ilo:L.... 
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Figure 3.28 : Binary plots with Rayleigh fractionation vectors as indicators of the fractionation history of the IAI group. A- after Perfit et al. 
(1980) with 30% fractionation vectors; B- after Pearce and Flower (1 977) with 50% fractionation vectors. C- 20% fractionation vectors 
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Table 3.7: Results of Trac" F:iement modelling of fractionation in the IAI group 
The range of fractionation is calculated based on :t5% of the ending oorf'4)0Sition 
ex 1/2 ot the detection limit, whichever Is greater. 

Nanny Bag Lake Suite. Depleted trend (NBL-1) 
Model Parameters: al:cpx:pl = O.x:0.1 :O.x 
Distribution coefficients: Fractionated basalt (Appendix 9) 

Starting Ending %Total 
Composition Composition Fractionation 

Ti02 (wt. %) 1.26 1.73 25-34 
(15%) 

ZI (ppm) .4 62 25 - 34 
{±S'Yo) 

Cr(ppm) 44 21 21 - 37 

• {±5 pqm) 

~ 

Nanny Bag Lake Suite, En~iched trend (NBL-2) 
Modal Parameters: ol :cpx:pl • ~.x :0.2 :0.x 
Distribution coefficients: Fractionated basalt (Appendix 9) 

Ti02 (wt. %) 

Z1 (ppm) 

Cr(ppm) 

Starting Ending 
Composition Composition 

1.4 . 1.61 

72 82 

55 30 

%Total 
Ftactionation 

10-20 
(±5%) 
8- 18 
( :tS%) 
12- 19 

(:iS ppm) 

Seal Bay Bottom Suite 
Model Parameters: 
Distribution coefficients : 

ol:cpx:pl = 0.3:0.3:0.4 
Fractionated basalt (Appendix 9) 

Starting Ending 'Yo Total 
Composition Composition Fractionation 

Ti02 (wt. %) • 1.00 1.33 24-34 
(±5%) 

Z1 (ppm) 81 107 22 - 32 
(:tS% ) 

Cr (ppm) 199 25 27-32 
(±5 ppm) 

Ni (ppm) 36 6 22-33 
±2.5 ppm) 

Glover's Hartx>ur East Suite 
Modal Parameters: ol:cpx:pl = not calculated 
Distribution coefficients: Fractionated basalt (Appendix 9f 

Ti02 (wt. %) 

Zr (ppm) 

Nb (ppm) 

Starting Ending 
Composition Composition 

0.86 1.39 

54 126 

1.80 8 

%Total 
Fractionation 

42-49 
(±5%) 
61 - 66 
(15%) 
79 - 82 
(±5 "to) 
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25 and 34 percen~ total fractionation and those in the NBL-2 trend slightly less. between 10 and 

18 percent . Ni contents of the most fractionated samples of both trends are below detection limits .... 
and cannot be used to calculate the proportion of olivine fractionation. Cr contents suggest on 

the order of 2 to 3.5 percent clino~roxene· crystallization in both cases. The amount of . 
plagioclase fractionation can be erudely estimated from Figure 3.28 as on the order of 20 percent ., \ . 

in the NBL-1 trend ahd somewhat less in the NBL -2 tr~nd ( -15 percent). This may 'm~ olivine 

crystallization to roughly the same proportion as clinopyroxene in both cases. 

Total fractional crystallization in the Seal Bay Bottom suite is estimated at between 24 and I 

~ 

32 percent from Ti02 and Zr. The observed decr~ase in Cr and Ni suggests that clinopyroxene 

' .. ·and olivine each accounted for .3 of this, with plagioclase accounting for the remaining .4 (or 10 to 

13 percent) . This is In good agreement with the 10 to 12 percent plagioclas.e fractionation 

estimated from Figure 3.28B. 

In the case of the Glover's Harbour East suite , diHerent incompatible elements give 

inconsistent estimates of the amount of fractional crystalliiation. This is taken as evidence that 

geochemical trends In these rocks may not resutt from fractional crystallization, an inference that is 

further supported by a consistent although relatively small difference in incompatible element 

ratios between the more and less differentiated members of this suite (e.g. Ti/Zr and Ti/Y, Table 

3.5) . Alternative explanations are further explored in Chapter 4 following presentation of isotopic .. 
data. 

3.4.4 The NAI Group 

The NAI group is.represented in only two Suites ·and by only six samples. Table 3.8 and 

Figure 3 .29 illustrate some of the features of this group and peri,'Tlit comparisons with the IAI group 

which it, in manylf'espects, resembles. 

Mg#'s range from 0.6 to 0.8, generally higher than in the IAI group. Likewise, Cr and Ni 

contents are very high (Figure 3 .29E,F). Pyroxene phenocrysts ( or altered psuedomorphs) are 

relatively rare in the Big Lewis -Lake samples but common in the Badger Bay suite. In particular 

\ . 
"' 
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Table 3 .8: Major (weight percent) and trace (ppm) element contents ollhe NAI group 

Suite. 1----·· · ·· -Badger Bay----·· ··------···----··· ·----··· ·---1 1--------Big Lewis Lake-··-----· ···· · ----·- ··· -· ---· ···1. 

Sample 2140503 2140505 ~506 Mean . 21405t 0 2140511 .2 140767 ~iill 

Si02 50.09 49.85 44.81 48.25 • 50.65 49.40 54.85 51 .63 

A1203 14.00 6.66 15.06 11 .91 11 .06 14.85 14.70 13.54 

Fe203 2.74 1.74 ~ 2.51 2.32 2.11 3.50 2.64 

FeO 6.17 ( 8.30 10.94 9.14 7.52 8.67 6.37 7.52 

~0 9.27 19.40 12.47 13.71 10.81 10.33 7.20 9.45 

CaO 9.65 11.48 9.13 10.09 12.59 9.13 7 06 9 59 

Na20 2.88 0.70 1.99 1..86 • 2.95 2.82 4.50 3.42 

K20 1.60 0.04 0.38 0 .67 0.19 1.02 0.08 0.43 

Ti02 1.33 1.48 1.80 1.54 • 1.57 1.39 ~ .40 1.45 

MnO 0.17 0.17 0.17 0 .17 • 0.15 0.16 0.16 0.1f> 

P205 0.10 0.19 0.21 0 .17 • 0.17 •0.11 0.06 0.11 

LOI 
1 3.99 \3.92 5.88 4 .60 5.38 3.10 2.83 3.77 

Total· 100.42 100.01 98.50 100.15 10007 100.01 

Cu \ 70 57 67 65 . 63 86 109 86 

Zn 83 73 97 84 77 78 82 79 

Ni 195 781 418 465 444 218 51 238 

Cr 588 1074 819 827 . 646 487 244 459 

Sc 29.2 32.5 

Co 51 .9 60.1 

v 231 196 254 227 . 190 216 315 241 

Rb 27 0.1 7 1 1 2.9 24 1.5 9 

Sr 91 42 265 133 • 137 174- 104 138 

Ba 302 67 55 141 . 59 136 33 76 

Th 0.46 0.61 

y 17 12 19 16 . 13 19 16 t6 

Zr 60 86 115 87 . 84 72 72 76 

Nb 3.0 9 10 7 . 10 5 7 7 

HI 1.71 1.95 

Ta . 0.26 0.35 

La 3.7 9.10 9.2 4.8 10.5 

Ce 10.0 21.90 tl.t 13.1 21.4 

Nd 7.4 13.20 • 14.4 9.2 13.2 

Sm 2.43 3.70 3.0 2.74 3.7 

Eu 0.89 1.20 1.3 0.97 1.3 

Gd 3.90 3.8 3.8 

Tb 0.51 0.90 0.57 

Dy 3.50 3.9 3.7 

Er 2.10 22 1.8 

Yb 1.56 1.1 1.98 1.3 

Lu 0.25 0.30 

La!Ta 14.2 13.7 

Th!Ta t .n 1.74 

(La!Sm)n 0.9 1.5 1.9 1 .1 1.T 

Ti!Zf. 133 104 94 110 . 11 2 115 11 7 

Zr/Nb 20 9 12 14 9 15 10 11 

TiN 35 45 42 41 • • 50 38 27 38 

Zr/Y 3 .5 6.9 6.0 5.5 6.3 3.7 4.4 4.8 

TVY 463 71 3 564 580 . 700 430 518 549 

~# 0.63 0.80 0.64 0.69 . 0.69 0.66 0.60 0.65 

• -:analytical total ; major element concentrations are recalculated to 100% anhydrou .. s 
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sample 2~40505 contains 45-55 modal percent altert~d pyroxene ( and perhaps olivine) 
1\ -

phenocrysts; not coincide~ally, it is the most Cr- and.Ni-rich and has the highest MgM. The high 
1 

modal percentage of ferromagnesian cumulate phenocrysts also accounts tor the low Al2o3 

contents ot this rock .. The,geochemical relationships may be somewhat obscured by alteration 

(the sample wjth the highest Mg# is also the most altt3red) but the systematic relationship 

0 

14~ 

between Ni and Cr (which are relatively immobile during alteration) and the Mg# suggests that the 

{ relationship cannot be explained by alteration alone . It seems likely that these rocks record the 

eruption ot relatively primitive. unfractionated magmas whose composition is in some cases 

modified by ferromagnesian min6fal accumulation. 

Ti02 and V contents are similar to or slightly higher than the lA I group at comparable Mg# 

while Zr is approximately the same. Nb has a bimodal distribution; two samples have relatively low 

concentrations (<5 ppm) while the remainder have higher (>7 ppm) amounts. This dichotomy also 

is found in some incompatible element ratios (the samples with lower Nb also have consistently 

higher Zr/Nb arid lower ZrN and Ti/Y) and in REE patterns (the Nb-depleted rocks are relatively 
I • 

LREE-depleted, see below) . This dichoto~y. therefore, may not be random variat ion but a 

reflection of different magma batches with different source characteristics. There are too lew 

samples to define this relationship further. 

There is no consistent chemical difference between the two suites; in !act , the notable 

chemical differences (as detailed above) cross suite boundaries. Give (I the evidence for both 

crystal accumulation and different magmas, coupled with the paucity of samples in this group, 

their magma series affiliation remains indeterminate. 

Application of the NbiY versus ZrtP2o5 diagram (Figure 3 .30) suggests that most sarfl>les 

are non-alkalic although two samples plot in the transitional field between alkalic and non-alkalic 

types. 

On the Ti-V diagram (Figure 3.31 A) they plot generally within the MORB and BABV fields . 

and in this respect are similar to the IAI group. 

The apparent dichotomy in sources within the suites is also apparent on the Ti/Y-Zr 

f 
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are similarto those of the Glover's Harbour East I Seal Bay Bottom I 
Northern Arm suites (see Figure 3.24) . In B, Zr I Y ratios are in the range 
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diagram (Figllre 3.31 B). The Nb-depleted samples have Zr/Y ratios in the upper MORB range but 

the other samples have highe~ Zr/Y ratios typical of WPB (these are generally higher than the IAI 

subgroup, another manifestation of the difference between these groups). 

REE data for five of the six samples (Figure 3.32)'confirm the bipartite nature of the group. 

The Nb-depletep samples have flat to slightly depleted LREE's and mildly convex-upward 

patterns. The Nb-enriched s~mples are LREE-enriched but with HREE abundances similar to the 

Nb-depleted samples. 

'There are abundant analogues for LREE-enriched rocks in non-arc environments, both in 

oceanic spreading centers an~ in back-arc basins. LREE enriched tholei~ic magmas, termed ·p· 

(plume. e.g. Sun et al., 1979) 1"E" (enriched, e.g. Wood eta/., 1979; Sun, 1980) MORB are 

similar to oceanic island enrich basalts and have been ~ntified at many major accreting plate 

boundaries. Typically they are e: riched in radiogenic isotopes as well as incompatible elements. 

Magmas intermediate between 'enriched' at'ld 'normal' MORB have also been identified and 

· termed transitional (T) MOAB by Schilling et.al. (1983) . These are typically slightly LREE-(jepleted 

to LREE-enriched (La,ISm0 • 0.7-1 .8; Schilling et at., 1985) and in this respect are a good 

analogue for the NAI group which has (La/Sm)N • 0 .9- 1.85 (see Figure 3.32 and Table 3.8) . 

Further similarities between the NAI group and T-MORB are found in Hf, Th and Ta 

relationships (Figure 3.33). Wood eta/. (1979) have suggested that 1-Jf-Th ratios are a particularly 

14tl 

sensitive disCriminant of the different typ~s of MORB erupted along the Mid-Atlan~ic ridge anr 

their Th-Hf diagram binary plot supports the comparison between the NAI group and T-MOR .. 

Similarly, on the Ta-Th-Hf diagram, the NAI group plots in the E-MORB + T-MORB + WPT field o 

near the N-MORB boundary suggesting transitional aflin~ies . 

Similar rocks to the NAI group also occur in modern back-arc basins. For example, on t.he 

South Scotia Sea spreading center, Hawkesworth et al. (1977) and Saunders and Tarney (1979) 

have reported basalts w'f REE patterns parallel to but slightly less LREE-enriched than the NAI 

group. The Scotia Sea R•se safTl>les have lower Ti/Zr ratios (62 to 75) and higher Ti/Y and Zr-Y 

j 
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ratios. , 

Gill (1976) reported an analysis from a dredge sampltt from the Lau Basin that appears to 

be a good a~ue for the Nb-depleted samples of the NAI group. Although relatively enriched 

I 
in Ti0

2 
( 1.92 percent). this sample has similar REE contents (Figure 3.32C, D) and is similarly 

depleted ln. Zr and>( (78 and 17 ppm, respectively) . Like the NAI group and unlike the Scotia Sea 

samples. it plots in the WPB field on the Ti-Zr-Y diagram. Gill (1976) did not suggest a source lor 

this sample. It is atypical of most sa!ll>les lr~m the Lau Basin which are generally more akin to 

N-MORB (Hawkins. 1976; Jenner et al., 1987). 

In summary. the geochemical relationships do not uniquely constrain the petrogenesis or 

tectonic environment of the NAI group. Good-geochemical analogues can be found both at major 

spreading centers and within modern back-arc basins. The slightly incompatible element -

151 

enriched chemistry of the NAI group suggests volcanic activity at either a transitional (ie. from ) 

N-MORB to E-MORB) spreading ridge segment or a within-plate oceanic island (either in a major 

ocean basin or a back-arc basin) . 

3.4.5 The NAT apd NAE Groups 

Compositions of samples in these groups are listed in Tables 3.9 and 3.10 and the mean 

major and trace element compositions are compiled in Table 3.11 . Both suites are domi~ntly 

basaltic. There is little petrographic or chemical evidence lor substantial Si02 mobility and silica 

contents are thought to reflect approximately original values. Some of the inter- and intra-suite 

variations are illustrated in Figure 3.34. Compared to the NAT group, the NAE group is 

c6nsistently enriched in the more incompatible elements Ti02. Zr and Nb (as well as Y and P2o5 

and the LREE. see Table 3.9) . The NAE group also has consistently lower Mg#'s and is relatively 

depleted in V, Cr and Ni (which are generally close to or below detection limits in the NAE group) . 

Sc, MgO and CaO. 

The Side Harbour suite is the largest in the NAT group and the only one with enough 

samples to define possible fractionation trends. Continuously increasi~ Ti02 and V with 
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Table 3.9 : Major (weight pt;rcoot) and trace (ppm) element contents of the NAT group 

Suit II 1----- New Bay--· ------·----11---- ----------------Side Harbour---- --·.·----------- :---- ··- ----~-~ :;--

Sampl11 2140497 2140498 2140545 2140540' 2140547 2140548 2·0~9 
5102 so.n 50.04 49.58 50.31 49.94 48.90 .• _~1 .54 

·A1203 14.06 14.39 15.18 14.10 16.92 13.37 14.55 

Fe203 3.22 4.18 6.44 3.35 4.34 2.72 3.89 

FeO 10.67 10.14 4.88 8.11 7.15 8.03 5.87 

MgO 5.29 5.44 7.38 7.07 4.79 11 .96 5.50 

CaO 7.61 7.42 9.23 9.37 9.89 8.46 9.80 

Na20 4 .53 4.88 3.30 4.50 2.84 2.94 4.64 

K20 0.82 0.50. 1.44 0.60 1.32 .1 25 2.09 

Ti02 2.42 2.43. 2.f5 2.12 2.29 1.94 1.74 

MnO 0.26 0.22 0.14 0.17 0.17 0.17 0.11 

P205 0.35 0.37 0.28 . ---{).30 . 0.35 0.25 0.26 

LOI 2.02 1.45 2.61 2.85 2.10 4.22 3.80 

Total' 99.13 98.38 ' 100.43 100.04 99.02 99.93 99.65 

Cu 70 74 49 85 39 93 46 

ZI1 109 109 97 96 100 85 75 

Ni 14 15 65 62 45 212 124 --
Cr 50 54 1~6 104 92 579 . 228 

v 455 439 288 288 325 280 212 

Sc 40.3 40.8 ' 30.8 33.3 27.8 

Co 40.5 40.5 43.9 53.3 45.5 

Rb 15 8 34 6 27 20 21 

Sr 192 100 247 359 347 95 87 

Ba . 177 164 240 162 362 133 197 

Th 2.26 2.45 2.4 1.91 1.77 

y 35 25 22 21 26 17 17 

Zr ' 181 184 146 138 162 -117 11 2 

Nb 18 18 15 20 20 16 14 

HI 4.4 4.5 3.4 3.1 2.9 

Ta 1.06 1.12 1.33 1.14 0.97 

La 15.70 15.70 18.50 13.70 12.80 

Ce 38.50 38.70 41 .40 32.20 30.30 . 

Nd 22.20 24.00 22.30 18.20 17.50 

Sm 5.93 6 .17 5.19 4.46 4.31 

Eu' 1.91 1.92 1.78 1.55 1.51 

Gd 6 .70 
Tb 1.12 1.13 0.82 0.72 0.71 

Dy 
Er 
Yb 3.61 3.63 1.98 1.63 1.71 

Lu 0.60 0.56 0.30 0.26 0.25 

La/Ta 14.81 14.02 13.91 12.02 13.20 

TtvTa 2.13 2.19 1.80 1.68 1.82 

(La/Sm)n 1.61 1.55 2.17 1.87 1.81 

TI!Zr 80 79 88 92 85 99 93 

Zr/Nb 10 10 10 7 8 7 8 

TIN 32 33 45 44 42 42 49 

ZrfY 5.1 7.2 6.5 6.7 6.2 6.8 6.4 

TI!Y 412 572 575 620 526 671 599 

Mgt 0.44 0 .44 0.58 0.56 0.46 0.69 0.54 

• • analytical total ; major element concentrations are recalculated to 1 OO"'o anhydrous .. 
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Table 3 .9 (continued) 

-------··· ···----Side Harbour (continued)······ ····--- ------ --- -- -----·1 
Sample 2140550 2140551 2140761 2'140762 2140764 

Si02 47.94 46.76 48.23 49.13 49.68 

Al203 13.38 15.35 15.14 15.18 14.83 

Fe203 2.6 2.89 4.56 3.94 3 .95 

FeO 7.62 8.54 7.36 6.93 6.7 

MgO 8.01 7.48 8 .21 7.48 7.65 

CaO 13.42 11.1 ' • 10.76 11.65 . 11 .49 

Na20 4.11 3_5j' 3.34 2.62 2 .67 

K20 0.62 095 0.03 0.92 0 .81 

Ti02 1.93 2.83 2.01 1.73 1.77 

MnO 0.16 0.19 0.16 0.17 0 .16 

P205. 0.21 0.39 0.22 .. 0.24 0.29 

LOI 6.03 7.8.5 3 .64 2.1 8 2.23 

Total' 99.48 98.74 100.15. 100.19 100.46 

Cu 69 85 118 175 99 

Zn 84 110 96 85 82 

Ni 16!! 32 90 72 95 

Cr 339 ' 21 226 187 24 1 

v 230 329 246 253 248 

Sc 
Co 

( Rb 10 B. 0 15 13 

Sr 101 266 102 424 317 

Ba 84 96 '41 243 287 

Thn 

y 17 22 19 20 19 

Zr 105 179 116 109 115 

Nb 13 21 14 11 15 

Hf 
Ta 

La 26.7 11.6 

Ce 60.7 25.2 

Nd 36.7 14.6 

Sm 8.9 3.9 

Eu 2.6 1 

Gd 7.6 3.7 

Tb 
Dy 1.8 3.4 

Er 3.2 2.1 

Yb 1.1 1.2 

Lu 

""' 
La/Ta 
Th!Ta 
(La!Sm)n 1.83 1.81 

Ti/Zr 110 95 , 04 95 92 

Zr/Nb 8 8 8 10 8 

TW 50 52 49 41 43 

ZrfY 6.1 8.2 6.2 5.4 6.0 

TiiY' 671 778 647 517 549 

Mg# 0.61 0.57 0 .59 0.59 0 .60 
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Table 3 .10: Major (weight percem) and trace (ppm) element contents of the NAE group 

Suite 1--Big Lewis Lake--- -----1 1-----Seal Bay Head-----11-Side Hbr--1 

Sample 2140509 2140768 2140483 2140484 2140763 

Si02 48.91 51 .9 49.59 47.95 49.45 

Al203 .16.7'5 14.32 14.25 15.62 17.13 

Fe203 4" 3.72 4.61 3 .27 3.37 .<+<> 
FeO 9.58 8.87 10.11 1 i .83 9 .47 ·-·- MgO 4.78 4.51 4 .89 4 .99 4.56 

CaO 4.55 . 6.11 6.74 6.39 4 .54 

Na20 5.91 5.03 5.37 3 .31 _4.43 

K20 0.09 0.41 0.16 2 .17 2.8 

TI02 3.26 3.87 3.15 3.51 2.76 

MnO 0.34 0.28 0.29 0 .25 0.18 

P205 1.38 0.98 . 0.83 0.7 1.31 

LOI 3.02 4.73 2.05 3 .30 3.47 

Total· 99.73 . 99.72 ~~4 99.02 99.33 

Cu 10 13 11 23 ' 13 

Zn 153 133 149 149 137 

Ni <1 6 <1 <1 3 

Cr <5 13 <5 <5 7 

v 158 179 187 219 95 

Sc 18.5 25 24 

Co 28.1 27.1 33.9 
\ 

Rb 1.0 4 2.4 32 30 

Sr 252 327 138 312 476 

Ba 128 226 156 276 697 , 

Th 7.1 3.6 5.2 

y 57 41 ' 41 38 48 

ZI 414 324 31 1 336 396 

Nb 85 60 40 58 66 
H1' . 9.4 7.4 7.7 

Ta 5.40 2.73 3 .70 

La 53.10 30.50 37.20 53 

Ce 129.00 77.00 86.00 112.6 

Nd 73.00 48.00 45.00 57.5 

Sm 14.90 11 .30 10.20 12.1 

Eu 4.48 3.75 3.2~ . 2.9 

Gd 0.00 0.01 1.0.3 9.9 

Th 2.12 ' 1.66 1.49 

Dy 7.4 

Er 4.3 

Yb 5.10 3.49 3.49 2.9 

Lu 0.76 0.53 0.54 v 

La/Ta 9.83 tt.17 . 10.05 

Th/Ta 1.31 1.32 1.41 

~ (La!Sm)n 2.17 1.65 2.22' 2.67 

TI/Zr 47 . 72 61 63 42 

Zr/Nb 5 5 8 6 6 

TIN 124 130 101 96 174 

Zr/Y 7.2 7.9 7.5 8.9 8.2 

n!Y 341 563 ~ 458 559 343 

Mgt 0.41 0.42 0.40 0.40 0.42 

• - analytical total: major element ooncentratr are recalculated to 1 00?/o anhydrous 

.. 

. ' 
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Table 3.11: Mean major and trace element concentrations of the NAT and NAE groups 

Surte New Bay Side Harbour Big Lewis Lake Seal Bay Head Side Harbour 

Si02 50.41 49.20 50.41 48.77 .~ 49.45 

Al203 14.23 14.80 15.54 14.94 ~ 17.13 

Fe203 3 .70 3.87 4.09 3.94 3 .37 

FeO 10.41 7.12 9.23 10.97 9.47 

MgO 5.37 7.55 4.65 4.94 4 .56 

CaO 7.52 10.52 5.33 6.57 4 .54 

Na20 4.71 3.45 5.47 4.34 4.43 

K20 0.66 1.00 0.25 1.17 2 .80 

Ti02 2.43 2.05 3.57 3.33 2 .76 

MnO 0.24 0.16 0 .31 0.27 0 .18 

P205 0.36 0.28 1.18 0.77 1 .31 

Cu 72 858 11 .5 17 13 

Zn 109 91 143 149 137 

Ni 15 97 4 3 3 

Cr 52 216 8 3 7 

v 
Sc 40.6 30.6 18.5 24.5 

Co 40.5 47.6 28.1 30.5 

Rb 1 1 15 3 17 30 

Sr 146 235 290 225 476 

Ba 171 185 177 216 697 

Th 2.36 2.03 7 .10 4.40 

y 30 20 49 39 • 48 

Zr . 183 130 . 369 323 396 

Nb 18 16 72 49 66 

Hf 4.45 3.13 9.40 7.55 

Ta 1.09 1.15 5.40 322 

La 15.70 17.93 53.10 33.85 53.0 

Ce 38.60 41 .15 129.00 81 .50 112.6 ' ·' 

Nd 23.10 23.68 73.00 46.50 57.5 

, Sm 6.05 5.72 14.90 10.75 12.1 

Eu 1.92 1.86 4 .48 3:51 2 .9 

Gd 3.36 1.90 0.00 5.16 9 .9 

Tb 1.13 0.75 2.12 t.5B 

Dy 
7.4 

Er 
3:~2 

4 .3 

Yb 1.77 ., 5.10 3.49 2.9 

Lu 0.58 0.27 0 :76 0.54 
,. 

La/Ta 14.41 13.04 9.83..· 10.61 

Th!Ta 2.16 1.77 1.31 1.36 

! (La/Sm)n 1.58 1.90 2.17 . 1.94 2.7 

Ti/Zr 80 95 59 62 42 

Zr/Nb 10 8 5 7 6 

T1N 33 46 127 99 174 

ZrfY 6.2 6.5 7.6 8.2 8.2 

TifY 492 615 452 508 343 

Mgll 0.44 0.58 0.42 0.40 0.42 
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decreasing Mg# indicates that it comprises pa·rt of a tholeiitic fractionation trend. Sample 2140548 

has the highest Mg# (0.69) in th~ suite but contains up to 20 modal percent clinopyroxene and 

psuedomorphed olivine phenocrysts (also evident in the very high Cr ~nd Ni contents) and its 

analysis is not a liquid composition. Potentiaily, the interval between Mg#- 0 .61 and 0.46 records 

fractional crystallization with consistently increasing Ti02. Zr and V and decreasing Cr and Ni; this 

is further investigated below. 

The New Bay basatt samples are somewhat difterent from the Side Harbour sampl~,s . with 

lower Mg#'s, higher incompatible element contents and slightly different Incompatible element 

ratios suggesting both a slightly dillerent melting history and a greater degree ollractionaUon. 

The NAT and NAE groups are unlikely to be related by tractional crystallization. Although · 

Mg#'s of the latter are lower, Si02 contents do not increase correspondingly from the NAT to the 

NAE suites and the NAE samples do not lie on the extension of Side Harbour suite trends on 

incompatible element· Mg# plots. Furthermore, incompatible element ratios in the NAE group · 

are consistently enriched in the more incompatible elements (e .g. LREE over HREE, La and Th 

over Ta, Zr a~ Nb over Ti, Ti and Zr over Y and V). 

The Nb/Y versus ZrtP2o5 diagram (Figure 3 .35) indicates that the NAE group is alkalic. 

The NAT group overlaps the non-alkalic and transitional fields on this diagram. Evidence from 

clinopyroxene chemistry presented in Section 3 .6 provides further evidence that the NAT group 

comprises enriched tholeiites rather than alkali bas a~. 

-· 
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The Ti02 versus V diagram (Figure 3.36A) further emphasizes the contrasts between the 

two groups. The NAT group has TiN ratios consistently around 40 to 50 and plots near-the 

I 
\ 

MORB-BABV field boundary. However, the NAE g roup .has much higher ratios, and plots In and 

~ar the field of alkali and oceanic island basalts. 

On the Zr/Y-Zr diagram (Figure 3 .368), all samples plot within the WPB field as expected. 

The NAE group has slightly higher Zr/Y ratios but the difference is barely resolvable. 

Ht/Th ratios in both groups are great~r than 1.25 (Figure 3.37 A) Indicating an affinity to 

E-MORB rather than WPB according to Wood et at. (1979). On theTa-Th-Hf triangular diagram y ' 

\ 

• 
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(Figure 3 .38B), the NAT group plots in th~ combined field of E-MORB and WPT although close to 

the boundary with the WPA field. The NAE group plots in the boundary area between these two 

fields, perhaps suggesting a mildly alkalic affinity. 

The NAT group is consistently LREE-enriched (Figure 3.38) . The Side Harbour suite has 

higher (la/Yb)n ratios than the New Bay suite (average 3 .55 as opposed to 2.86); the flatter 

trend of the New Bay samples relative to the Side Harbour samples is manifested as a relative 

enrichment of HREE at approximately equivalent LREE contents. Although the two suites are not 

obviously related to each other through fractional crystallization of the same parental liquid, they 

may be related to each other by virtue of d ifferent degrees of partial melting of the same source. 

The New Bay basalts are considerably more fra~ionated than the Side Harbour rocks; higher 
, " 

ddgrees of partial melting of a source with HREE contents in the range of the Side Harbour suite 

followed by extensive fractional crystallization could produce REE abundances showing the New 

Bay-Side Harbour relationships. This problem will be further addressed in Chapter 4 . 

Volcanic rocks with geochemical characteristics (including REE contents) similar to the 

NAT group have been documented in various oceanic environments. E-type MORB erupted at 

various locations on the Mid-Atlantic Ridge (MAR) , represented in Figure 3.38 by samples from 

DSDP Leg 82 between 30° and 40°N (Schilling eta/., 1983), are similar1y LREE enriched but 

have generally lower abundances than the NAT group. The MAR E-MORB basalts also have 

lower Ti/Zr ratios and, in contrast to the NAT group, plot in the MORB rather than WPB field .on 

diagrams such as Pearce and Cann's (1973) Ti-Zr-Y ternary plot. 

A better analogue for the Side Harbour suite appears to be oceanic island tholeiites, 

represented on Figure 3.38 by Kilauean th~leiites . These basalts, like the MAR E-MORB, have 

161 

REE abundances and slopes (larfibn>4.5) sirt:~llar to the Sid_e Harbour suite but somewhat 

steeper than the New Bay suite. The oceanic island tholeiites have relatively more Ti02 than 

E-MORB at equivalent Y producing Ti/Y ratios greater than 550, sim~ar to the Ti02-rich sanvles of 

the Side Harbour suite. 

Basaits with similar REE contents have also been recognized in some back-arc basin 

-·L 
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environments. A single sample from the Lau Basin reported by G~ is closely analogous to 

the NAT group. It has very similar LREE contents and (La/Yb)n- 4.43, intermediate between the 

Side Harbour and New ~Y suites. It is similar in most other trace element contents and ratios to 

the Wild Bight Group sam~ Unfortunately, this was a d,redged sample and the origin and 

setting of the volcanism that produced it is not certain. Another good analogue may be found in 

the Daito Basin in the northwestern part of the Philippine Sea. Samples recovered during Leg 58 

of the Deep Sea Drilling Program included enriched tholeiites and alkali basalt sills which lie 

somewhat off the axis of the Daho Ridge. Marsh et a/. ( 1980) and Wood eta/. ( 1980) described 

the chemistry of these rocks but did not report full REE analyses; however. approximate REE 

patterns for the tholeiitic rocks, which they constructed using Y in place pf Er, shows them to be 

very similar to the NAT group. Other incompatible element concentrations and ratios are likewise 

similar. Geophysical evidence and 'geochemical evidence from a few dredge hauls (Murauchl et 
r 

a/., 1968; K<:irig, 1975; Marsh eta/., 1980) suggest that the Daito and Oki-Daito ridges represeht 

an island arc-remnant arc pair separated during the opening of a small marginal· basin (the Daito 

Basin). The enriched tholeiitic and alkalic sills are interpreted as off axis magmatism related to the 

opening of this basin (Marsh eta/., 1980). 

REE patterns of the NAE group are slightly more LREE enriched ((la/Yb)n ~ 6 to 7) than 

the Side Harbour suite at higher overall abundances. REE _abundances in the NAE group are 

considerably higher than typical E-MORB or oceanic tholeiites but are similar to oceanic alkali 

basalts, represented on Figure 3.38 by MAR 45gN basalts and Kilauean alkali basalts. As with the 

NAT group, the analogy with the Hawaiian rocks is particularly good. 

Some inferences regarding the fractionation history of the Side Harbour suite can be 

drawn from Figure 3.39 and from preliminary trace element modeiiM'lg of the Side Harbour suite 

summarized in Table 3.12. Clinopyroxene and plagioclase both occur as phenocrysts in this 

suite. Up to 30 percent total fractional cryi1allization of some combination of olivine, 

clinopyroxene and plagioclase is indicated by the Ti-Y diagram (Figure 3.39A) . Figures 3.39B and 

c indicate that all of these minerals were crystallizing in the observed differentiation interval. The 

., 
l ' · . . , .. 



4.0 

3.5 A 

3.0 
~ 

0 
0 2.5 

t 2.0 ~0 
C\J 1.5 0 
i= 1.0 Cpx 

COI,Piag 
0.5 

Am Mt 
0.0 

0 10 20 30 40 50 60 70 80 
y (ppm) 

8 
100 

px 1000 - -a - 0 

0 

~0 
100 oo 

C\J E 
0 a. 
1- 10 .3: ...._ 

~ 
..... 0 

(") (.) 

0 10 
C\J 0 
_J 
<( 

10 100 
1 +-----------+-----------+ Ni (ppm) 
1000 10000 100000 

Ti (ppm) 

Figure 3.39: Fractionation diagrams for NAT group samples in the 
Side Harbour suite. A- after Perfit et al. (1980) with 30% fractionation 
vectors; B- after Pearce and Flower (1977) with 50% fractionation 
vectors; C -vectors calculated from distribution coefficients in 
Appendix 9 (primitive basalt - solid lines, fractionated basalt - stippled 
lines) assuming 20% fractionation of 
olivine:clinopyroxene:plagioclase = 0.2:0.2:0.6. 

164 

c 

cpx 

1000 



Table 3.12: Results of trace ele~nt modelling of fractionation in 'transitional' rocks of the Side 
Harbour suite . 

Model Parameters: ol :cpx:pl- 0.2 :0.2:0.6 
Distribution coefficients: Fractionated basalt (Appendix 9) 

Starting Ending %Total 
Composition Composition Fractionation 

/ 

Ti02 (wt.%) 1.70 2.23 22-30% 

(±5%) 

Zr (ppm) 122.4 154 18-27% 
(±5%) 

Nb (ppm) 13.8 20.2 29 - 36% 
(±5%) 

./ 
y (ppm) 18.2 25 26-36% 

(±5%) 

V(ppm) 247 315 22-32% 
(±5%) 

Cr (ppm) 230 60 27-35% 
(±5%) 

Ni(ppm) 105 39 21 - 28% 
(±5%) 

\ .. 



_ _1 

~imate of total f•actional cr,staUization OS suworted by p.eUminar, modelling sumL . 

Table 3.12. The only elements for which fractionation estimates at the quoted uncertainties do 

not overlap are Zr and Nb, and the discrepancy between them is small. Approximately 25 to 30 

percent fractional crystallization can account for the observed change in incompatible element 

contents and for this amount of fractional crystallization, olivine:clinopyroxene: plagioclase • 

0.2:0.2:0.6 can account for the observed changes in Cr and Ni. This constrains plagioclase 

-
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fractionation to the range of· approximately 15 to 18 percent, in good agreement with the 12 to 20 

percent range estimated from. Figure 3.39B. 

35 Geochemistry of the Mafic Subvolcanlc Rocks 

3.5.1 Introduction 

Field relationships suggest that the malic intrusives in the Wild Bight Group are genetically 

related to the associated volcanic rocks. In the following Section, the nature of this relationship is 

assessed geochemically. The geochemistry of the intrusive rocks is considered in terms of the 

volcanic geochemical groups and the individual samples are assigned to one or another of the 

geochemical groups using the procedures outlined in Section 3.4. Following this, possible 

petrogenetic relationships between the volcanic and mafic intrusive rocks are evaluated. 

3.5.2 Ctasslflcatlon vis s vis Volcanic Rock Groups 

3 .5 .2.1 General statement 

The mafic intrusive rocks of the Wild Bight Group, like the vo~anic rocks, span a 

considerable compositional range (Table 3.13). Most have Si02 contents in the b~salt range. 
f) ,..· 

Mg# ranges from 0.65 to 0.4 indicating, along with similarly variations in Cr and Ni contents, that 

relatively primitive as well as fractionated magmas are represented. Ti02 contents span the 

complete range of the volcanic rocks and there is also a wide range of other incompatible element 

concentrations. 
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Table 3.13: Major (weight percllf'lt) and trace (ppm) elemllf'lt contents of mafic intrusive rocks 

Sample 2140465 2140461 2 140512 2140496 2140495 2140491 2140481 

Si02 52.&1 53.94 52.34 53.99 48.41 48.79 49.2 1 

Al203 1752 16.07 17.29 18.30 '18.59 19.91 15.22 ... 
Fe20 3 1.60 3.63 1.98 2.25 1.51 3.49 4.9 1 

FeO 7 .75 11 .05 5.98 7 .38 6.57 5.03 10.18 

MgO 8.89 5.11 7.35 4.78 7.21 5.39 601 

CaO 9.18 4.57 10.15 7 .44 12.95 12.79 8.29 

Na20 1.34 4.05 2.31 4.08 • 2.47 2 .67 3.53 

K20 0.48 0.35 1.34 0.27 0.67 0 .24 0 .09 

Ti02 0.49 0.99 1.00 1.17 1.30 1.37 1.97 

MnO 0.12 0.15 0.14 0.19 0.16 0 .15 0.27 ' •· 
P20 5 0.02 0.09 0.1 2 0.15 0;15 0.17 0.3 1 

LOI 5 .31 5.48 2.9 1 4.16 . 3.10· 2.65 2.82 

Total· 100.35 99.11 100.92 98.99 100.19 99.60 99.75 

Cu so 1St 6 1 71 70 76 54 

Zn 66 112 66 88 105 65 92 

Ni · 35 5 106 14 79 35 17 

Cr 182 50 299 55 144 69 44 

v 246 5 15 190 255 185 227 472 

" Sc 31.4 32.2 31.3 38.2 

Co 29 39 .3 36.5 46.5 

Rb 5 6 33 5 15 4 <0.5 

Sr 67 391 270 it 155 289 346 154 

Ba 32 37 222 107 91 11 0 59 

Th 3.2 1.09 1.15 2.1 

y 5 17 20 23 15 16 28 

Zr 3 19 94 101 78 89 94 

Nb 0.5 1.0 5 6 8 10 6.7 

HI 2.64 2 .01 2.2 2.45 

Ta 0.38 0 .55 Q 66 0.41 

La 12.2 7.2 8 .7 13.5 

Ce 27.7 17.0 20 .6 31 .4 

Nd . 
~ 

13.7 10 .6 12.4 18.9 

Sm 3.61 2.83 3.21 4.84 

Eu 1.14 1.07 1.22 1.68 ''--

Gd 3.30 3.40 0.0 1 , 
Tb 0.68 0.48 0.54 0.86 

Dy .. 
Er 
Yb 2.44 1.A2 1.58 2.74 

Lu 0.39 0 .22 0.25 0.44 

La!Ta 32.1 13.1 13.2 32.9 

Th/Ta 8.42 1.98 1.74 5.12 

(La/Sm}n 2.1 1.6 1.7 1.7 

Ti/Zr 901 320 64 69 100 92 125 

Zr/Nb 6 18 17 16 9 9 14 

TiN 12 12 32 28 42 36 25 

Zr/Y 0.6 1.1 4.7 4.4 5.1 5 .4 3 .3 

Ti!Y 561 348 300 307 511 500 417 

Mg# 0.66 0.41 0 .65 0.50 0.64 0.57 . 0.45 

· - analytical total; major element roncentrations are recalculated to 100% anhydrou s 

' \ 
\ 

... 
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Table3.13 (continued) 

Sample 2140482 2140508 2140502 2140485 2140450 2140501 2140486 
Si02 46.07 50.16' 45.35 46 .33 49.32 48.62 50.90 ' Al203, 19.61 17.76 21 .95 15.67 17.74 17.15 14.96 

' Fe203 3.45 3.76 2.27 3.56 3.54 2.82 3.86 
FeO 7.45 7 .. 16 ,7 3!i 9.74 7.50 9.21 8.71 
1\,',gO 5.41 6.58 3.92 7.44 4.3'2 3.92 4.14 
CaO 12.67 - 7.21 12.29 10.1.8 7.03 9.24 6.74 
Na20 2.45 . 3.73 3.26 3.29 3.90 4.25 5.33 
K20 . 0 .52 0.80 0.59 0.59 2.77 1.1 9 1.10 
Ti02 1.98 2.25 2.59 2.73 2.88· 3.00 3.41 
MnO 0.15 0.29 0.14 0. 19 0.:)2 0.20 0.23 
P205 0 .25 0.31 0.29 0.29 ci .~ 0,38 0.63 

LOI 3.08 2.94 4.16 3.19 3.96 5.70 1.93 
Total" 100.75 100.62 100.08 99.88 100.07 99.28 9') 18 

4 

Cu 85 35 19 70 12 21 17 
Zn 81 81) 64 95 100 98 12 0 
Ni 36 49 8 48 4 6 <1 
Cr 52 72 8 39 9 <5 <5 
v 262 266 303 347 226 279 24 7 
Sc 27 .8 23.6 17.8 
Co 39.5 33.1 22.9 

Rb 8 22 13 10 43 22 16 
Sr 541 413 406 471 234 530 230 
Ba 130 350 165 123 497 269 380 
Th 1.84 1.44 4 

y 17 32 11 18 30 22 30 

" Zr 129 180 101 155 246 188 } 41 
Nb 17 10 15 24 47 32 . 38 
HI 4.09 2.64 5.7 
Ta 0.76 1.12 3.1 

La 12 .0 13.6 34.4 
Ce 30.9 31.1 76.0 
Nd '19.9 18.0 39.6 
Sm 5.18 8.92 8 .61 
Eu 1.81 1.41 2.71 
Gd 
Tb 0.93 0.55 1.18 

Yb 304 1.21 2.62 
Lu 0.48 0.17 0.4 

La/Ta 15.8 12.1 11 .1 
Th!Ta 2.42 1.29 1.29 
(La!Sm)n 1.4 2.1 2.4 
Ti/Zr 92 75 153 105 70 96 8 5 
ZriNb 8 18 7 6 5 6 6 

"- TiN 45 51 51 4 7 76 64 83 -, 
Zr/Y 7.4 5.7 9.1 8 .5 8.3 8.5 8 .1 
Ti!Y 686 426 1395 899 580 814 688 
1\,',g# 0.50 0.55 0.45 0.53 0.45. 0.40 0.40 

•. analytical total; major element ooncentrations are recalculated to 1 OO%.anhydrous 

......-." 
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Table 3.1 ~~tinued)' 
<J 

Sample 2140454 2140457 2140489 
5<02 49.20 45.12 46.06 
Al203 14-.45 14.85 15.09 
Fe203 4.16 4.39 6.58 
FeO 9 .95 11.06 9.45 
MgO 4.78 6.19 5.99 
CaO 6.87 9.92 9.45 
Na20 4.62 3.40 2.13 
K20 1.30 0.46 0.51 
Ti02 3.79 3.94 4.00 
MnO 022 0.21 0.22 
P205 0.66 0.46 0.53 

LOI 2.48 2.44 3.52 
Total 100.04 100.40 'll9.92 

~-
Cu 14 48 45 
Zn 156 108 126 
Ni .. ~1 _, 2S - 24 
Cr <5 26 9 
v 293 375 402 
Sc 22.2 26.7 
Co 37.1. 55.4 

Rb 18.1 10.3 4.5 
Sr 167.0 383.3 494.5 ·- Ba 443 157 174 
Th 3.76 2.81 

'· y 35.7 23.6 26.2 
Zr 273.0 181.1 209.6 
Nb 53.3 38.1 41.7 
Hf 6 .4 4.6 
Ta 3 .7 2.76 

La 34.5 . 24.6 . 
Ce 80 56.4 
Nd 42.2 31 .1 
Sm 9.07 6.69 
Eu 3 .1 2.26' 
Gd 9.2 7 
Tb 1.34 0.96 

Yb 3.17 2.3 
Lu 0.45 0.32 

La!Ta 9 .3 8 .9 
Th!Ta 1.02 1.02 
(li!JSm)n 2.3 2.2 
Ti!Zr 83 130 114 
ZrtNb 5 5 5 
TiN 78 63 60 
ZrfY 7.6 7.7 8.0 
TifY 636 1002 914 
Mgl 0.41 0.45 0.44 

0 

-



3.5.2.2 Discriminant functions and the TI-Zr plot 
) 

As a first approximation, the discrimina.nt functions and the Ti02-zr diagram derived In 

Section ~.4 can be used to classify the mafic intrusive rocks vis a vis the volcanic rock groups. 

Discnminant scores were calculated for the mafic intrusive rocks using the four discriminant 

functions derived for the volca111ic rock groups (Appendix 8). On 1he basis of these scores, each 

sample was assigned a probability of belonging to one· or another of the volcanic rock groups. 
. . 

Classification of the samples is summarized in Table 3 .14 and illustrated on a territ'1rrial_plorin 
' ~ ' 

17o-

Figure 3.40. Approximaiely 65% of the samples were classified with greater than 90% confidence 

\ and 88% with greater than 70% confidence. The discriminant function analysis suggests that the 

intrusive sample suite Includes representatives of all geochemical groups. defined by the volcanic 

. ' rocks. Note that on the terr~orial plot , approximately 65% of the samples, although classified on 
• 

the basis of the volcanic rock groups, plot outside the areas occupied by the volcanic rocks 

suggesting that, despite the successful classific~tion, there may not be a one to one 

1 ' 
petrogenetic relationship between volcanic and intrusive rocks. 

The Ti02-Zr classificati6n diagram (Figure 3 .41) reveals further complications including: 

1) one sample classified as lAD is more Ti-rich than normal and plots on th'e QOundary of the 

intermediate field; 

2) almost half of the samples classified as NAT plot outside any of the defined fields . Most 

of these are more Ti02-rich than volcanic rocks that define the NAT group but less Zr-rich than 

volcanic rocks of the NAE group. 

3) None of the intrusive rocks classified as NAE is as Zr-r-ich as the volcanic rocks that 

define this group. 
... ~ ~ , 

This highlights some potential problems in using only the incompatible element c~nts 

to classHy unknown samples in this way: 1) the fields on the element concentration diagrams and 

the discriminant functions are defined only for tn~ range of fractional crystallization represented 

by the known samples (in this case, the volcaoi<lrock groups) . Unknowns which represent the 

same magma batch but ate substantially more or less fraCtionated .than the volcanic rock end 
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. Table 3:14: Probability that intru11ive rocks belong to one or the other of the various 
volcanic rcx:k groups based on discriminant function analysis 

Sample No. Highest P-robability Group Second Highest Prob. Group 
{probability in brackets) ' (probability in brackets) 

214D491 NAI(67%) IAl (31%) 
214D481 NAT(70%) , . NAI(27%) 
214D482 . . NAT(94%) .. NAI(6%) .• _. 
214D508 NAT(85%) NAI(15%) 
214D502 NAT (>99.9%) NAI (<0.1%) 
2140485 NAT (>99.9%) NAI(<0.1%) 
2140465 lAD (100%) 
2140461 IAD(100%) IAI (<.1 %). 
2140512 • IAI (>99.9%) NAI (<.1%) 
2140496 · IAI (>99.9%) NAI (<-1%) 
2140495 NAI(95%) NAT(3%) 
2140450 NAE (61%) NAT (40%) 
2140501 NAT (98%) ~AE {2%) 
2140486 NAE(96%) NA!(4%) 
2140454 NAE (99.8%) NAT(.2%) 
2140457 NAT (83%) NAE (1 7"/o) 
2140489 NAT (89%) NAE (11 %) 

.. 

.. 

.. 
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members may be misclassified by this ·approach; 2) any accumulation of crystals with high 

crystal-liquid distribution coefficients for the elements being used (e.g., iron-titanium oxides or. 

apatite in the present case) may likewise cause samples to be misclassified ; 3) there may be . 

intrusive rocks for which there are no sampled volcanic equivalents (i.e. magmas that did not erupt 

. or .volcanic rocks that do not outcrop at the present level of exposure) ; a no 4) samples from 
~ . 

different geographic or stratigraphic settings may have been affected by different d~grees or -- ·--- . 
' 

styles of alteration. Therefore. it is necessary to confirm the above classification by other methods 

and to compare the intrusive rocks closely with the appropriate. possibly cogenetic. volc.anic 

rocks before any final interpretations based on their similarity can be made. 

3.5.2.3 Refinement of classification; extended REE and Ti-Zr-Y plots. incompatible 

element ratios 

The preliminary classifi<;ation achieved above can be checked with reference to the REE. . -• 
HFSE relationships and by comparing incompatible element ratios of the intrusive rocks with 

ratios with those of volcanic rocks in each group. 

. ~ 
---- · -- - ·--------·-- - ... - - ---- +M paftial exteAGed REE plots in Figure 3 .42; in general, confirm the classification of 

\ 

e. 

r. 

samples predicted by the incompatible element contents. With orie exception, samples classified 

in groups of island arc affinity (lAD, IAI) have the characterisfic negative Ta and/or Nb anomalies. 

while those classified io groups of non-arc aHinity do not. The one exception is sample 2140481, 

assigned to the NAT group by the discriminant functions and the Ti-Zr plot. but nevertheless 
_../ 

having r>rominent negative Nb and Ta anomalies (Figure 3.42A) arid similar abundances to 

sample 2140496 which clearly belongs to the IAI group. Detailed comparison of the composition 

of 2140481 with volcanic rocks of the IAI and NAT groups shows that it has incqmpatible element 
··------

concentrations similar to the Glover's Harbour- Seal Bay Bottom- Northern Armsui1es. the main. 

divergence being somewhat higher concentrations of Ti02 (1.97 versus <1 .51) and V (472 

versus <375). Incompatible element ratios not involving Ti and V (e.g. Zr/Nb, Zr!Y, Table 3 .13) are 

also similar to the Glover's Harbour EasV Seal Bay Bottom' Northern Arm suites and unlike those 
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Fi9ure 3.42: Partial extended REE lJiots for the mafic intrusive rocks. 
Stippled fields indicate range of volcanic rock compositions in each group 
(from Figures\ 0 and 3.11 ). 
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in the NAT group. The rock clearly resembles the IAI subgroup in most respects and is reclassified 

as such on the basis of the above observations. The high Ti and V contents are interpret~d to 

result from some irqn oxide accumula!ion .. 

On ~he partial extended REE plots. there are two distinct types of sampl~ assigned to the 

NAT group( Figure 3.42C) . One. represented by samples 2140502 and 2140508, has flat. 

slightly LREE-enriched, patterns ~imilar to the least fractionated samples from ttie Side Harbour 

suite. The other, represented by2140457, has relatively higher abundances. is more 

LREE-enriched, and has prominent positive Nb and Ta anomalies similar to those in the NAE 

group. 

The Ti-Y-Zr and Ta-Hf-Th ternary diagrams (Figure 3.43) further confirm the classification of 

the intrusive rocks samples. Artnost all samples plot in the field appropriate to their classification 

(e.g. the same field as t~~ volcanic group counterparts). Note that sample 2140481 (see abo~) 

plots in the WPB field of the Ti-Zr-Y diagram (but very close to the field boundary with 

· plate-marginal ~salt) and well within the arc field on the Ta-Hf-Th diagram further supporting its 

reassignment to the IAI group. 

3.5.3 Relationship of Mafic Intrusive to Mafic Volcanic Rocks 

The possibility that individual mafic intrusive rocks may be related to specific volcanic rock 

magmas in the Wild Bight Group can be\rther investigated by co~paring them on c;ompatible 

and incompatible elef"'(lent versus Mg# diagrams (Figure 3.44 to Figure 3.47). The two samples 
. . . \ 

assigned to the lAD group are more and less fractionated, respectively. than their volcanic 

l 
counterparts (Figure 3.44). The sample with the higher Mg~ also ha! low Ti02 and V contents · 

and may plausibly be a primitive representative of the fractionation trend defined by the Glover's 
. 

Harbou.r West suite. Such an int~rpretation is also suggested by its relative enrichment in Jr and 

/ Ni. This interpretation may have some regional importance as this sill intrudes the Indian Cove 

volcanics where the only mafic volcanic rocks are cumulate and difficult to correlate with the 

Glover's Harbour suite. If this sill is related to the Glover's 1-klrbour magmas, it suggests that the 

. . 
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Indian Cove anti Glover's Harbour volcanic units may have been part of the same rn.agmatic event. 

The low-Mg# lAD group dyke, 'which intrudes the Glover's Harbqur volcanics, is apparently .. 
rro~e fractionated .than any lAD group volcanic rocks (further suggested by very low Cr and Ni 

contents) bui is enriched in Ti02 and V to an extent that it plots well above the extension of the 

Glover's Harbour West fractionation trend. This composition is unflkely to have resulted fro111 

simple fractionation of the lAD magmas and is tentatively attributed to accumulation of an oxide . ,., 

phase (there is approximately 4% modal opaque oxides in thin section) . 

The two least fractionated intrusive rocks assigned to the lA I group are geochemically very 
( 

similar to rocks in the Glover's Harbour/ S~al Bay Bottom/ Northern Arm suites and lie close to tl:le 

. t 
fractionation trends defined by rocks of the SealBay Bottom suite (Figure 3.45) . The third 

sample, 2140481 , has c.:>nsiderably hi~.,er Ti02 and Vat equivalent Mg# than this trend (this is 
. r . 

the sample that the discriminant function incorrectly assigned to the NAT group because of high 

Ti02, see above) . However, other incompatible elements as well as Cr and Ni plots close to the 

trend . 

Intrusive rocks assigned to the NAI group have relatively primitive Mg#, similar to the most 

fractionated volcanic rocks of this group (Figure 3.46) Low Cr and Ni contents relative to the 

volcanic rocks also suggest that the intrusive rocks are generally more fractionated than in their · 
' . 

volcanic counterparts . 

Relationships between the volcanic and extrusive rocks assigned to the NAT group are 

more complex (Figure 3 .47). For ease of discussion, they are bro~en into small groups and 

diseu6sed separately as follows: 

Group i)- samples 2140482, 21_40485, 2140508. and 2140502 plot close to the Side 

Harbour fractionation trends on all diagrams (although 2140502 is somewhat depleted in Zr 

relative to this trend) . ·On the basis of geochemical relationships, they can be interpreted as 

forming part of this trend. 

Group ii) 2140489, 2140457, and 2140501 includes two very Ti02-rich samples which 

also have anomalously high V and Nb rela:i"e to the Side Harbour trenEl. These samples are 
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e'nriched in Feo' relative to both the NAT intrusives and the Side Harbour volcanic rocks and in 

-· ' 

thin section contain 5 to 7 percent modal megnetite Despite their high Ti contents, the high TiN-

ratios of these" rocks suggest they are not related to the NA.E group. They are better interpreted 

as either fractionated representatives of the Side Harbour su ite with Ti and V contents modified 

by iron oxide accurn.Jiation or as an NAT-like magma that is not represented in the volcanic rocks 

sampled The tHird sample in Group ii, 2140501, is more similar to the NAE than the NAT group 

on most diagrams (note particularly the depleted V contents 'relative to normal NAT rocks at 

equivalent Mg#) ahhough its Zr contents are abnormally low for NAE rocks. It is not easi ly related 

by any simple fractionat ion mechanism to any volcanic rocks in either group 

3.5.4 Stratigraphic Relationships of Mafic lntruslve.Bocks 

Although mafic subvolcanic rocks intrude at virtually ~ II stratigraphic levels of the Wild B ight 

Group, there is a regularity to their distribution vis a vis their geochemical affinities which may have 

some stratigraphic significance (Table 3 .15) . Intrusive rocks that are considered to belong to the 

lAD or IAI groups occur in the lower and central parts of the stratigraphic succession. intruding 

only volcanic and nearby epiclastic rocks that are alsu of island arc affinity. Hbwever, intrusive 

rocks that are considered to belong to the NAI, NAT and NAE groups occur throughout the 

stratigraphic sequence, intruding both rocks of arc and non-arc affin ity. 

This stratigraphic regularity in the sobvolcanic rocks has two important c onsequences: 1) 

It reinforces the earlier suggestion that rocks of non-arc affinity generally overlie rocks of island arc 
/ -

affinity ; and 2) n requires that the relationship between the two be stratigraph ic rather than , 
purety structural; i.e. the rocks of arc:affinity which are intruded by sills of non-a rc affinity were 

basement to the non-arc magmatic rocks . ~ 

3.6 Chemistry of Clinopyroxene In the Wild Bight Group M..1fic Rocks 

3.6.1 Occur..-:re::..:nc.:::.e::::-_ __,.. __ 

Clinopyroxene occurs in approximately 30% of the mafic volcanic rocks and 70% of .the 
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mafic subvolcanic rocks in the Wild Bight Group. In volcanic rocks, _it occurs principally as 

subhedral to euhedral phenocrysts from 0.5 to 4 mm in long dimension and less commonly as 

subhedral microphenocrysts (less tban 0.25 mm) . In a few samples, clinopyroxene forms the 

lesser component of plagioclase-pyroxene glomerocrysts. Clinopyroxene phenocrysts are rarely 
f.) 

zoned or twinned 
, 

. Most show some evidence of a~eration . In extreme cases the crystals are completely 

psuedomorphed by a greenschist assemblage and in most samples where alteration is advanced 

to this state, little or no original mineral remains in any crystal. More commonly, the crystals are 

r . slightly altered on the rims and along cracks with some discoloration and growth of chlorite ± 

sphene± magnetite. These altered areas are easily avoided during microprobe analyses . 

-
Groundmass pyroxene was seen in only a few thin sections; in most cases . the 

groundmass Is completely a~ered to a greenschist assemblage. 

· In fine grained subvolcanic mafic rocks, pyroxenepccurrenee is similar to that in the 

volcanic rocks. In coarse grained rocks, euhedralto subhedral crystals are commonly intergrown 

with plagioclase and less commonly olivine. 

3.6.2 Compo!lltion of Wild Bight Group Pyroxenes 

Analytical_ results from microprobe analyses of clinopyroxenes are presented in Appendix 

3 and plotted on the pyroxene quadrilateral in Figure 3.48. Clinopyroxene in the lAD. IAI and NAI 

groups is dominantly augitic but includes a minor component of endiopside. Clinopyroxene in 

th~~AT and NAE-groups Is almost all augite. The latter plot above the Skaergaa;d trend and are 

the most calcic in the Wild Bight Group, consistent with their alkalic whole rock geochemical 

affinities. .. . 
A broad distinction be!Ween rocks o.f arc and non-arc affinity can be seen on this diagram . 

.. 
More than 80 percent of clinopyroxenes from the former plot on and below the Skaergaard trend 

while more than 80 perce.1t from the latter plot above it . 

In Table 3 .16, mean compositions of clinopyroxene from the different groups are 

• 
r -
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Table 3 .16 Mean compositions of clinopyroxenes in the Wild Big ht Group. 

Host cJass'n lAD group IAI group NAI group NAT group NAE group 
5102 53.90 51.74 51.86 51 09 506:: 
Al203 2.02 . 3 .00 3.20 3.41 3.44 
FeO(t) 6.88 7.89 6.35 7.48 10.89 
MgO 17.44 15.91 16.09 15.64 13.30 
CaO 19.34 19.61 20.47 20.14 19.94 
N~¢ 0.'15 0.31 0.34 0.33 0.44 
K20 0.02 0.0 1 0.02 0.01 0.01 
T102 0.11 0.66 0.86 .o 96 1.64 
MnO 0.20 0.24 0.14 0.18 0.30 '-C r203 0.15 0.33 0.46 0.26 0.01 '-

' '· 

1.915 1.909 1.897 
( 

S i 1.965 1.889 '-
A I 0.086 0.130 0. 138 0.149 0.151 '\ 

l Fe 0.210 0.244 0.195 0.232 0.340 
Mg 0.948 0 .877 0.882 0.865 0.740 
Ca 0.755 0777 0.807 -0.80 1 0797 
Na 0.010 0 .022 0.023 0.024 0.031 
K 0.001 0 .000 O.OOt 0 000 0.000 
Ti 0.002 0.018 0.023 0 .026 0.046 
Mn 0.005 0.008 0.004 0.005 0.009 
C r 0.004 0008 0.013 0.007 0 000 

Fe!Fe+Mg 0.165 0.216 0.16 0.195 0.293 • ., •. 
'...] 

7 ... 

~ 
I 

• 



compared. In many respects, clinopyroxene compositions mimic the whole rock variations 

between groups. The lAD group, consistent w~h ~s andesitic, incompatible element-depleted 

whole rock chemistry, has the most Si-rich and Ti- and Na-poor clinopyf"oxene . The NAE group 

pyroxenes, as in the whole rocks, are the most Ti- and Na-rich and Mg- and Cr-poor. The 

consistent increase inTi from island arc to non.-arc is consistent with whole rock compositions and 

Is paralleled to a lesser extent by Na. 

The NAE group has the highest Fe# (atomic F e1Fe+Mg]), consistent with its highly 
\ 

fractionated whole rock chemistry while the NAI group has the most primitive Fe'#, also cons_istent 

with whole rock chemistry. However, generalizations about the relative fractionation in the various 

I ' 
groups are hampered by the fact that clinopyroxene analyses do not represent all fractionation 

intervals in each group. 

Ti and Cr, respectively. increase and decrease regularly with Fe# in all of the tholeiitic 

groups (Figure 3 .49). In the case of Ti. this probably reflects increasing concentrations of Ti in tho 

mag,as .with differentiation leading to its increased incorporation with~e in the octahedral sites . 

The sharp decrease of Cr with differentiatioryn;these suites reflects its early incorporation in 

pyroxene and subsequtent depletion in thei~1agmas with advancing fractional crystallization . The 
I 

extreme depletion of Cr in the NAE group suggests that the magmas from which these rocks 

·crystallized contained little Cr. in accar'd-with the whole rock data. 

T1 in the NAE group pyroxenes lacks the clear positive Ti-Fe·# correlation seen in other 

suites. This is in agreement with the observations of Schweitzer eta/. (1979) who found that 

pyroxene from deep sea alkali basalts, in contrast to that in tholeiites. generally contains lit11e Cr 

• and shows either no correlatiQn or an inverse correlation t;>etween Ti and differentiation. The{ 

at1ributed the latter to a relative decrease in the impor1ance of the coupled substitution Tiiv_2Aiiv 

relative to Fe2iv_2Aiiv in the later stages of alkali basalt fractional cryst_.l!ization. This may also 

explain the relatively high Fe# in ~E group pyroxenes relative to those in tholeiitic rocks of 

similar whole rock Mglt 
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3.6.3 Pyroxenes as Indicators of Magmatic Affinity 

A number of wori(ers have investigated the correlation between pyroxene composition 
\ ' 

and the nature of the liquids from which they cryS!al~e and have shown that the composition can 

be interpreted both in tenns of the ma~ma type fro~ which it crystallized (e.g. Kushiro . 1960: 

LeBas. 1962: Verhoogen, 1962: Schweitzer eta/: 1979) and the tectonic environment in whie;h 

the magma was generated (e .g. Nisbet and,Pearce . 1977: LeTerrier et at. 1982) . The 

geochemistry of clinopyroxene can provide a useful check on conclusions re<lched on the basis 

of whole rock geochemistry, particularly when the whole rocks are altered and the pyroxenes are 

not. 

Kushiro (1960) demonstrated a correlat,on between magma type and the variation of Sl, AI 

and Ti contents in pyroxenes Reasoning that pyroxenes crystallizing from non-alkalic . alkalic and 

peralkalic magmas should, respectively, have higher AI and Ti and lower Si contents (because of 

the increased AI occupancy of the tetrahedral sites in Si02-undersaturated magmas) . he 

constructed binary discrimination diagrams utilizing these elements to discriminate the magma 

types. 

LeBas (1962) extended Kushiro's work by calculating the percentage of AI in tho z 

position and using the correlation between this and Ti and Si do define the alkalinity of the parent 

magma. Worl(ing mainly with groundmass pyroxenes. he showed that atomic proportions of the 

major cations change regularly with diffsrentiation and magma type and constructed fields in the 

pyroxene quadrilateral to discriminate non-alkalic, alkalic and peralkaline magma types. On this 

diagram (Figure 3.50), almost all Wild Bight Group pyroxenes from tholeiitic rocks plot in the 

non-alkalic field as do 85 percent of thOse from the NAT group. Over 80 percent of the NAE 

group pyroxenes plot in the alkalic field . LeBas (1962) noted th<1t use of phenocry:;ts ra ther than 

groundmass on this diagram could result in slightly greater scaMer. and perhilps a few s~ples 

being misclassified. on this plot . 

In recent years. a ~umber of authors have constructed plots using the cations Si. AI. Na. 

Ca. Mg. Ti and Cr to discriminate the tectonic enviro~ment of magmas from which clinopyroxenes 

'- ' 
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Figure 3.50: Detail of the pyroxene quadralateral with magma series discrimination fields after LeBas (1962). Open 
squares are from volcaniC rocks, closed squares from intrisive rocks. 
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have crystallized. The discrimination is based on the observation that chemical differences in the 

magmas in these different environments is, to a ~ertain extent, reflected in the pyroxene 

compositions, inasmuch as pyroxene accepts most of the major et.ements that provide the basis 

for su.:h discrimination. Nisbel and Pearce (1977) made the first major effort in this direction; they 

calculated discriminant funct ions (based on published and unpublished analyses of pyroxenes 

' . 
from various tectonic environments) which. they used on a territorial plot in conjunction w itlr 

ternary and binary plots inv~tving these'etements to d ist inguish pyroxene from various plate 

marginal and within plate settings. They found the discrimination to be generally acceptable but 

tess precise than trace element geochemistry of whole rocks. LeTerrier era/. (1982) reviewed the 

· use of such diagrams, noting that there were a number of factors which could obscure the 

correlation between· magma type and pyroxene composition including 1) coupled substitution 

(the entry of an element into the lattice being more strongly controlled by the presence of other 

etement(s) than by lts own availabil~y; 2) crystallization order of minerJis (early crystallization of 

'Phases may reduce the availability of some elements when clinopyroxene is fina lly on the 

liquidus); 3) cooling rate of the magma (part itioning ot major elements tends to bo r<Jto 

independent white that of minor elements depends on cooling rate and bulk rock composition); 

4) variat ions in temperature and pressure inducing variat ions in the crystal-liquid part ition 

coefficients. In addition, they felt that problems with the Nesbit and Pearce ( 1977) diagrams, 

including the small number of analyses to def ine the fields, lack of precision in determining the 

most important variables in the discriminant functions (e g. T i0 2, MnO and Na2o which are 

generatty close to detection limits) and the d ifficulty of achieving a complete discrimin.1tion using 

only one diagram, limited the usefulness of this appro ;~ch and introduced some "mbiguity into the 

interpretations_ 

Working from a file of 1225 pyroxene analyses. LeTerrier era/. (1982) found that a better 

discrimination could be achieved using a series of diagrams in which elements that play the most 

important role in discriminating specific sett ings are used in sequence to define tho magmatic 

affinity of the rocks_ Thus, Ti, Ca ;md Na provide a scp<lriltion between <~fkJiic ,<tnd non -alkillic 
~ 
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types, a further separation of non-alkalic types into those produced in orogenic and non-orogenic 

environments is achieved using Ti, Cr and Ca and a final separation of orogenic types into calc 

alkalic and tholeiitic types results from Ti and AI relationships. 

Use of the LeTerrier et al. (1982) diagrams for the Wild Bight Group clinopyroxenes 

(Figures 3.51 to 3.53) generally supports interpretations based on the LeBas diagrams and the 
\ 

whole rock chemistry . The lAD and IAI group pyroxenes are clearly non-alkalic on the Ti versus 

Ca+Na d i~gram ·However, more than 75 percent of samples from the NAI and NAT groups plot in 

the field of overlap between alkalic and non-alkalic basalts. Likewise, alm9st half of the NAE group 

. samples plot in thi_? Jield, with less than 35% plotting unequivocally in the alkali basalt field. The 

results are consistent with , but generally less discriminating than~ interpretations based on the 

LeBas (1962) diagram and whole rock chemistry . 

On the Ti+Cr versus Ca diagram for pyroxenes from non-alkalic basalts (Figure 3.52) , the 

lAO group plots in the orogenic field in accord with whole rock geochemical results but the IAI 

group plots mainly in the field of overlap between the two sett ings . Five analyses that plot well 

within the non-orogenic field are from sample 2140468 . which is extremely highly fractionated 

(Mg# • 0.35) . This highlights a potential problem with using these diagrams ; rocks that are highly 

fractionated, with a correspondingly high Ti content, may yield results which are inconsistent with 

interpretations based on considerat ions of the whole suite from which it comes. The NAI and 

NAT pyroxenes plot, as expected mainly in the non-orogenic field on this diagram 

The samples from orogenic environments are plotted on the calc alkalic-tholeiitic 

discriminant diagram in Figure 3.53. The lAO group plot i!1Jhe tholeiitic field. although considering 

the highly depleted nature of these magmas which probably indicates a highly refractory sour~ 

compared to normal mantle (see Chapter 4), the low Ti contents are inevitable and not very 

meaningful with respect to this di<tgram. The lA I group plots mainly in the area of overlap and does 

not conclusively indicate the affinity of the samples. As in Figure 3 .52. pyroxene from the highly 

fractionated sample 2140468 are anomalously enrich~d inTi and give results inconsistent with 

whole rock chemistry . 
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3.6.4 Significance of the Wild Bight Group Clinopyroxene Analyses 

• Analysis ~primary clinopyroxene in the Wild Bight Group mafic rocks leads to 

interpretations of magma series and paleotectonic environments that are generally consistent 

with those reached from consideration of the whole rock data. In accord with the previous 

conclusions of Nesbit and Pearce (1977} and LeTerrier eta/. (1982}. the pyroxene data appear to 

be less definitive and the interpretations more equivocal than those reached from whole rock 

data. However, the interpretations reached on the basis of analyses 61 primary minerals. rather 

than ahered whole rocks, data do provide important confirmation of these interpretations from an 

independent source. 

In particular, the pyroxene data tend to confirm the non-alkalic, tholeiitic nature ol the lAD. 

IAI and NAI groups, the transitional (non-alkalic to ·alkalic} nature of the NAT group and the alka~c 

nature of the NAE group. They further support the assignment of the lAD and IAI groups to an " 

island arc series and the NAI, NAT and NAE groups to a within plate se"ing. Apparently spurious ~ 

results from high\y fractionated sample~ emphasize the necessity lor caution in interpreting 

pyroxene data in the absence of confirmatory data from other sources. 

3.7 Geochemistry of the Felsic Volcanic Rocks 

3.7.1 Felsic I Mafic Volcanic Associations 

In most cases. felsic volcanic rocks in the Wild Bight Group are associated with mafic 

volcanic rocks of island arc geochemical affinities. specifically the Gbver's Harbour, Indian Cove 

and Side Harbour :hafic volcanic rocks assigned to the lAO group am the Nanny Bag Lake suite 

of the IAI gro~_p_.__§~icf_13_n~e for this association in the care of the Long Pond rhyolite is more 

~uivocal as the only mafic volcanic rocks in this sequence comprise a thin pillow breccia unit 
. , 

which is too altered to provide useful geochemical data. However; sedimentary rocks near and in 

apparent stratigraphic ~ntinuity with the rhyolite are intruded by a sill of !AI affinity and elsewh.ere 
~ 

in the Wild Bight Group, similar sills only intrude sequences with volcanic rocks of island arc 

.. . 



affinity. 

Wood et at. (1979) hav.: argued that Ta, Hf, 1 hand LREE relationships can be used to 

discriminate the tectonic environment of felsic as well as mafic volcanic rocks because, un~e Zr 

a~ Ti; they do not reaqily enter common liquidufJ'hases in si:icic magmas Wild Bight ·Group 

felsic volcanics have prominent negative Ta and Nb anomalies and positive Th anomalies with 

respect to the LREE and plot well within the arc field on the Ta· Th-Hf diagram (Figure 3 .54) . 

3.7.2 Classification of Wild Bight Group Felsic Volcanic Rocks 

The Wild Bight Group felsic volcanic rocks all have silica contents greater than 75% (Table 

3.17) and there are no rocks of intermediate composition between basaltic andesite and 

high-silica rhyolite . The rocks are very sooa-rich and potash-poor (Na/K ratios are, with few 

exceptions, greater than 5), are generally mildly corundum normative (peraluminous) (Table 3 . 18) 

' 
and plot in the field of trondhjemite and quartz keratophyre on the normative feldspar 

classification diagram of O'Connor (1965) (Figure 3 .55) 

The mobility of alkali elements, calcium and silica during alteration raises the quest ion as to 

whether their concentrations in these rocks are liquid compositions or reflect secondary 

metasomatic alteration. qt particular interest is whether the high Si02 and the alkali ele_ment 

ratios (i.e. the very low K2o contents) are an original feature or reflect metasomatism of rocks 

which originally had lower Si02 contents and Na/K ratios (e.g Amstutz, 1974). The fact tHat the 

• 
rtlyolitiC rockp are generally very fine grained, and probably were originally more or less glassy 

(although no shards are preserved in thin section), as well as petrographic evidence lor alteration 

(e.g. some saussuritization of feldspar phenocrysts , local epidote and quartz veining, 

recrystallizat~n of groundmass) suggests that some metasomatic redistribution is to be 

expected. The Sio;·qontenfs are abnormally high for rhyolitic rocks in island arc environments 

(see below) indicating!:9me silicification has probably occurred. ~!though so~e alkali 
· \ 

redistribution is to be ex ed in this situation, three lin.es of petrographic evidence suggests 

that low K20 contents (and high Na20tK20 ratios) are an original feature of the rocks : 
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Table 3.17: Major (weight percent) and trace.(ppm) element c:ontentJ of felsic vok::anic rocks 

Sample 2140452 2140453 214046ft 2140487 2140488 2140490 2140493 
... volcanic unit•• gh --..j~6 .86 ic ic ic ic ic 

Si02 11.02 79.06 78.98 76.82 75.85 . 76 .60 
Al203 12.17 12.36 11.24 12.03 13.16 13.28 12.36 
Fe203 0.60 0.12 0.02 0.92 1.49 1.35 1.91 
FeO 1.72 ~.74 1.76 0.40 0.24 0.19 / 1.41 
MgO 0.73 0.88 0.18 0.08 0.09 0.07 0.96 
CaO 0.49 Q.48 1.34 0.76 3.13 2.60 0 .93 

tt. Na20 5.89 6.14 5.61 5.37 2.96 5.48 4.83 
K20 0.98 0.07 0.02 0.97 1.69 0.69 0.68 
Ti02 0.32 0.28 0.46 0.40 0.33 0.40 0.27 
MnO 0.04 0.03 0.02 0.03 0.03 0.04 0.02 
P205 0.04 0.03 0.27 0.04 0.06 0.05 0.03 

L.O.I. ~.08 1.10 0.58 0.81 1.47 0.70 1.08 
Total· 99.24 100.24 99.74 . 99.69 99.10 100.11 98.99 

Ct.! 3 5 5 36 3 3 2 
Zn 46 43 66 60 90 49 70 
Ni <1 <1 <1 <1 <1 <1 <1 
Cr 8 . 5 6 <5 , 5 <5 <5 
v 22 , <20 <20 24 26 26 <20 
Sc 8.2 8.9 
Co 2.9 2 .9 

~ 
Rb 6 2.8 0.7 6 10 2.3 4 
Sr 37 38 44 46 93 81 86 
Ba 130 26 26 115 215 85 71 
Th 1 12 0.68 

y 34 31 40 30 35 43 44 
Zr 82 90 44 50 65 58 96 
Nb <0.5 <0.5 <0.5 0 .6 <0.5 <0.5 <0.5 
HI 3.1 1.77 
Ta 0.05 0.06 

La 2.6 3.8 . I • 

Ce 
~ 

10.4 10.4 
Nd 8.5 7.5 
Sm 2.94 2.63 
Eu 0.64 0.67 
Gd 3.70 /' 3.70 
·lb 0.71 0.69 
Yb 3.80 3.56 
Lu 0.52 0.54 

Th!Ta 22.40 11.33 
(La!Sm)n 0.54 0.88 

-~b 1287.0 208.2 247.8 1355.4 1416.9 2522 9 1393.6 
Na!K 5.4 . 78.2 250.1 4.9 1.6 7.1 -6.3 

Rb!Sr 0.2 0., 0.0 0.1 0.1 0.0 0.0 
Zr!Y 2.4 2.~ 1.1 1.7 1.8 1 3 2.2 

•- analytical total; major element concentrations are recalculated to 100% anhydrous 
••gh - Glover's Harbour; ic- Indian Cove: nbl · Nanny Bag Lake; lp- Long Pond; sh- Side H~rbour 

I 
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(continued) 

Sample 2140525 2140535 2140537 2140538 2140556 2140513 21 40528 
vok:anic unit nbl nbl nbl nbl lp lp sh 
Si02 75.79 76.28 76.20 77.44 ~· 81 .19 79.07 76.33 
Al203 11.23 12.49 12.94 11 .86 10.78 11 .17 12.26 
Fe203 1.33 1.07 0.91 0.65 0.48 0.41 0.15 
FeO 3.78 3.29 1.31 1.86 0.25 1.37 3.66 
MgO . 1.33 1.20 0.90 0.32' 0.09 0.35 1.50 
CaO 3.84 0.36 0.33 0.54 1.06 1.61 0.58 
Na20 1.52 ( 4.36 7.07 3.71 5.15 5.14 4.69 
K20 0.73 0.48 0.11 3.32 0.70 0.57 0.44 
Ti02 0.32 0.34 0.18 0.23 0.22 0.24 0.30 
MnO- 0.06 0.06 0.02 0.02 0.01 0.02 0.04 
P205 0.06 0.06 ~ 0.02 0.04 0.1 3 0.04 0.05 

LO.I. 
Q 

2.24 1.50 0.48. 0.68 1.44 1.80 1.54 y 
Total' 99.74 98.77 99.43 99.34 100.22 99.81 98.62 

Cu 24 29 5 93 57 30 6 
Zn 100 117 45 45 24 50 71 
Ni <1 <1 <1 <1 

~ 
<1 <1 <1 

Cr <5 7 5 11 5 8 10 
v <20 <20 <20 <20 <20 <20 <20 
Sc 15.9 
Co 1.1 

Rb 8 0.0 <0.5 22 7 8 4 
Sr 115 75 63 38 69 54 67 
Ba 27 45 28 148 80 66 78 
Th 0.75 

y 38 44 54 43 25 33 31 
Zr 56 70 114 73 36 41 41 
Nb <0.5 <0.5 <0.5 <0.5 

\f 
<0.5 <o:5 

HI 2.4 
Ta 0.06 

La 4.1 
Ce 12.0 
Nd 9.6 
Sm 3.91 
Eu 1.05 
Gd 0.00 
lb 1.05 
Yb 5.30 
Lu 0.84 

ThfTa 12.50 
(la!Sm)n 0.64 .... K!Rb' 723.9 

'\ 8.1 
t266.4 846.9 586.2 953.5 

Na!K 1.9 57.3 1.0 6.6 . 8.0 9.5 
RbiSr 0.1 0.0 0.6 0.1 0.1 0.1 
Zr!Y 1.5 1.6 2.1 1.7 1.5 1.2 1.3 

• 
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Table 3.18: CIPW norms for Wild Bight Group felsic volcanic rocks 

Sample 2140452 2140453 2140466 2140487 2140488 2140490 2140493 
Quartz 35 95 36.55 42.84 42.38 46.42 36.42 42.26 
Corundum 0 61 1.38 0.19 0.85 0.89 0 2.04 
Zircon 0.02 0.02 0.01 0.01 0.01 0.01 0.02 
Orthoclase 5.79 0.41 0.12 5.73 9.98 4.08 4.02 
Albite 49.83 51.95 47.47 45.44 25.04 46.36 4086 
Anorthite I 2.21 ~ 2.~ 4.9 3.55 15.2 9.6 4.46 
oiopside 0 '7 0 0 9 0.38 0 
Wollastonite 0 ! 0 0 0 0 0.85 0 
Hypersthene 4.02 6.72 2.94 0.2 0.22 0 2.99 
Magnetite 0.87 0.17 0.03 0.23 0 0 2.77 
Ilmenite 0.61 0.53 0.87 0.76 0.57 0.49 0.51 
Hematite 0 0 0 0.76 1.49 1.35 0 
Sphene 0 0 0 0 0 0.35 0 
Rutile 0 0 0 0 0.03 " 0 0 
Apatite 0.09 0.07 0.64 0.09 0.14 0.12 0.07 

Sample 2140525 2140535 2140537 2140538 2140556 2t40513 2140528 
Quartz 51 .61 44.53 32.01 40.46 46.4 42.73 ' 41 .19 
Corundum 1.09 4.27 0.63 1.26 0 0 3.12 
Zircon 0.01 0.02 0.02 0.02 0.01 0.01 0.01 
Orthoda.se 4.31 2.84 0.65 19.62 4.2 3.37 2.6 
Albite 12.86 36.89 59.81 31.39 43.57 43.49 39.68 
Anorthite 18.7 1.43 1.53 2.46 4 .2 5.72 2.59 
Diopside 0 0 0 0 0.48 1.72 0 
Wollastonite 0 0 0 0 0.06 0 0 """ Hypersthene 8.74 7.69 3.63 3.33 0 1.81 9.91 I 
Magnetite 1.93 1.55 1.32 0.94 0.2 0.59 0.22 
Ilmenite 0.61 0.65 0.34 0.44 0.42 0.46 0.57 
Hematite 0 0 0 0 0.34 0 0 
Sphene 0 0 0 0 0 0 0 
Rutile 0 0 0 0 0 0 0 
Apatite 0.14 0.14 0.05 0.09 0.12 0.09 012 

,I 

) 
.. 

, 



, 

. 
203 

• 

Trondhjemite I 
Quartz Keratophyre 

0 
I 

(!,o ~ ~ 
-· Ab 

An 

Granrte 
0 

• Glover's Harbour 
o Indian Cove 
• Long Pond 
o Nanny Bag Lake 
• Side Harbour 

Or. 
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1) There is no potassium feldspar in the rocks, .either as phenocrysts or in the groundmass . 
suggesting that the crystallizing magma was K-poor. 

2) Although the rocks have certainly been subjected to some seconda~ alteration, there is 

no ~etrographic evidence of extensive or pervasive hydrothermal alteration. Furthermore, the 

most K20 -rich samples (2140488 and 2140538) show the most alteration in thin section and 

have abnormally high amounts of sericite in the groundmass. In the case of 2t40538, the sericite 

is concentrated in microveinlets (Plate 2.13) suggesting that components such asK may have 

been added to the rock through secondary hydrothermal activity. The efftJct of the most severe 
1 

alteration has, therefore, apparently been addition rather than removal of K2o and the l?w K
2
o 

contents are reasonably interpreted as an original igneol.!s feature . A similar argument hold5for 

Rb whif,;h has generally low abundances but is most enriched in the two samples showing 

evidence of potassium metasomatism. 

3) Perhaps most persuasive are the very low abundances of incompatible ele,!llents Zr, Nb 

and Ba (Ba, again not coincidentally, is relatively enriched in the most altered samples), not 

indicative of sialic crustal sources from which granitic rocks are commonly interpreted to derive but 

rather of depleted sources such as malic igneous rocks, commonly cited as potential sources of . 
trondhjemitic liquids through partial melting in island arc environments (further referenced 

discussion of this point follows below). 

' 
Barker et at. ( 1976) classified trondhjemites into low- Al2o3 ( < 15 percent) and high-

At2o3 ... ( >15 percent) varieties, based on their studies of Precambrian examples in the western 
~ 

United States. Their studies indicated that the former resulted from partial melting of amphibolite 

and hornblende-bearing gabbro, with plagioclase but not hornblende or garnet as a residual 

phase. The latter, they interpreted as the resun of hornblende-controlled fract ionation of basaltic 

liquid or partial mening of basaltic rocks with garnet and/or hornblende in the residua. The Wild 

Bight Group rhyolites, with Al2o3 contents in the 11 to 13 p~cent range, correspond to the low­

AI2o3 trondhjemites of this classification. 
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3.7 .3 Composition of Wild Bight Group Felsic Volcanic Rocks 

The major and trace element composition of the Wild Bight Group rhyolites is illustrated by -

a series of Harl<er diagrams in Figure 3.56. All are 'high-silica' with Si02 contents greater t_han 75 

I -' 
percj3nt. Most cluster in the ~ilica range between 75 and 78 percent although four samples have 

approximately 79 to 81 percent silica. Aluminum, iron and magnesium all show a strong 

anticorrelation with silica. In the case of C\Kimina, this may reflect the influence of plagioclase, 

e~her during fra9tional crystallization or residual after partial melting (see also negative Eu 

anomalies in REE patterns, Figure 3.57). Sodium, potassium and calcium all vary 

non-systematically with silica ; all are very mobile in fluid phases and are likely to have been 

affected by fluid interaction during magmatism. Some secondary alteration is also likely although. 

as discussed previously, this has probqbly not effected a wholesale redistribution of these 

elements in most samples. Ti02 is present in ·similar concentrations in all rocks, and, according to 

petrographic observations-, is probably presen! mainly in fine grained groundmass oxide phases. 

Incompatible trace elements, both LFSE and HFSE, have generally low abundances in 
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'\ 
these rock.s. None varies systematically with silica. The consistently low abundances of Rb and Ba 

' suggesis that this is probably an original feature of the rocks, although the absolute 

·concentrations may have been readjusted slightly by alteration. The abundances of the HFSE Zr, 

Y, Nb, Ta and HI are lil<ewise very low foi felsic rocks and show little variation between suites. 

Ratios between more and less compatible elements (i.e. Zr!Y, Table 3.17) are generally chondritic 

or less. 

REE patterns for the Wild Bight Group rhyolites (Figure 3.57) are distinctive for felsic rocks . 

Abundances are approximately 10 times chondritic (consistent with HFSE abundances) and 
.. 

there is a slight LREE depletion ([la/Smln·-54 to .88) , consistent with HFSE ratios . All samples 

h~ve small negative Eu anoTnafies (Eu/Eu· .. o.58-0.71) . 

The composi1ions of these rocks are further discussed in Sectiof' 3.7.5 where they are 

compared to modem e).amples of low-K, high-Si02 rhyolite and some Newfoundland oceanic 

plagiogranites. 
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3.7.4 Trondhjemite I Quartz Keratophyre in Orogenic Environments 

3.7.4.1 High-Si02. low K rhyolites in modern island arcs 

High-Si02. low-K. ·peraluminous rhyol ites and dacites with trondhjemitic/tonalitic liquid 

compositions are a characteristic feature of modern island arcs. Ewart (1979) reviewed the 

occurrence of these rocks on a world wide scale, compiling available geochemical data and 

summarizing their tectonic settings. He noted that they are generally found in settings 

characterised by relatively young crust and/or in intra -oceanic island arcs. 

It is beyond the scope of this review to summar ize all known examples . However. brief 

consideration of four particularly well studied areas, the Tongan arc, the Miocene sequences of 

Fiji, the Cenozoic New Britain arc of Papua New Guinea, and Eocene rhyolites of the Mariana 
I 

forearc will suffice to illustrate the principal features, the major evidence and lines of <)(gument in • 
the debate over their petrogenesis and possible analogies to the felsic rocks of the Wild Bight 

Group. In particular, the discussion is intended to emphasize the considerable geochemical 

diversity that characterizes these rocks in different a~eas and to highlight the different types of 

petrogenetic interpretations that have been advanced to expla in their origin. Representative . 
geocWemical analyses are given in Table 3.19. 

The first-studied representatives of dacitic rocks lrom the Tongan arc were drift pumice 

(Bryan, 1968,1971) . Melson eta/. (1970) first described thi-~CI)_ . istry of high·Si02 dacu ic 

f~~ 
pumice from the eruption of Metis Shoal .and these data we;V by Ewart eta /. ( 19 73) in the 

• first major petrogenetic study of the Tongan arc as a whole. They noted that a complete range of 

compositions were present in this arc from basaltic andesite through dacite and showed that 

major element data for rocks and phenocrysts could be successfully modelled by least squares 

analysis in terms of fractional crystallization of observed island arc tholeiit ic andesites. Although 

the felsic whole rocks generally contained less than 69 percent silica and cannot be considered 
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'high-silica·. residual glass in the Metis Shoal dacite contained more than 73 percent silica and was • 

interpreted by Ewart eta/. ( 1973) as the extreme end product of this fract ional crystallizatian. This 
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view of extreme differentiation of basaltic andesite liquids to form high-Si02 rhyolite in the 

Tongan arc has more recently been supported by Bryan (1979) and Hawkins (1985) who 

analysed whole rock and residual glass separated from pumice dredged from the Tonga Ridge. 
, 

Noting its close chemical and mineralogical similarity with the Metis Shoal dacites and its apparent 

trace element relationship with arc tholeiite series magmas, Hawkins (1985) argued that the 

high-Si02 glass therein was best interpreted as 1~ end product of fractional crystallization of the 

island arc tholeiitic series magmas. 

High-Si02. low-K, dacites and trondhjemites are a major component of the Mid-Miocene 

sequences of Fiji, which comprise the voluminous products of island arc volcanism in the Tonga 

Arc preceding the opening of the Lau Basin (Gill, 1976) . Analyses of these rocks have been 

published by Gill (1970), Colley and Rice:(1975) and Gill and Stork (1979). . According to Gill and 

Stork ( 1979). high-Si02 volcanic rocks constitute 30 to 40 percent of the basement Wainamala 

Group of Viti Levu and form domes, breccias and tuffs within the Undu Group of northern Vanua 

Levu, Related trondhjem~e plutons intrude the Wainamala Group. The high-silica volcanic rocks 

plot in the trondhjemite field on the normative feldspar diagram and have REE patterns. LILE . . 
relationships and 87 Srf36sr ratios which closely resemble thos8 of the associated mafic volcanic 

rocks leading (Gill and Stork, 1979) to suggest that the petrogenesis of the silicic and mafic 

magmatic rocks was closely related. They noted that although there was no clear evidence as to 

whether the relationship was one of partial fusion or fractional crystallization, there were several 

lines of reasoning that indicated the former as a principal process including: 

1) the bimodality of the volcanic suites (e .g. lack of intermediate composit ions) ~uggesting 

separate sources; 

• 
2) normative compositions plotted on an Ab-An-Oz ternary diagram do not cluster near or 

spread along the quartz-plagioclase cotectic suggesting limited influence of fractional 

crystallization; 

3) High Ab/Or ratios coupled with peraluminous character suggest equilibrium with 

hornbl~nde which. because it is not a consistent fractionating mineral in the volcanic rocks. is 

.-. 
·- . \ 
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more easily ascribed fa-the residuum of partial fusion ; 

4) REE patterns of the plutonic trondhjemites appeared to be consistent ..;;;ith partial fusion 

of either the Wainamala Group r:nafic volcanic rocks or the underlying oceanic crust (although no 

such simple interpretation was universally applicable to the more variable dacites) . 

However, they noted that problems with this interpretation including abnormally high K/Rb 

ratios and the constancy of Ab/Or ratios which imply the absence of relractory plagioclase. They 

noted that considering the potent ial complexities introdu.ced by fractional crys!allization . their data 

base did not permit more detailed genetic modelling. 

Late Cenozoic volcanic activ~y has, in several instances along the New Britain arc of Papua 
I 

New Guinea. included the eruption othigh-Si02, low-K, peraluminous rhyol ite. The petrogenesis 
l 

of these rocks in New Britain and nearby islands has been extensi•;eiy studied by Lowder (1970), 

Lowder and Carmichael (1970), Heming (1974), Heming and Rankin (1979), Johnson and 

Chappell (1979) among others, most of whom ascribed them to crystal fract ionation of basaltic 

parents on the basis of least squares calculations on whole mcks and phenocryst compositions. 

I 

However. some difficulties with this interpretation have recently been outlined by Smith and 

Johnson (1981) including: 

1) in some cases, the least squares fit is very poor: 

2) the proportions of different volcanic rock types in some areas are considerably different 

from that predicted by the least squares calculations ; 

3) the stratigraphy based on field relationships locally shows the supposed basaltic parents 

to be stratigraphically above and presumably younger than the supposedly derivative silicic rocks; 

4) local textural and ~ineralogical features suggest magma mixing and incorporation of 

components from other sources. raising difficulties with establishing a simple fractional 

crystalliza+!On sequence to account for the origin of the rhyolites : 

5) in some areas. a slight enrichment of radiogenic 87 Sr in felsic rocks compared to basaltic 

varieties further complicaLes any model that depends mainly on fractional crystallization. 

Smith and Johnson (1981) suggestea that an equally acceptab.le alternative model is 
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rhyolite production through partial fusion of island arc crust, explaining isotopic differences in 

felsic and mafic rocks by aging of the sources or alteration of the crust and across-arc differences· 

in chemistry by systematic differences in the composition of the sources. They cited ~lustering of 

samples near the low-pressure minimum in the Oz-Ab-Or system as supporting evidence. 

Meijer (1983) considered the origin of low-K, high-Si02 rhyolites tl:lat occur in the Mariana 

frontal arc, building on tM previous studies bf Schmidt ( ~57). Taylor eta/. ( 1 969) and Barker et 

at. (1976). Using whole rock and mineral geochemical data from the previous studies 

supplemented by new mineral and glass analyses, he showed that the observed major element 

abundances as well as REE patterns could be successfully modelled. using partition coefficients 

derived for Saipan andesite. by approximately 78% crystal fractionation of a liquid of typical 

" 
'high-Mg andesite from a DSDP hole in the Mariana forearc . Such a mechanism was supported by 

similar 87sr~6sr and 143Nd!144Nd in the high-Mg andesite and rhyolite . Although the exact 

REE pattern of the rhyolite could not be reproduced, Meijer (1983) suggested that variable 

relative REE contents in the source rocks could explain the observed variation 

In summary, the petrogenetic history of high-Sio2. low-K rhyolites in modern is land arc 

environments is normally not well constrained. In some cases, modelling of fractional 

crystallization of mafic liquids observed in the island arc (e ither island arc tholeiites or high-Mg 

andesites) can successfully reproduce the observed felsic rock compo~it ions In other areas. 

however, there are strong arguments, in favQur of partial fusion of basal island arc basaltic crust 

(perhaps with further modification resuHing from fractional crystallization, magma mixing or 

contamination from other sources prior to eruption) as the dominant ~r~cess 

3.7.4.2 Oceanic plagiogranites 

r-----
Oceanic plagiograi'lites were first discussed in d~ta\ by Coleman and Peterman ( 1 976). 

. , -

These rocks are common, although not generally voluminous, components of ophiol ites, where 
. 

they are commonly interpreted as differentiates of the tholeiitic liquids of the plutonic suites (e .g . 

Coleman and Peterman, 1976; Coleman and Donato,. 1979). However, the role of fluid phases 
J 



has been stressed by some workers. particular1y with respect to the abnormally low K contents of 

these rocks. For example, Sinton an~yerly (1980) ascribe<ithe K depletion,of granophyre in 

recent basalt from the Mid-Atlantic Ridge to metasomatic atte·ration by lat~ vapour phases. 

However, it is not clear from these studies to what extent theories of plagiogranite petrogenesis 

in an oceanic spr&ading ridge environment can be applied to the isl,and arc environment. 

Malpas (1979f1was the Jirst to describe and contrast examples of ancient spreading ridge 

and island arc trondjemites. He found that trondh~ites in the Bay of Islands Ophiolite Complex. 

in1erpreted as oceanic crust formed at an oceanic or marginal basin spreading axis, have Na2o > 

• 
6 percent, Rb/Sr-0.01, little K20 and relatively high abundances of the incompatible trace 

elemen.ts. In contrast. those in the nearby Litt1&'\ort Complex. interpreted as the basal part of an 

island arc complex, have Na20- 5 percent, Rb/Sr-0.1 and very low inco'mpatible element r . . 
abundances. He interpreted these ge~chemical features coupled with field relationships (the 

association of the Bay ollslands trondhjemites with the ophiolitic plutonic suite versus the 

\ 
il1timate association of Little Port Complex trondhjemites with amphibolites) as indicat ing that the 

· former resulted from partial melting of amphibolites near the base of an island arc and the latter 

through fractional crystallization of basaltic liquid in the ophiolite. He noted that these chemical 
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differences might prove useful in defining the origin of trondhjemites elsewhere. \: 

f., 
The Twillingate Trondhjemite in eastern Notre Dame Bay has low Al2o3. K20 , Sr and Ba, 

high Si02 and Na2o (Payne and Strong, 1979). It intrudes greenschi~t facies tholeiitic basaHs of 

the Sleepy Cove Group. Various workers have remarked on the geological similarities between 

the Twillingate and Little Port trondhjemites (e .g. Williams and Payne, 1975). Geochemical data 

from the Twillingate Trondhjemite, particularly its depleted incompatible element contents, lack of 

evidence for extended plagioclase fractionat ion and geochemical Jinks with nearby amphibolites. 

as well as the intimate spatial association of trondhjemite with the amphibolites led Payne and 

• 
Strong (1979) to suggest that it could have formed frqm partial fusion of basaltic material at the 

base ot a voleanic sequence about 12 km thick (i.e. nearolhe base of an island arc in the presence 

of a high geothermal gradient). 



3.7 .5 Comparison of the Wild Bight Group Rhyolites with Modem Orogenic Rhyolites and 

Early Paleozoic Newfoundland Plaglogranltes 

All of the examples discussed above are low- Al2o3 trondhjemites according to the Barker 

er at_ (1976) classification (Table 3.19) . However, t~ey are not a homogeneous suite and show 

varying similarities and also some significant differences wit~ld Bight Group rhyol ites. 

The Wild Bight Group rhyolites are generally more Si02-rich than either modern high-silica 

rhyolites or ancient trondhjemites, suggesting that they h,we undergone post-depositional 
' 

silicification. 

REE patterns in high-Si02, lo~-K rhyolites are highly variable reflect ing their varied 

SOljrces as well as melting and crystallization histories As in the Wild Bight Group, these rocks l 

have REE abundances of approximately 10 times chohdrite and minor to pronounced negative 

europium anomalies (Figure 3.58). Unlike the Wild Bight Group, most are slightly LREE-enriched, 

although three (the Tonga dacites, rhyolites from the Undu Group, Fiji, ana the Saipan rhyolite) 

are LREE-depleted and, in this respect, closely resemble the Wild Bight G! oup rocks. 

Wild Bight Group REE patterns are very similar to those in the Twillingate Trondhjemite , 

which are variably slightly LREE-depleted to slightly LREE-enriched with abundances in the areas 

0110 x chorjdrites (Figure 3 . 58) . Although the Jwo are not of same' age (the, Twill ingate 

Trondhjemite is late Cambrian according to Williams et a!. (~76) their similar REE patterns argue 
~ --- - o.J 

for a similar petrogenesis. 

Figure 3.59 illustrates that the Wild Bight Group rhyol ites have generally s imilar Zr contents 

- to both the modern orogenic rhyolites and the Newfoundland plagiogranites. The Ba contents of . 
the Wild Bight Group rocks, ahhough similar to the Newfoundland plagiogranites (wh ich are 

consistently less than 150 ppm), are distinctly lower than those in the modern oceanic rhyolites 

(which are generally greater than 200 ppm). As with the REE, the oceanic arc rhyolites that are 

most similar to the Wild Bight Group rocks are the Undu Group, Fiji, and Saipan rhyolites. 

Rt:VSr ratios in the Wild Bight Group rocks , ahhough showing some scatter which may 
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Figure 3.58: REE patterns for the Wild Bight Group < o lites compared with the 
Twillingate TrondhJemite and high-Si02, low-K rhyolf/s from modern arcs: In 
A, symbols for Wild Bight Group rocks are same as (n Rgure 3.51 . Field of Wild 
Bight Group rhyolites represented by stippled field in B, C and D. 

r 

215 

' 



450 
Ba (ppm) 

100 
y (ppm) 

200 
Zr (ppm) A 

400 

350 75 150 
300 • Glover's Harbour 

0 Indian Cove 
250 • Long Pond 

50 • 100 • 
200 .o c Nanny Bag Lake 

~0 0 • .. Side Harbour 

150 • tc •• .. 
0 

•o 25 
0 • 100 c 50 0 

A<b 
AO'c 0 c 

50 
~0 • 0 

0 2 4 6 2 4 6 2 4 6 8 

450 Ba (ppm) 100 y (ppm) 200 Zr (ppm) 8 
5 80 

46 

400 • 
6 Tonga arc high-5i02 

350 75 150 
dacite 

6 • S.W.Pacific average 
300 1~~3 

high-5i02 dacites 
c Fiji Miocene volcanics 

250 61 4 • Cenozoic New Britain 
• 9 6 

50 100 low-K rhyolites 
200 51 A Eocene low-K rhyolite, 

Saipan 

150 

100 25 64 50 

50 

2 4 6 2 4 6 2 4 6 8 
CaO 

Fl91d of Little Port Complex trondhjemite 
(Malpas, 1979) 

Fl91d of Twillingate Trondhjemite 
(Payne and Strong, 1979) 

Figure 3.59: Ba, Y and Zr plotted against CaO (Malpas,1979) 
comparing the Wild Bight Group rhyolites (plotted in A and stippled 
field in B) to high-Si02, low-K rhyolites from modern arcs and 
Newfoundland trondhjemites of probable arc origin. Numbers in B 
are keyed to Table 3.18. 

216 



result form alteration, are generally ~loser to 0.1 than 0.01 on the Rb/Sr diagram (Figure 3 .6~ 
this regard, they more like continental trondhjemite than oceanic plagiOgranite, according to 

Coleman and Peterman (1976), although Rb and Sr abundances are generally lowor than in <. • 
continental trondhjemite. High-Si02. low-K rhyolites of modern aros have ·similar Rb/Sr ratios·to 

the Wild Bight Group rhyolites aMhough with somewhat higher Sr contents (the exceptions again 

"' being the Undu Group rhyol~es of Fiji and the Saipan rhyolites, which plot within the field of Wild 

Bight Group rocks). The Little Port and Twillingate trondhjemites occupy identical fields to the 

Wild Bight Group rocks . 

Figure 3.60 suggests that the Rb (and K20, with which i1 is positively correlated) 

enrichment of the Wild Bight Group rocks, relative to oceanic plagiogranites, is a consistent 

feature of island arc magmas. It parallels the well-<1ocumented potassium enrichment of island arc 

mafic magmas relative to those at spreading ridges , which is generally interpreted as resulting 

from LILE metasomatism resulting from dehydrati~n of the subducting slab (e.g. Sun, 1980; 

Wood et at., 1979). However, whatever the reason, the data suggest that an addition~ can 

be defined on this diagram for arc related felsic rocks , ~th plutonic and eruptive, which straddles 

the Rb/Sr- 0.1 line betweerfthe oceanic and-continental plagiogranite (Figure 3.60). 

In summary, although low-K, high Si02 rhyolites in modern arcs display 'a considerable 

geochemical diversity, they also show some broad similarities to the Wild Bight Group rhyolites . 

These similarities are best displayed in broadly similar REE abundances (although not always 

parallel paMems), Rb/Sr ratios and incompatible element abundances) . Loc~ in this 

environment, very good geochemical al1alogues for the Wild Bight Group rhyolites can be 

identified (i.e. Undu Group, Fiji and Saipan rhyolites) . Elsewhere in Newfoundland, plagiogranites 

,interpreted as the resuns of partial melting in an island arc environments are also very similar . . 

geochemically to the Wild Bight Group rhyolites. 

3.7.6 Fractional Cr.tStamz.atlon or Partial Melting? 

· The close spatial association of rhyolite and mafic volcanic rocks of island arc affinity in the 

(. 
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Wild Bight Group argues for some genetic relationship as well. Genetic models for the Tonga and 

'$aipan rhyolites (discussed above) suggest that these types·of rocks may be derived through 

ex1endeJfractio~l crystallization of island arc tholeiitic and/or high-Mg andesitic magmas. 

However, given the very low incompatible element contents of the Wild Bight Grol}p rhyolites, it is 

difficult to imagine them as the products of extreme fractional crystallization of even very 

incompatible element-qepleted mafic liquids. There are other arguments against advanced 

fractional crystallization and in favour of partial fusion of mafic rocks in the arc crust. Gill and Stork 

(1979) pre~ented a number of them, including absence of intermediate compositions, 

peraluminous compositions. lack of consistent relationship between whole rock compositions 

and the low pressure quartz-plagioclase cotectic, with reference to the Fiji high-Si02. low-K 

rhyolites. Such arguments, particularly the lack of intermediate compositions. are also persuasive 

with respect to the Wild Bight Group rocks. 

If these rocks do result from partial fusion of mafic arc crust, the slight positive slopes in 

HREE patterns require that garnet was not a residual phase during partial melting. Coupled with 

the slight LREE-depletion, they also argue against hornblende as a fractionating phase. unless 

the source was extremely LREE-depleted. The low Al2o3 and Sr contents and the marked 

negative Eu a~J.Ues suggest that plagioclase was a fractionating phase. either during partial 

melting or fractional crystallization. 

The close geochemical similarity between the Wild Bight Group rhyoli~es and the 

Twillingate trondhjemite suggests that their petrogeneses may be similar. Payne and Strong 

(1979) suggested that ttre Twillir:Jgate trondhjemitic liquids formed by in situ melting of basalts 

leaving an amphibolite residue. They were able to identify tentatively potential source rocks as 

well as amphibolite residua in outcrop. Using Hoffman's (1976) projections of 

quartz-plagioclase·(H20) relationships and comparing the resu~s with the solidus for a 1921 

Kilauea basalt from Holloway and Burnham (t972). they estimated that melting occurred at 

P(H20) • PT • 4 kb and slightly over 700gC. These are amphibolite grade metamorphic 

conditions at depths of approximately 12 km and a reasonable estimate for co.ndition,s at the base 
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of an island a~c volcanic and sedimentary sequence(Payne and Strong. 1979). 

The genetic models derived by Barker eta/. ( 1976), although based mainly on 

Precambrian low-AI2o3 trondhjemites, also suggest a possible origin for the Wild Bight Group 

myelitic liquids. Not~ng that the generally flat HREE. low abundanc_es of Rb and Sr and lack of 

marked LREE enrichment precluded hornblende.and/or gar!Jet as a fractionat ing phase during 

either partial melting or fractional crystallization, they proposed an origin via par1ial melt ing of 

hornblende-bearing gabbro with complete ~blende fusion and a plagioclase-clinopyroxene 

residue. SLICh a model is consistent with the low incompatible element contents. chondritic or 
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lower ratios between more- and less-incompatible elements (e .g. Zr/Y), and REE patterns of the, 

Wild Bight Group rhyolites . 

The conditions of melting proposed by Payne and Strong (1979) would seem to be 

' reasonable analogy for the origin of the Wild Bight Group rhyolites . Possible sources in the basa lt 

arc crust would include basaltic and andesitic volcanic rocks and also gabbroic cumulates. relicts· 

. . of the extensive magmatism, whi~h would provide a ·.;nry plausible source in view of their strong 

incompatible element (including LREE) depletion. The island arc signature in the HFSE and RE E 

would, in such a scenario, be inherited from melt ing of these rocks, which wou ld already carry 

this signature. The experimental data of Helz (1976) suggesHhat the liquids produced under 

theJe conditions would be somewhat less siliceous than .the Wild Bight Group rhyol ite!' ; either 

superimposed secondary silicification or fractional crystallization would be necessary to account 

for their present silica contents. Further discussion of potential sources and the petrogenesis of 

these rocks follows presentation of Nd isotope data in Chapter 4. 

( 
3.8 Synthesis and Conclusions 

Mafic volcanic and subvolcanic rocks of the Wild Bight Group are variably altered, mainly as 

a resuh of sub-seafloo'r processes. This ah~ration has redistributed the more mobile elements 

(e.g. Na, K, Ab, Sr. Ca) in most volcanic rocks and also, to a lesser extent, in the mafic subvolcanic 

rocks, but has ·generally not affected the less mobile and immobile elements. In particular, 
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relationships between immobile elements and the Mg# have apparently been pr!'lserved. 

Significant aspects of the geochemistry of the Wild Bight Group volcanic and subvolcanic 

rocks are summarized in Table 3.20. Some representative trace element ratios from typical 

oceanic volcanic senings are shown for comparison. although these numbers should be viewed 

critically; the absolute values of "typical" ratios for these settings vary considerably belween 

different authors. Nonelheless, the relative abtlndan.ces and ratios of these elements in various 

environments are distinctive and useful for . .comparison with the Wild Bight Group samples. 

The Wild Bight Group mafic volcanic rod<s are g'eochemically heterogeneous. 

Consideration of absolute abundances of incompatible elements and retationships between 

HFSE, LILE and LREE indicate that these rocks broadly constitute two groups: 1) incompatible 

element-poor, basaltic andesites and basalts which have pronounced negative Ta and Nb and 

positive Th anomalies with respect to normalized LREE and show affinities to island arc basalts on 

most trace element discrimination diagrams; and 2) incompatible ele:nent-rici; t'Jasalts which have 

smooth normalized HFSE, LILE, LREE patterns anal plofs in WPi:{ fields on HFSE t~ iscriminant 

diagrams. The rocks of island arc affinity have consistently lowu T'if, Zr!Y and TiN c:nd higher 

Zr/Nb and Th/Ta with respect to the non-arc suites. lntersuite variations in clinopyroxen.1 

compositions are less discriminating than, but generally confir.n inlerpretations based <m, the 

whole rock studies. 

Geochemical evidence, therefore, strongly indicate~ that the!e two broad grour's 

represent volcanism in two distinct environments, the firv,t an i~land arc setting in whicn magma 

generation was influenced by the subducting slab and i'he second a non-arc er,vironmenl where 

few of the ~agmas show any geochemical evidence of a Gubducting slab. 

Within each of these eAvironments , there are weU-def111ed gec.;hemically distinctive 

groups in the malic volcanic r9cks, two in the island arc environment ~nd three in the non-arc 

environment. Their characteristics can be briefly summarized as: 

1 : The groups of island arc affinity 

i) the lAD (island art depleted) group is very depleted in a'l incompatible elem ents and has 

r 
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distinctive REE patterns with flat LREE at1 to 5 times chondritic and a step up to flat MREE and 

HREE at 6 to 8 times chondritic. Samples plot outside the fields of island arc volcanics on all 

discriminant diagrams indicating abnormal relative depletion of the most incompatible elements. 

Low Cr and Ni contents and Mg# in some samples indiCate that these rocks have undergone 

considerable fradional crystallization. Ti and V increase with decreasing Mg# suggesting that 

these are best characterised as very depleted island arc tholeiites. 

ii) the IAI (island arc intermediate) group has higher incompatible element contents (0.8 > 

Ti02>1.8 weight percent) and is ~self divisible into two magma types: a) a LREE-enriched type 

defined by the Glover's Harbour East, Seal Bay Bottom and Northern Arm suites ; and b) a 

LREE-depleted type defined by the Nanny Bag Lake suite . The former has higher Ti!Y and Zr/Y, 

lower Zr/Nb, plots in WPB fields on discrimination diagrams involving more-to-less incompatible 

element ratios (e .g. Zr/Y versus Zr) . Apart from the HFSE, LILE, LREE characteristics which clearly 

label it as part of an island arc environment, it has geochemical enrichments that are more typical 

of enriched, non-arc magmatism (e.g. contrast .the above mentionlltl ratios to E-MORB). In this 

respect, ~ is similar to medium-K tholeiites in some modern arcs. 

2: The groups of non-arc affinity 

i) the NAI (non-arc intermediate) group has absolute incompatible element concentrations 

similar to the IAI group. Howt~ver, apart fr?m the negative Nb and Ta anomalies (and the resu~ing 

lower Th!Ta ratio), ns higher Ti/Y and Zr/Y and lower Zr!Nb shown to be geochemically distinct. It 

plots in the WPB field on mest discrimination diagrams. has flat to slightly LREE-enriched patterns 

and is geochemically similar toT-Mops and to some basalts erupted in back-arc basins. 

· . ii) the NAT (oon-arc transitioJal) group has fio2 contents between 1. 7 and 3.2 weight 

percent, slightly overlapping the 1~1 and NAI fields . Compared to the NAI group, it is more LREE 

enriched, has nigher Zr/Y and lower Zr!Nb. It plots in the WPB field on most diagrams and shows 

geochemical affinities to both E-MORB and oceanic within plate tholei~es (particularly the latter; 

note the TVY and Zr!Y ratios) . 

iii) the NAE (non-arc enriched ) group has very high incompatible element contents (Ti02> 
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2.75 weight percent). strong LREE enrichment, low Zr/Nb and hi~ ZrfY ratios and plots in the 

alkali basalt field on discrimination plots. On the Ta-Hf -Th plot, ~ch purports to separate within 

' plate tholeiites from alkalic basalts and also on (TlOst diagrams utilizing clinopyroxene 

compositions, the alkalic trend is not strongly developed. suggesting that these rocks may best 

be considered as marginally alkalic. They show geochemical affinities to within plate alkali basalts 

from oceanic island and back-arc settings and to the more enriched varieties of E-MORB. 

Mafic intrusive rocks. which on field evidence are interpreted as subvolcanic. have 

geochemical trends similar to the volcanic rocks. All of the above geochemical grou·ps are 

·~} 
represented in the intrusive rocks, although individual dykes can seldom be directly correlated 

with observed flows on the basis of their geochemistry. Intrusions of island arc affinity are seen to 

intrude only stratified rocks of island arc affinity wh1Je intrusions of non-arc affinity intrude 

throughout the sequence . This suggests·a sequence of events in which products of an early 

island arc magmatic episode (both volcanics, subvolcanics and associated sediments) were later 

intruded through and overlain by volcanic and subvolcanic rocks and associated sediments in a 

non-arc environment. 

Felsic volcanic rocks in the Wild Bight Group are rich in silica and sodium and poor in K2o 

· and compositionally can be classified as high Si02 rhyolites or keratopyhres. They occur only in 
\ 

association with .mafic volcanic rocks of island arc aflinity and themselves have negative Nb and Ta 

anomalies. The rhyolites are characterised by very low incompatible element contents and are 

slightly LREE depleted with negative Eu anomalies. They are geochemically similar to low-K. 

high-Si02 rhyolites in modern island arc environments and to early Paleozoic oceanic 

plagiogranites elsewhere in Newfoundland which have been interpreted as resulting fro~ partial 

melting of basal island arc crust. 

The stratigraphic relationships of the various types of volcanic and subvolcanic rocks are 

partially constrained by the following (summarized in schematic form iri' Figure 3.61) : 

1) volcanic rocks at the lowest exposed stratigraphic levels of the Wild Bight Group (the o 

Seal Bay Bottom basalt) are of island arc atfinity. Most other arc-related sequences occur near the 

I 
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Figure 3.61: Schematic illustration of stratigraphic relationships in the Wild Bight Group. Mafic volcanic and subvolcanic rocks 
have the same pattern. Observed cross-cutting relationships indicated by heavy contacts. 
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middle of the stratigraphic section except the Nortpern Arm basalt which is at the top. 

2) Except for the Northern Arm basan. other volcanic units in the upper part of the Wild 

Bight Group are~-arc affinny and where stratigraphic relationships c~n be ~served or 

' 
inferred, they ·are apparently above all arc sequences except the Northern Arm basalt. 

3) mafic intrusions of l'lon'-arc affinity cut stratified rocks of the arc suites and non-arc 

magmatism must be, at least in !1art, later than the arc-related activity: 

. 4) the two types of island arc-related activity are closely relat~stratigraphically in the 

, Glover's Harbour area. Likewise, different non-arc groups are interbedde(j with each other (NAI 

and NAE types in the brg Lewis Lake volcanic unit, NAT and NAE types in the Side Harbour 

volcanic unit). Magmatism of different types within each environment is interpreted. on this basis, 

to have been approximately contemporaneous. 

5) In view of (1) to (4j above. the position of the arc-related Northern Arm bas an at the top 

of the Wild Bight Group is anomalous and suggests either: a) that waning~ arc volcanic 

activity continued during the eruption of the non-arc products; or b) that the Northern Arm unit 
' 

was exposed as a topographic high during non-arc volcanism and was not ~overed by the 

volcanic products of this episode. In this regard. the nature of the single anomalous sample in this' 

suite, 2140773; at1ains considerable importance. This sample, which is apparently interbedded 

• 
with rocks Of arc affinity, plots in WPB fields on discrimination diagrarT\9", has Ti/Y =561, Zr/Nb=5.6 

. ( . r 
and ZrfY •6.1, all clearly indicating an affinity with non-arc products. specifically the NAI or NAT 

......._ 

groups. Although it is risky to base major conclusions on only one sample, it appE!'ars that , at least 

locally, arc and non-arc volcanic products are Interbedded in the latest stages of Wild Bight Group 

volcanism. Nd isotope evidence which supports this interpretation is presented in Chapter 4. 

The overall picture of volcanic activity in the Wild Bight Group suggests an early episode of 

island arc volcanic activity followed and possibly in part overlapped by magmatic activity without 
. ~ 

the geochemical signature of the subdllcting slab. Nd isotopic data in Chapter 4 further constrain 

the models for magma genesis in these rocks. 

~~) . 
-'~. 

226 



CHAPTER 4 . . 
Nd ISOTOPES AND PETROGENESIS OF THE WILD BIGHT GROUP VOLCANIC AND 

SUBVOLCANIC ROCKS 

4.1 Introduction 

The d~pment of techniques for precise analysis of the isotopic compositions of 

elements has led to the expanded use of isotoR_e~ as tracers in petrogenetic studies. This has 
\ 

provided an important constraint in modelling the origin of magmatic suites, as the isotopic 

composition of 1he magmas is a direct reflection of the isotopic composition(s) of their source(s) . 
• 

Because crustal growth results in the fractionation of some radioactive parenVradiogenic 

daughter pairs (notably, for petrogenetic purposes, Rb with respect to Sr. Sm with respecfto Nd, 

U and Th with respect to Pb) , different parts of the ear1h (e.g. crust and mantle) experience 

different isotopic growth histories over the long term. Magmas derjved from these different 

source areas carry the isotopic signature that has developed in them. 

The isotopic cOmposition of any given element, unlike its geochemical composition, is not 

fractionated by either partial melting or fractional crystallization. The isotopic composition of an 

igneous rock is, therefore, directly related to the isotopic composition of its source(s) and 
' I ~ <._ . 

provides an important tool for interpreting both the nature of as sources and the petrogenetic 

processes that lead to its formation. 

The first use of isotopes in the interpretation of petrogenetic processes Involved the 

Rb/Sr system (the decay of 87Rb to 87sr) . However. the Rb/Sr system has a major drawback for 

use in oceanic basalts and/or ancient altered rocks in that the elements involved are LFSE and 

are relatively mobile in hydrous phases. The isotopic compqsition of Sr can, therefore , be 

227 

/ 

modified by alteration after the rocks have been formed and the present composition of the rocks 

may, in this case, not accurately reflilct that of the magmatic sources. 

. · Simiiar difficulties are encou~ ~n )he appkatiOO ol U- and Th-Pb sysl~ms. All ollhese 

elements may be mobile during~ion and these systems have the added complication of an 

,. 
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extended decay scheme with intermediate stePs which may likewise be interrupted by alteration 

producing disequilibriUm between parent and daughter elements. 

The REE have two radioactive decay systems that are potentially useful in petrogenetic 

studies, the decay of 176Lu to 176Hf and the decay of 147sm to 143Nd. Both radioactive 

parents have long half lives relative to 87Rb and the pre~ent range of radiogenic isotope ratios is 

accordingly rruch smaller, demanding more sophisticated (i.e. precise) analytical procedures . 
. 

Petrogenetic applications of the former
1
system have been explored by, for example, White and 

Patchett (1984), but have not found broad acceptance . because of analytical difficulties. 

However, the development and dissemination of analytical procedures for the precise analysis of 

Nd and Sm Isotopic compositions in the last decade has led to an ever expanding use of this 

system In petrogenesis (e .g. DePaolo and Wasserburg, 1976; O'Nions et at., 1979; Hawkesworth 
' . 

and van Calsteren, 1983). The Sm!Nd system has an important advantage over the Rb/Sr system 

in the study of old, altered whole rocks because Nd is not mobile in hydrous phases. It is present 

in sea water In very low concentrations and, ther~fore, sub-seaf,~r alteration does not result in a 

change in the Nd isotopic composition of the rock. Neither is it sufficiently mobile under 

greenschist metamorphic conditions to be altered by later low grade metamorphism. 

During the course of the present study, the Nd isotopic composition was determined for 

thirty-four seleCted samples, representing the complete range of lithological and geochemical 

variation in the Wild Bight Group volcanic and subvolcanic rocks. The purpose of'the isotopic 

study was : 1) to further test the geoc~mical ~roupings to see whether the geochemically based 
,. 

correlations were supported by isotopic compositions; 2) to identify possible sources for the 

volcanic magmas and, in doing this, provide a basis' for modelling the petrogenetic history of the 

individual geochemical groups and the Wild Bight Group magmatism as a whole. 

I 
The ~ isoto~ic compositions (Nd iC) were determined by thermal ionization mass 

i -

~r.. · spectrometry at the Max-Planck lnstitut fuer Chemie, Memorial University and the Geological 

Survey of Ca':lada. Separation and concentration of Nd from whole rock powders was 

accoi'Tlllished by a three-stage, ion ex_:hange chromatographic technique described in detail in 

\ 
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Appendix 10. On all except six samples, the 147srrV144Nd ratio was determined by isoto~ 

dik.ltion on spiked aliquots of the same sa!'Tl>les dissolved for Nd IC analysis. For the remaining six 

samples, this ratio was determined by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) 

at Memorial Univers~y of Newfou~land. Details of samP'e preparation. laboratory and analy1ical 

techniques, calculations. standard and blank analyses and duijlicate data are in Appendix 10. 

4.2 Nd Isotope Data Presentation 

4.2.1 Introduction 

There are seven naturally occurring, stable isotopes of Nd, having mass numbers 142, 

143, 144, 145, 146, 148 and 150. Mhough there are three naturally occurring nuclides decaying 

to isotopes of Nd (147sm, 148sm. 149sm to 143Nd, 144Nd, 145Nd. r~spectively ), only the first 

is sufficiently short-lived (147 Sm haH life - 1011 yr.) to produce a measurable variation in the 
0 \ 

daughter isotope over geological time. 
I 

The decay.ot147sm to 1 43Nd provides the basis lor Sm-Nd isotope chemistry Because 
( 

isotopic ratios are more readily measured than are absolute abundances of single isotopes, the , 

analyses are commonly reported as a ratio of the daughter isotope to one of the non-radiogenic 

isotopes of ltlat element. In the case of Nd, the isotopic composition is commonly measured as 

the ratio 143Nd;144Nd. 

For any isotopic analysis by mass spectrometry, the data must be corrected lor 

instrumental mass fradionation. In this study, all 143Nct;144Nd analyses are normalized to 

146Nd/144Nd,. 0 .7219, after O'Nions eta/. (1979) . 

4.2.2 Measured Versus Initial Ratios 

The measured 143Nd;144Nd ratio of an ancient rock reflects not only the petrogenetic 
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h~.tory of that rock at the time it was formed but also the radioactiv~ growth history of the rock from 

that time to the present. This presents a major limitation in the direct use of such data for 
. ' . 

comparisons with other rocks or with presumed reservoirs fn the earth's c~st or mantle. Direct 
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comparisons for petrogenetic purposes can be profitably made only with rocks of the same age or 

with reservoirs extant at the time the rock was formed. 

The initial isotopic ratio (i.e., 1he isotopic composition at the time the rod< was formed) can 

be calculated from the radioactive decay equations Calculati9n of t_he initial ratios for the rocks 

and the possible source reservoirs allows a direct comparison of their isotopic compositions that i~ 

petrogenetically meaningful. For Nd. the appropriate expression is: 

where [143Nd/144Nd) and [147srn~144Nd] are measured, [143Ndi144NdJo is the initial ratio at . 
time. 1 (in Ma) and A is the decay constant 6.54 x 1 o-12a·1 _ 

4.2.3 EpsllonNd and CHUR 

In order to facilitate interpretation of the data, a common technique in the current lite_rature 

is calculate the initial isotopic composition of the rocks (i.e. at the time they were fotmed) and to 

report this ratio relative to the isotopic composition of the bulk earth at this time. Del?aulo and 

Wasserburg (1976) have developed a notation, currently in wide use, which facil itates , 

comparison of Nd isotopic ratios of rocks and reservoirs at different times. They devised a 

number, termed "epsilonNd(t) ·.which expresses the fractional deviation of the isotopic . 
composition of the sample from the isotopic composition of a uniform reservoir at any time, "I" 

million years ago. The un~orm reservoir for Nd is generally designated as CHUA (Chondritic 

Uniform Reservoir) and is based on the best estimate for the composition of th~ulk earth. The 

expression "epsilonNd·· therefore, is an expression of the amount by which the isotopic 

. ' 
composition of a rock at time "'I differs from the theoretical composition of CHUA. It is expressed 

as: 

eps;lonNd(t) • (43t<&'44Ndsarrp~e(t)ll. ' . x to4 

· ( 1~1~R(t)l . 

,. 
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where [143Nd/144NdJcHUR today is 0.512638 and [147sm144Nd]cHUA is 0.1967. 

As can be seen from this expression, epsilonNd of CHUA at any time is 0. A rock that has 

143Nd/144Nd(t) >CHUA will have positive epsilonNd while cMe.with 143Nd/144Nd(t) <CHUA wil 

have negative epsilonNd· The implications of this with respect to the evolution of the crust and 
' . ) 

interpreting mantle and petrogenetic processes in oceanic volcanic environments are explored in 

the following Secti5>n. 

4.2.4 Estimation oft 

rn order to calculate the initial ratios for the rocks, as well as for CHUA and for possible 

reservoirs that may have figured in their petrogenesis, it is necessary to know the rocks' age. 

Because there i5 rio direct date for the Wild Bight Group (see Section 2 .3), a brief discussion Is 

necessary on the choice of an age and the possible errors in the calculation of the initial ratios that 

are inherent in this choice. 

The age of the Wild Bight Group is constrained by the age of the overlying Shoal Arm 

Formation, which contains a Nemagraptus Gracilis zone (late Llandeilian - ear1y Caradocian) fauna 
... 

(Chapter 2). According to the time sc~le of van Eysinga (1975), this represents an age of about 

-450 Ma but perhaps ranging from 445 Ma to 460 Ma. Accordingly, the initial ratios for the Wild 

Bight Group samples have been calculated at 465 Ma . There are two potential errors in thi!; 

choice: 1) given the uncertainty of the absolute age of the fossil suite as well as the possibility 

that there may be an unrecognized, albeit short, hiatus between the Wild Bight Group and the 

Caradocian shale, the estimated age may be in error by as much as 15 to 20 Ma, and 2) the 

bottom of the group is undoubtedly somewhat older than the top and there may, therefore, be an 
. • I 

inconsistency in assuming that rocks from these extremes have the same a~e 

In the first c~se, the stratigraphic continuity between the fossiliferous strata and the 
' 

underlying Wild Bight Group render it unlikely that there is a substantial age gap between them. 

However, assuming that there may be a gap of as much as 15 Ma between the Caradocian shale 
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and the volcanic rocks (or that the absolute age of the shal~ may be in error by this rruch) , the 

~suiting changes in the calculated ep&ilonNd of the rock are shown in Table 4.1 for selected 

samples representing a range of 143Nd/144Nd and 147sm'144Nd. The age difference does 

cause a small change in the absolute value of epsilonNd· but the difference is less than the · 
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uncertainty resulting from analytical errors in all cases (see Figure 4.2). Little change in the relative 

epsiJonNd of different samples resl)tts and the conclusions of this study would not be 

. ~bstanti~y affected by 5uch an error. 

The possibility that the top and bottom of the group are not precis~ the same age is 

potentially more serious. In this case, the calculated epsilonNd of samples at the bottom and top_. 

of the sequence may not be consistent with each oth~::r, or with theoretical reservoirs at the 

chosen fime . It seems unlikely that the age range of the Wild Bight Group spans more than 20 
/ 

Ma, based on comparisons with modern environments such as F~i (seif"Chapter 6) . A comparison 

of epsilonNd for one sample from the basal Seal Bay Bottom sui1e calculated at 465 and 485 Ma is 

presented in Table 4.1 . The difference in epsilonNd i~ considerably less than analytical 

uncertainty. In fact, even if the bottom of t~e Wild Bight Group is as.rruch as 45 Ma older than the 

top, the change in epsilonNd is still less than the analytical uncertainty. 

It is concluded on the basis of the above discussion that possible errors in the estimation of 

the age of the Wild Bight Group do not substantially affect the calcula.tion of epsilonNd , nor the 

interpretations that arise from using it in petrogenetic arguments that follow. 
~ 

4.3 Nd laotopea as Petrogenetic Tracers 

4.3.1 Nd Isotopes and the REE 

Radiogenic Isotopes are a powerful tool in interpreting the petrogenesis of magmatic rocks . 

_

7 

Studies in rr50dem )ok;anic environments have provided a wealth of information concerning the 

/ Nd isotopic com~ition of volcanic rocks in various tectonic environments and these have in turn 
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Table 4.1 : Representative errors as a result of uncertainties in estimating "t" ~ 

A - Errors arising from uncertainty in absolute age 
Samples with a range of epsilon Nd and 147Srn'144Nd are recalculated at various ages 

sample No. t (Ma) 14 7Sm/144Nd epsilon Nd 
2140467 450 0.151 0.7 

465 0.151 0.8 
480 0.151 0.9 

2140492 450 0.307 -0.7 
465 0.307 -0.9 
480 0.307 -1 .1 

\ 
\ 

0.222 7.2 2140532 450 
465 0.222 7.1 
480 0.222 7.1 

2140497 450 0.162 5.4 
' 465 0.162 5.5 
480 0.162 5.6 

" B - Errors arising from possible age difference between top and bottom of the sequence 
One sample from the bottom of the sequence is recalculated to possible ok:ler ages 

Sample No. t (Ma) 
2140553 465 

480 
500 

I 

epsilon Nd 
1.19 
1.27 
1.38 
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led to speculations concerning the isotopic composition of various possible magmatic sources in 

the mantle and crust. The isotopic composition of Nd in any lohg-term reservoir is, of course, 

principally...ctependent9n its LREE contents. Let us consider the fractionation of the REE . / 

through earth history and its impact on Nd isotopic compositions in various reservoirs. 

The ~rimeval earth is bel.ieved to have been approximately chondritic in REE composition. 

Processes that have tended to differentiate the earth into crust and mantle have also tended to 

fractionate the REE. The LREE, being larger,and more incompatible than the HREE, have 

tended to be fractionated into the continental crusl and the result has been generation of 
II . 

continental crust 'with 'a marl<ed LREE-enrichment and a broadly complementary mantle with a 
I -. ~ 

marked LREE-depletion (on a chondrit_e-norrnalized basis) . This is clearly an oversimplification of 

the actual case but will serve to illustraJe the relationship between the REE and Nd isotopic 

compositions. 

~ocks that have spent a ~onsiderable part of their history in a LREE-depleted environment 

(i.e. normal depleted mantle) will have experienced an isotopic growth in an environment where 

the Sm/Nd ratio is greater than that in CHUR. This means that in this environment, relatively more 

147sm will decay to 143Nd than will occur in CHUR and, given time, the LREE-depleted region 
~ c 

will develop a 143Nd/144N<l' ratio that is increasingiy higher than that in CHUR. Expressed 

another way, epsilonNd of a time-integrated, LREE-depleted. reservoir will be positive and 

become more so with time. · 

The reverse is true for reservoirs that have a time-integrated LREE:enrichment. The Sm'Nd 

ratio In this case is bwer than that of CHUR leading to a relative underabundance of 
I 

I 

143Ndf144Nd with time. EpsilonNd in this situation will be negative and will become more so with 

time. 

Petrog~netic relationships in modern volcanic rocks are generally consistent with these 

inte.':Pretaiions. The fact that m6st oceanic basalts have positive epsilonNd· the generally hiQher 

143Ndi144Nd of mid-ocean ridge basalts COI"lJared to those in other environments and the 
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strong negative correlation between 143Nd/144Nd and 87sr;86sr all argue for widespread. 

/ 

LREE-depleted, sources in the mantle. Strongly negative epsilonNd in old crustal rocks argues 

for LREE-enriched sources there. However, there are additional complexities. For example. the 

mantle apparently contains LREE-enrich~d as well as LREE-<:Iepleted sources. continuing crustal 

evolution has occurred in sources with varying degrees of Lf1EE-enrichment and experiencing 

radioactive growth over various time periods, and the juxtaposition of rrultiple sources in 

subduction zone environments can provide _complex possibilities for source melting and mixing. 

In the following Sections, and before presenting the data for the Wild Bight Group, a brief 

review of possible sources for oceanic volcanic rocks is presented. The expected isotopic 

characteristics are reviewed and integrated with trace element characteristics where this can 

provide further constraints on interpreting the petrogenetic history of the rocks. The trace 

elements are discussed, as much as possible, with reference to Figure 4.1 , where extended REE 

plots for some typical oceanic basaH types are presented. 

4.3.2 The Heterogeneous Mantle 

Geochemical and isotopic evidence have unequivocally estab~s~E!d that the mantle is 

chemically and isotopically heterogeneous. However. there is no goo~ agreement on the nature 

of the various mantle components, their size, physical structure or their chemical and isotopic 

compositions and histories. 

The most voluminous basalt type erupted at oceanic constructional plate margins is a 

LREE-depleted tholeiite with strongly positive epsilonNd (present day epsilonNd-+ 1 0) which is 

commonly termed typical mid-ocean ridge basalt or MOAB. The ubiquitous eruption of this rock 

type in such a setting has been widely interpreted to mean that the upper mantle comprises 

mainly peridotite which has experienced a long-term depletion in the LREE and other 

incompatible el~ments (Sun eta/ , 1979; Morris and Hart. 1983; Oa-!ies. 1984; White and 

Patchett, 1984). 

However, in this setting, and in intra-plate oceanic settings, basalts are commonly erupted 

,( 
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Figure 4.1: Typical extended REE patterns for oceanic basalts of 
different types after Sun (1980) and a typical continent-derived 
oceanic sediment from Hole etal. (1984). Island arc rocks are in 
stippled lines, non-arc roCks in black lines, arid sediment is hatched 
line. Note.prominent negative Ta and Nb anomalies and high Th in 
arc rocks and the continentally-derived sediment . 
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with relatively flat to LREE enriched patterns and epsilonNd which is most commonly in the range 

+4 to +8 but locally somewhat lower and, in some cases. slightly negative. This appears to require 

that the mantle contains less voluminous heterogent~ities, on both small and large scale, which 

have experienced time-integrated LREE enrichment (recently fully discussed by Zindler and Hart, 

1986). Early conceptual models viewed the heterogent~ous mantle as layered. with a depleted 

upper mantle underlain by a lower mantle of approximately primordial (undepleted) composition 

(e.g. ~hilling, 1973; Wasserburg and DePaolo, 1979) . -r:he ascent of magmatic plumes from the 
. . . 

latter provided relatively LREE-enriched magmatic sq.uces which generated "er)riched" or 

"plume"-type magmas (e.g. Schilling, 1973; Schilling~~ a/., 1977; Sun et at., 1979) with 

LREE-enriched trace element characteristics and ~psilonNd considerably lower than MOAB. The 

notion of a twa-source mantle reservoir has been largely discredited by the recognition of mantle 

sources in oceanic islands which must have been significantly enriched in 

systems relative to the theoretical primordial mantle (e.g. Hawkesworth eta/., 1 79; Zindler eta/., 

1979; Jenner eta/. , 1987) . The recognition that oceanic islands appe~r to fall· to lour or five well 

defined isotopic groups has led some workers to suggest that these represe distinct types ol 

mantles sources (e.g. White, 1985; Zindler and Hart. 1986). 

These types of relatively enriched mant.le sources have generally been termed ocean island 

basalt (018) sources. and yield LREE-enriched magmas that are typified t:>y the E-MORB and 
' 

oceanic island alkali basalt curves in Figure 4.1. In terms of trace element charachHistics , they are 

characterised by smooth extended REE patterns with LREE-enrichment qnd 'a 'maximum 

between Sa and the LREE. In particular, the LREE, Ta and Nb hav~ approximately equivalent 

normalized abundances in these rocks. 

Relatively small scale heterogeneities in the upper mantle are generally viewed as veins or 

blobs ol enriched material floating in depleted mantle . Wood ( 1979) envisa_ged a veined upper 

mantle cut on centimeter scale by partial melts of primordial mantle. Other worl<ers have 

considered veining of the depleted mantle to be a result of interaction with mantle plumes (e g . 

Schilling eta/.. 1985; LeRoex et at., 1987). Alternatively. the "plum-pudding" model (Davies. 
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1981, 1984; Morris and Hart 1983) views the mantle as riddled with "plums· of el')riched material, 

either undepleted lower mantle material that has ascended into the depleted mantle region and 

frozen there (Davies, 1984; Alregre and Turcotti, 1985). oceanic lithosphere and sediment 

recycled Into the mantle by subduction (e.g. Chase, 1981; Hoffman and White, 1982; Cohen and 

O'Nions, 1982), the resuh of ubiquitous mantle heterogeneities (e.g. Sleep, 1984) or the resuh 

of mantle metasomatism (Bailey, 1970; Menzies and Murthy, 1980). Whether veins or plums, 

these sources would be enriched in the highly incompatible .elements including the LREE and, 

therefore, have lower epsilonNd than depleted mantle ; mixing of these sources with depleted 

mantle .could produce a spectrum of compositions (both geochemical and isotopic) depending . 

on, among other things, the degree of partial mehing, the variability of compositions of both 

depleted mantle and enriched heterogeneities in any g iven area, ·the proportions in wh_ich the 

various sources contribute to the meh and their subsequent crystallization history. These 

compositions are reflected in the wide variety of magmas erupted at oceanic island and enriched 

spreading ridge segments. 

4.3.3 Sources of Island Arc Tholeiites 

4.3.3.1 General Statement 

The presence of the subducting slab in island arc environments presents an acjditional .. 
complication and introduces further possibilities for magma generation in arc environments. A 

wide variety of yok':anic rocks has been documented in island arc environments although the 

most voluminous are calc alkalic andesites and island arc tholeiitic andesite and basalt. Likewise, 

there is a wide range of ~atopic compositions, ranging from near + 1 0 to strongly negative. 

suggesting that both time-integrated, LREE·enriched and LREE-depleted sources are variously 

involved in magma generation in this environment. Trace element signatures are also 

characteristic (Figure 4 .1). In particular, there is commonly the strong underabundance of the 

highly incompatible HFSE and the overabundance of the LFSE with respect to the LREE. This 

leads to the characteristic extended REE patfem with pronounced negative T~ and Nb anomalies 
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illustrated in Figure 4.1. 

The belief that calc al<alic andesite is the principal rod< type in island arc environments led 

early workers to propose island arc petrogenetic mod~:ls based mainly on melting of oceanic 

lithosphere in the subducted slab (e.g., Coats, 1962; Green and Ringwood, 1968) . When 

subsequent studies showed that in fact island arc thol~:iitic magmas dominate many active 

orogenic areas (e.g. Jakes and White, 1971; Ewart et at, 1973; Gill, 1974; Jakes and Gill, 1970) 

attention was focussed on models involving melting of peridotite in the mantle ·Nedge above the 

subduction zone (e.g. Nicholls and Ringwood, 1973; Ringwood, 1974; Gill, 1981). 

Ahhough it is generally accepted by petrologists that depleted mantle with element ratios 

and isotopic characteristics of MORB is the principal source of island arc tholeiitic magmas 

(Ringwood, 1982, Kay, 1980; Green, 1980; Arculus and Johnson, 1981; White and Patchell, 

1984; Arculus and Powell, 1986; Zindler and Hart, 1986), it is recognized that variations in 

geochemical and isotopic features of the magmas commonly reQuire additional components. 

From these variations have sprung the curr~nt generation of complex, multi-stage petrogenetic 

models (e.g. Gill , 1970, 1974; Armstrong, 1971; Whitlord eta/., 1979; Sun, 1980; Kay, 1980; 

Gill, 1981; Arculus and Johnson, 1981; Arculus and Powell, 1986) involving partial melting of 

various source compol'lents in the mantle wedge, the.subducting slab and the basal island arc 

crust . Within each of thes~ potential source regions. there are complex possibilities for 

generation of melts of different characteristics through v<irying degrees and types of partial 

melting, mixing and fractional' crystallization. Some of the pertinent points concerning source 

regions and their potential affect on melt characteristics are briefly considered below. 

4 .3.3 .2 The Mantle wedge 
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The mantle wedge is inferred to consist mainly of depleted peridotite with geochemical and · 

isotopic characteristics similar to the source for MORB, with both small and large scale 

heterogeneities as discussed above. Interaction between depleted mantle and rnelts and/or 

· hydrous fluids from the slab allow for generation of additional heterogeneities. as envisaged. for 

. • 



example, by Arrulus and Powell (1986) who postulated veins in the depleted mantle formed by 
' -

1116tasomatic enrichment frO[Il the subducting slab and rnJitiple me~ing/freezing episodes duri~ 

mass transport within the mantle wedge. 

Mixing of enriched sources with partial melts of depleted peridotite has been suggested by 

some W6fkers to be capable of producing the COrllJiete spectrum of compositions found in island 

arc magmas (e.g. Arcutus, 1981 ; Stern, 1981; Morris and Hart, 1983). 

4.3.3.3 The subducting slab 

The effect of the slab in island arc tholeiitic magmas may be manifested in enrichment of alkali 

and alkaline earth elements, derived from a~ered oceanic cll!lst or the overlying sedimentary layer 

and in the presence of continental crustally-derived material in subducted sediments. These 

components may be transported either magmatically or by hydrous fluids into the depleted 

mantle. 

It is generally accepted that sediments overlying oceanic lithosphere may be carried into the 

subduction zone on the descending plate. (e.g. Karig and Kay, 1981; White and Hoffman, 1982). 

The subducted sediment would be expected to have the isotopic and trace element ~ 
characteristics of the continental crust from which it is principally derived. These would incl~ 

strongly negative epsilonNd (reflecting long-tenm residence in LREE-enriched crust) and 

negative normalized Ta and Nb anomalies with respect to the LREE. II is this trace element 

characteristic that distinguishes material with negative epsilonNd derived from continental 
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sources from those representing LREE-enriched mantle sources unrelated to the crust. ~ 

The influence of this sediment on the geochemical and isotopic characteristics of island arc 

magmas has been demonstrated in a number of modern island arcs where isotopic and 

geochemical variations in the magmaG can be explained by the addition of a small amount 

(generally less than a· few percent) of subducted sediment to modelled metts of depleted 

peridotite (e.g. the South Sandwich Islands, Cohen and O'Nions, 1982; Aleutian Islands, Kay et 

a/., 1978; von Drach eta/., 1986; Marianas, Meijer, 1976; Hole eta/., 1984; Lesser Antilles, 
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Davidson. 1983; Tonga, Kay, 1980) . A major difficulty in modelling the effect of subduct ad 

)sediments is the considerable variation in geochemical and isotopiC< compositions of s.ea-lloor 

sediments in the modem oceC)ns (Kay, 1980; White et al, 1985). On a broad scale, the detrital 

component of average oceanic sediment is expected to approach the average continental crust 

compositions and it has been shown by Mclennan and Taylor ( 1981) that mixing ol average 

Australian post-Archean shale with MORB or MORB·sources can ~ccessfully reproduce many of 

the geochemical features ol island arc basalts. In part icular, subducted sediment has been 

invoked by some workers to explain the prevalent high LFSEIHFSE ratios in most island arc lavas, 

either through direct mixing of t~is sediment in the magmas or through fluid transport ol the more 

soluble LFSE elements into the ~nile wedge, metasomatizing the magma sources w!th a fluid of 

even higher LFSEIHFSE ratios (e.g the "IRS fluid" ot Gill, 1981). Precise interpretation of the 

structure of island arc magmas, however, requires a detailed knowledge ol the subducted 

sediment, which may locally differ considerably from average. crust because of local anomalous 

.., crustal sources, presence ol a significant arc-derived component or an abundant authigenic 
' 

component (e.g. White eta/., i985; Hole eta/., 1984) This, of course, poses a particularly serious 

problem in the case of ancient island arcs, where close analogues of the subducted sediments 

can seldom be identified. 

Mixing of subducted sediments and MORB sources cannot explain all of the features of 

island arc magmas. In particular, anomalous variations in 87srfo6sr with respect to 143Nd/144Nd 

(DePaolo and Wasserburg, 1977; O't:Jions et al., 1977) and the high alkali and alkaline earth 

abundances with respect to the REE (Kay, 1980; White and Patchett, 1984) have led these and 

other (\Uthors to sugQest the involvement of sea water. The most likely contributor is subducted 

oceanic crust that has been hydrothermally altered on the sea floor. The mass transfer may occur 

either through partial melting on the top of the slab and ascent of the resulting melt (e.g . Kay, 

' 1980; Marsh, 1979; von Drach eta/., 1986) or through the action of fluids evolved during 

dehydration of the slab as suggested by Ringwood (1974) (see also Anderson. eta/., 1979; 

Hawkesworth et aL, 1979; White and Patchett, 1984 and references therein) . 



4.3.3 4 The sub-arc crust 

Although<~ ccntribution from sub-arc crust is not required for many island arc tholei~es, 

interaction w~h such crust could explain some geochemical features of these lavas. This is 

particularly true of lavas erupted through conrinental margins (e.g. Tilton and Barriere, 1980; 
T 

Leeman, 1983) but less likely to be a factor in intra-oceani<; arcs (Arculus and Powell, 1986). 

Davidson (1983, 1986) has suggested that some Lesser Antillean magmas interacted with 

sub-arc crust that included interbedded sediments with a continental detrital component during 

ascent. This provides a possible mechanism for contamination of intra-oceanic arc magmas. 

4.4 Nd Isotope Data 

4.4.1 Introduction 

The Nd isotope data for the Wild Bight Group samples are given in Table 4.2 and plotted on 

Figures 4.2 and 4.3. For each sample, the measured and calculated .initial ratios (at t "'465 Ma) are _ 

given together with epsilonNd· The estimated precision is displayed as error bars in epsilonNd in 

Figures 4.2 and 4.3. 

As was the case for geochemical characteristics, there is a wide range of Nd isotopic 

compositions in the Wild Bight Group. The isotopic data show some interesting variations, both 

between the previously identified geochemical groups and within them. 

4.4.2 Variation In Nd Isotopes Between Groups 

All of the geochemical groups defined In Chapter 3 show distinctive and, for the most part, 

m.Jtually exclusive, Nd isotopic characteristics. Some of the features of the between-group 

variations on Figure 4.2 are summarized below: 

~ rocks of island arc affinity, excluding the felsic volcanic rocks and the Nanny Bag Lake 

Suite, have lower epsilonNd than most of the rocks of non-arc affinity. Those arc rocks with 
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T abe 4.2 Nd and Sm isotope ratios for W11d Bight Group whole I"'Ck samples 

Sample No. Suite 143Nd/144Nd(m) 143Nd/144Nd(i) 147Smi 144Nd epsilon Nd(t) 
lAD GROUP 

2140476 Glover's Hbr. W. 0.513072 ±24 0.51226 0.266 4.3 
2140456 Glover's Hbr. W. 0.512975 ±15 0 .51229 0.226 4.8 
2140458 Glover's Hbr. W. 0.512916 ±14 0 51213 0.257 1.9 
2140473 Glover's Hbr. W. 0.512924 ±14 0 .51219 0.242 2.9 
2140492 Indian Cove 0.512927 ±26 0 .51199 0.307 ·0 .9 
2140526 Side Harbour 0.512938 ±14 0.51216 0.255 2.4 
2140465 lAD intrusive 0.512742 ±13 051198 0.251 ·1 2 

IAIGROUP . 
2140467 Glover's Hbr. E. 0.512539 ±17.1 0 .51208 0.151 0.8 
2140463 Glover's Hbr. E. 0.512594 ±8 0.51211 "'0.158 1.4 
2140774 Northern Arm 0.512628 ±9 0.51216 0.153 2.4 
2140532 Nanny Bag Lk. 0.513078 ±22 0 51240 0.222 7.1 
2140544 Nanny Bag Lk. 0.512958 ±8 0 51234 0.204 5.8 
2140553 Seal Bay Bottom ~ .51 2569 ±11 051210 0.1S4 1.2 
2140756 Seal Bay Bottom 0.512567 ±12 0.51212 0.146 1.6 
2140496 IAI intrusive 0512593 ±27 0.51216 0 143 2.3 
2140512 IAI intrusive 0.512505 ±10 0.51 205 0.151 0.1 

FELSIC VOLCANIC ROCKS 
2140453 Glover's Hbr. 0.512941 ±12 0 .51233 _, 0.202 5.6 
2140538 Nanny Bag Lk. 0.512958 ±11 0 51229 0.220 4.9 

NAIGROUP 
214051)3 Badger Bay 0.512992 ±28 0.51 243 0.184 7.6 
2140506 Badger Bay 05 12825 ±8 0.51235 0.156 6.0 
2140511 ·Big Leo,yis Lake 0.512901 ±35 0.51235 0.180 6.1 
2140491 NAI intrusive 0.512770 ±7 0.5 t231 0.151 5.3 

NAT GROUP 
2140497 New Bay 0.51 2812 ±17 0.51232 0.162 5.5 
2140546 Side Hbr. 0.512824 ±7 0.51240 0.141 7.0 
2140549 Side Hbr. 0.512750 ±12 0.51230 0.149 5.0 
2140762 Side Hbr. 0.512833 ±14 051237 0.152 6.5 
21 40773 Northern Arm 0.512713 ;9 051228 0.143 4.7 
2140481 NAT intrusive 0.512820 ±24 051235 0.155 6.1 
2140502 NAT intrusive 0.512734 ±9 0.51233 0.132 5.7 

NAEGROUP 
2140509 Big Lewis Lake 0.512672 ±36 0.51 228 0.127 4.8 
2140483 Seal Bay Head 0.51 2759 ±7 0.51233 0.141 5.7 
2140763 Side Harbour 0.512702 ±6 0 51231 0.127 5.4 
2140454 NAE intrusive 0.512719 ±24 051230 0.139 5.0 

143Nd/144Nd(m) - measured; quoted errors are twice the standard error of the mean, 
based on in-run statistics 

143Nd/144Nd(i) - initial 
Data are fractionation corrected to 143Nd/144Nd - 0. 7219. 
~ -6.54x10(-12)a(-1) 
143Nd/144Nd(CHUR) today is 0.51 2638, 147Sm/144Nd(CHUR) today is 0.1967 
t- 465 Ma. 
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Figure 4.2: Nd isotopic composition of Wild Bight Group volcanic and 
subvolcanic rocks. Horizontal errors are negligible except for those 
analyses by ICP-MS where ±2% error bars are shown. Sample 
2140526 has horizontal error bar of ±5% (see Appendix 1 0). Vertical 
error bars are twice the standard error of the mean, based on in-run 
statistics, or ±0.000015 on the measured 143Nd I 144Nd ratio. 
whichever is greater. Error in epsilon Nd due to imprecision in ICP-MS 
analyses is less than the analxtical uncertainty for errors of±2%. For 
sample 2140526, error in eps1lon Nd due to uncertainty in 14 7Sm I 
144Nd is greater than analytical uncertainty and const1tutes the vertical 
error bar. 
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epsilonNd > +4 are more LREE depleted than the non arc rocks and rocks from the two settings 

do not generallyj)Verlap on Figure 42. > 

2) The£nny Bag Lake Suite, consistent with its geochemical characteristics. is isotopically 

distinct from the other IAI group suites. It is characterised by higher epsilonNd and lower 

147srn~144Nd than the other IAI group suites. 

3) Felsic volcanic rocks, although represented by only two samples, appear to be 

characterised by relatively high epsilonNd· intermedidte between those typical of the Nanny Bag 

Lake Suites and the other island arc suites. Having a slight LREE-depletion, these rocks plot near 

both the Nanny Bag Lake suite and part of the lAD group. 

4) Within the non-arc suites, there is a tendency tor maximum epsilonNd to increase from the 

alkalic NAE group through the transitional NAT group to the non-alkalic NAI group tholeiites. 

4.4.3 Variation of Nd Isotopes Within Groups 

In all geochemical groups, there are sufficient isotopic determinations to evaluate not only 

the general compositions but also trends within them. Some of the significant within-suite 

variations in isotopic composition are displayed on Figure 4.2, where some of the groups have 

been plotted separately and with expanded scales : 

i) lAD group: This group has the widest variation in epsilonNd of any of the groups, ranging 
,. 

from +4.9 to ·0.9 . A striking feature of this group is the good negative correlation between 

epsilonNd and 147smt144Nd. 

ii) tAl group: The dichotomy between the Nanny Bag Lake suite and the Glover's Harbour 

East, Seal' Bay Bottom, Northern Arm suites, identifi ~::d geochemically in Chapter 3, is further 

emphasized by the Nd isotopes. The former has epsilonNd between approximately +6 and +7 

while the latter plot together at relatively low epsilonNd ( +0.1 to +2.4) . In the former. there is a 

positive correlation between epsilonNd and 147smt144Nd (although with ?nly two samples!). In 
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the latter, there is a suggestion of a negative epsilonNd- 147smt144Nd correlation ; however, 

this is effectively a two-pOint line, strongly contrcined by Qne point with relat·~·ly high 
'l'-

- 147srn~144Nd, and, as in the case of the Nanny Bag Lake Suite, should be interpreted as a trend 

with caution. 

The isotopic compositions provide further evidence for conclusiOns about the Northern Arm 

Suite, reached on the basis of geochemistry in Chapter 3. First, the isotopic similarity of sample 

No. 2140774 and the Glover's Harbour East and Seal Bay Bottom samples supports the 

correlation of most of the samples in this suite with th~ IAI group suites. Secondly, the distinctly 

higher epsilonNd of sample 2140773 causes it to plot with the NAT group, further evidepce for 

the interpreted dichotomy in this suite and for the coex istence of island arc and non-arc rocks 
' . 

within it. 

iii) Felsic volcanic rocks: Although there are only two samples, their epsilonNd is higher than 

most of the arc-related rocks. There may be a negative epsilonNd_147smt144Nd correlation, 

although this needs to be confirmed with more samples. 

iv) NAt group: TJ'le LREE-depleted varieties in this group have higher epsilonNd than the 

L~EE-enriched types (Chapter 3) producing a positive correlation between epsilonNd and 

·, 
147srn~144Nd within this g~oup . 

v) NAT group: Despite a variable 147 Sm/144Nd, these rocks do not appear to show any 

consistent correlation between epsilonNd and 14 7 Sml 144Nd. They overlap the isotopic 

COfTlX>Sition of both the NAI and NAE groups. 

vi) NAE group: These samples have the most restricted 147 SrnJ144Nd range of the non-arc 

groups and their e~ilonNd range overlaps with most of the NAT group. There is no consistent 

variation of epsilonNd with 147srn~144Nd . 

A final observation concerning Figure 4.3 is that the intrusive rocks generaily plot with the . 

I 



mafic rocks of the group to which they were assigned on geochemical grounds. This is further 

evidence that they are subvolcanic and petrogenetic<.tlly related to the intrusive rocks . 

4.5 Petrogenesis of Rocks of Island Arc Affinity 

4.5.1 Introduction 

In this and the following Sections (4.4, 4.5), an att.;mpt is made to model the petrogenesis of 

-
the Wild Bight Group volcanic rocks in terms of the isotopic and geochemical compositions of the 

observed rocks and a minimum number of hypothetical sources . 

The discussion generally follows a two-told approach. The first is numerical ; the REE and Nd 

' 
isotopic composition of a minimum number of hypothetical sources are used to calculate partial .. 
melting-mixing models that correspond to the isotopic and REE COJTlpositions of the various 

observed groups and su~es . Mixing calcul~tions are carried out using the equations of Langmuir 

eta/. (1978) . The second is more schematic, in which the various sources and the observed rocks 

are plotted on a Nd-Sm isochron diagram and possible mixing and partial melting mlationships are 

illustrated. 

The source characteristics for the island arc suites are described in Section 4.5 2. Some of 

these are also used to model the non-arc suites in Section 4.6. Additional sources. postulated for 

these suites are introduced in that Section. 

4.5.2 Model Parameters 

The choice of source parameters is problemat ic in modelling the genesis of ancient rocks. 

There is no unanfmous agreement in the literature as to the composition of ei~er depleted 

mantle or the various heterogeneities within it that are needed to account for the wide range of 

compositions of oceanic, within plate eruptives (e.g. Zindler eta/ , 1984; White. 1985; Zindler and 

Hart, 1986). In addition, there is considerable debate as to whether primitive mantle actually exists 

(e .g. Davies, 1984; Zindler and Hart, 1986) In the prt:sent case, actualistic modelling of the . 
magmatism is further hindered by the tact that only one isotopic system is available and that 
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mineral phases that hav~, from geochemical evidence, p!ayed a part in the\~actionation history ~f 

the rocks, are nOt preserved in the observed samples. · \ 

Although it is unlik'ely, given these problems, !hai precise models of Wild f?ight Group magma 

genesis can be formulated, ganeralized models can be derived that illustrate possible 

mechanisms of magma genesis. In the following discussion, the approach has ~een to use 

reasonable approximations of assumed mantle sources in various partial melting/mixing models in 

an attempt to generate an approximation to the observed REE patterns and isotopic 

compositions. The models are further constrained by HFSE and compatible element 

characteristics as well as interpretations of tectonic environment and fractionation histories that 

have been presented earlier in this thesis. The aim of this modelling is to illustrate a reasonable 

. sc.enarlo by which the observed compositions could be derived and to integrate these in a 

general model for magma genesis in the Wild Bight Group. 

For the purposes of modelling the suites of island arc affinity, three mantle sources ar~ used: 

1) typical depleted mantle; 2) a refractory mantle source termed 'highly depleted mantle'; and 3) 

a highly enriched source (strong LREE-enrichmont, negative epsilonNdl· This may be either a 

crustal source, recycled d~sial material or a time-integrated, LREE-enriched source of unknown 

origin in the mantle. Isotopic data alone might not be able to distinguish between enriched crustal 

and non-crustal sources. However, the former will also be characterised by negative Nb and Ta 

anomalies on the extended REE plots (Figure 4.1) while the latter will not. 

Various wot1<ers have presented calculated or assumed compositions for various mantle 

components and used these for petrogenetic modelling. For the present purposes, the 

compil~tions of Mclennan and Taylor (1981) are used. The derivation of these values, described 

In more detail in flennan and Taylor (1981), can be summarized as follows: 

I) A value fG>r ~ORB was arbitrarily taken as 15 x chondrite for the HREE and 7 x chondrite ior 

the LREE; 

· li) Depleted ~ntle (OM) was taken as a factor of ten lower than MOAB in the HREE and 

slightly more than this in the LREE; 



iii) Values for highly depleted mantle (HOM) were taken as 0.2 x chondritic in the LREE and 

0.15 x chondritic in the HREE. This is meant to represdnt a depleted mantle source that has been 

partially mened and an island arc tholeiitic basan removed. 

Mclennan and Taylor (1981) used the average post-Archean Australian shale (PAAS, after 

Nance and Taylor,1977) to represent the average composition of crustal sources . 

The hypothetical REE compositions of these sources are tabulated in Table 4 .3 and 

illustrated in Figure 4 .4, with comparisons to representative analysed or calculated sources taken 

from the literature. EpsilonNd is taken as+ 7.6 for MORB at 465 Ma (calculated using present day 

MORB composition epsilonNd "" + 10 and 147srn~144Nd ,. 0.24 ). 0 foq)rimitive mantle and -8 for 

crustal source~. based on an average value of approximately -12 for Cdntinentally-derived 

sediments in modern oceans (e.g. WMe eta/., 1985) recalculated to 465 Ma. 
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In the schematic modelling diagrams (Figures 4 .6 , 4.11 , 4 .17, 4.20, 4.24), OM has been 

as,signed a field that encompasses most of the expected variation in this source. The limits of this 

field are calculated using an estimated peak range of epsilonNd values for MORB (0 51305 to 

0.51325) from the compilation of Morris and Hart (1983) recalculated to 465 Ma using 

147srn~144Nd = 0.23. The range of 147srn~144Nd encompasses slight to moderate 

LREE-depletion and is within the field for oceanic tholeiites pres·ented by Zindler and Hart (1986) . 

The HOM field is the OM field . repositioned according to the Sm!Nd ratio in the HOM source 

(Table 4.2) . The field of the enriched source is based on the composijion discussed in the 

previous paragraph allowing for a variation of ±z in epsilonNd· The variation in epsilonNd in this 

field underestimates the actual range in oceanic sediments but is appropriate for illustrative 

purposes. 

In the following discussion, the IAI group is treated first as it is more easily explained by 

straightforward matting and mixing processes. This allows the approach to be introduced in 

relatively simple models. The lAD group, which requires more cofll)lex arguments, is then 

discussed. 



Table 4.3: Compositions of sources used in petrogenetic modelling (ppm) 
Origin of source compositions referenced in text. 

La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 

OM • depleted mantle 

DM 
0.184 
0.622 
0.676 
0.277 
0.113 
0.082 
0.372 

HOM - highly depleted mantle 

HOM 
0 .0110 
0.0479 
0 .0604 
0 .0277 
0 .0122 
0 .0104 
0 .0496 

PAAS - Post-Archean average Australian shale 

PAAS 
38 .0 
80 .0 
32 .0 

5 .6 
1 .1 
0.8 
2 .8 
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Figure 4.4: Source compositions used in modelling (black lines) and some comparisons 
with other estimates from the literature. See text for furth&r explanation of Mclennan and 
Taylor (1981) estimated values. 

A -Average post - Archean Australian shale (PAAS) from Nanca and Tayior (19n). 
compared with modern sediments on the ocean floor. "Sitll456" is average of 6 
continentally derived sediments from DSDP Site 453, southwest Atlantic from White et 
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1984). 

8 - OM from Mclennan and Taylor (1981 ), N-MORB source estimated by Wood (1979) 
and depleted mantle, calculated assuming 10% partial mening of observed N-MORB 
from the Costa Rica rift (Hole et al., 1984). 

C- HOM fronJ Mclennan and Taylor (1981 ), residual peridotite from Kay (1980) 
calculated as residue in equillibrium with ocean floor basah after 20% partial melting 
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4.5.3 The IAI group 

4.5.3 .1 General statement 

The geochemical and isotopic characteristics of this suite clearly indicate a bipartite 

petrogenesis, the Nanny Bag Lake suite being differfli"lt geochemically and isotopically from the 

Glover's Harbour East, Side Harbour and Northern Arm suites. Figure 4.5 contrasts the trace 

element relationships of these surtes on extended rare earth plots. The principal features of 

these suites to be explained by any petrogenetic model include: 

1) EpsilonNd ranging between- +0.5 and +2.5 in the Glover's Harbour East, Seal Bay 

-Bottom and Northern Arm Suites but greater than +5 .8 in the Nanny Bag Lake Suite; 

2) Mg# maxirrum of .64 but generally less than .6 indicating that there are probably no 

primary mantle liquids preserved,t 

3) ~ositlve LREE slopes and pronounced negative Ta and Nbanomalies in the Glover's 

Harbour East, Seal Bay Bottom and Northern Arm Suites in which Nb• (normalized Nb value 

extrapolated from La and Ce)/Nb decreases with increasing REE abundances. Negative Ta and 

Nb anomalies are present but less prominent in the Nanny Bag Lake suite, which is LREE 

depleted. The highest concentrations of Ta and Nb in the Nanny Bag Lake Suite are similar to the 

lowept concentrations in the Glover's Harbour East, Seal Bay Bottom and Northern Arm Suites; 

4) Slight negative n anomalies in the Glover's Harbour East, Seal Bay Bottom and Northern 

Arm Suites and slight positive anomalies in the Nanny Bag lake surte but similar Ti abundances in 

both suites; 

5) Flat HREE patterns of similar abundances in all suites. 

The correspof)dence in Ta, Nb, Ti and HREE abundances between the two magma types 

suggests that a unified model should be sought to explain the two. The fact that the 

LREE-depleted Nanny Bag lak~ suite has epsilonNd only slightly less than MOAB while the 

Glover's Harbour East, Seal Bay Bottom and Northern Arm Suites have much lower values 
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suggests that a model involving mixing of a depleted mantle source (LREE-depleted, epsilonNd 

> +7) and an e,nriched source (LREE-enriched, epsilonNd< 0), followed by partial meHing and 

variable fractional crystallization, may be appficable. In the following Sections, an approximation to 

such a model is derived and some of the implications explored. 

4.5.3.2 The Glover's Harbour East. Seal Bay Bottom and Northern Arm 

suites 
\ 
\ 
! 

The incompatible element abundances and isotopic compositions of these suites are 

generally compatiblewith two types of genetic models: 1) small amounts of partial melting of a 

mantle sou~ce m 2) mixing between depleted and enric~ed sources. In the first case, it might be 

considered that partial melting of a primordial mantle source (epsilonNd-0) might yield an 

appropriate melt. The relatively flat HREE patterns of these rocks preclude garnet as a refractory 

phase in such a melt; model calculations indicate that for degrees of melting required to produce 

the appropriate HREE abundances, the necessary LREE enrichment cannot be generated. In 

addition, such a model does not explain the pronounced negative Ta and Nb and positive Th 

anomalies l)nless one wishes to resort to special residual accessory phases during partial melting. 

Finally, this model does not unify Glover's Harbour East, Seal Bay Bottom, Northern Arm and 

Nanny Bag Lake magmatism. 

Mixing of a depleted mantle source with an enriched component is, therefore, preferable and 

is Illustrated schematicafty in Figure 4.6. In order to generate epsilonNd in the range+ 1 to +3, 

from depleted mantle, a time-integrated, LREE-enriched source is required and the strong 

negative Ta and Nb anomalies (Figure 4.5) indicate that this is best interpreted as crustal material. 

Figure 4.7 illustrates modelling of REE variation resulting from such a process using subducted 

sediment as the enriched source. 

~ In Figure 4.7A, mixing of PAAS with OM foJiowed by 5 and 10 percent partial melting is 

compared with Glover's Harbour East. Seal Bay Bottom and Northern Arm suite corrpositions. 

256 

,· 



2> 
"0 z 

w 

possible minor contribution 

10 

8 

6 

4 

2 

0 

-2 

-4 

~ 

-8 

-10 
0.10 0.15 0 .20 0.25 

147 Sm I 144 Nd 

OBSERVED AND INFERRED COMPOSITIONS 

Data 

field of observed compositions 

direction of change and end 
product of partial melting · 

direction of change and end 
product of mixing 8 

0.30 0.35 

SOURCES 

Depleted mantle 

Highly depleted mantle · 

Enriched source 

Figure 4.6: Schematic illustration of the petrogenesis of the lA I group. The 
field of OM is the peak range of N-MORB from Morris and Hart ( 1983) 
recalculated to 465 Ma. Mixing between..sources DM and ES produces a 
spectrum of compositions that include the Glover's Harbour East, Seal Bay 
Bottom and Northam Arm suites. The Nanny Bag lake suite has higher 
epsilon Nd and plots within and close to the field. of normal MOAB. 

257 



( 

100 

Q) -·c: 
-g 
0 

<3 10 
....... 

ti 
0 a: 

Q) 

·E 
-g 
0 

100 

.r::. 10 
() 

A 

·~ 
....... 5% partial melting 

--...;;: 10% partial melting 

-

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb lu 

B 

La Ce Pr Nd Pm Sm Eu Gd 1b Dy Ho Er Tm Yb Lu 

Figure 4. 7: Comparison of mixing - partial melting models with 
observed compositions of Glover's Harbour East, Seal Bay 
Bottom, Northam Arm suites (stippled field). lr:t A- modelled 
compositions calculated from mixmg PAAS and depleted mantle 
in proportions 1.5:98.5 followed by 5 and 10 percent partial 
malting. Epsilon Nd for this mix is + 1.06. In B - the enriched 
component of the mixture is a 10% partial melt of PAAS, mixed in 
the same proportions and followed by the same partial melting. 
Epsilon Nd is + 1.19. 

58 

. . 

\ 



i 

' 

I 

• 

The mixing proportions are constrained by the amount of sediment necessary to generate the 

approximate isotopic composition of the suites. The resu~ing compositions are a good match in 

the LREE but less depleted in the HREE than the obseryed rocks. Use of a compc..sition derived 

by 10 percent partial melting of the sediment follOwed by mixing in the manner described above 

produces the patterns in Figure 4.78 in which the LREE but not the HREE are more fractionated. 

Simply assuming a more LREE-enriched sediment do.as not produce a more satisfactory solution 

as mixing calculations suggest that within the bounds of reasonable compositions, such 

enrichment will not sufficiently increase the La/Yb ratio . However, assuming a less 

LREE-depleted mantle composition (e.g. similar to that of Wood, 1 979) does improve the fit. 

• 
An alternative is that there is a third component in the mix . Approximately 30 to 35 percent 

increase in La!Yb would account for the discrepancy between the model and the observed rocks. 

Such an enrichment could have occurred;' for example, by additional contamination with melt 

derived from a small degree of partial melting of depleted mantle (illustrated in Figure 4.6) or 

through action of a fluid phase bringing a LREE-enriched component from the oceanic 

lithosphere in the slab. Both would have epsilonNd similar to depleted mantle and if added to the 

mantle before addition of the LREE-enriched component, would have little effect on the final 
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, epsilonNd of the miX1ure . Lead and strontium isotopes as well as alkali and alkaline earth elements 

in many modem islard arc tholeiites point to a component in arc magmas derived from layer 2 of 

the slab (e.g. Anderson eta/., 1979; Perfit eta/., 1980: Kay, 1980; White and Patchett, 1984; 

Arculus and Powell, 1986. 

4.5.3 .3 The Nanny Bag Lake suite 

Moderately LREE-depleted patterns and epsilonNd greater than +5.8 suggest that the 

Nanny Bag Lake suite is best modelled as dominantly a partial melt of normal depleted mantle. 

The negative T a and Nb anomalies suggest a probable minor contribution from subducted 

sediment or a erustally-derived inhomogeneity in the mantle wedge. The generally low Mg#'s of 
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even the most primitive samples in the Nanny Bag Lake suite (0.52- 0.53, see Table 3.5) require 

· . that conside~le fractional crystallization be allowed for in any model. 

Figure 4.8 illustrates that a very satisfactory match for Nanny Bag Lake compositions can be 

attained in such a model. A mixture of PAAS and depleted mantle in the proportions 0.1:99.9 

\ 
produces a mixture with epsilonNd - +6.9 and 25 percent partial melting of this mixtul-e yields a 
. \ 

melt of composition PAAS/DM on Figure 4 .8 . Following 20 percent Rayleigh fractional 

crystallization. a liquid is derived that very closely matches the composition of the most primitive 

Nanny Bag Lake suite sample. A further 35% fractional crystallization yields a composition with 

HREE abundances very similar to the most fractionated sample but somewhat more LREE 

depleted. This is consistent with degrees of fractional crystallization estimated for this suite on the 

basis of incompatible element variation in all samples (approximately 25 to 35 percent, Table 3.7). 

The slight LREE enrichment in the most fractionated rock relative to the model may reflect an 

additional minor component in the melt. However. as shown in Figure 3.26, there has been 

metasomatism in the Nanny Bag Lake suite which has variably enriched the LREE in at least one 

sample and is, therefore, a possible explanation the slight LREE enrichment in this case. 

4.5.3 .4 Synthesis of IAI group petrogenesis 

The above discussions suggest that despite'geochemical and isotopic differences among 

the suites In this grQup, a unified petrogenetic model can explain most of the observed features . 

Both LREE-enriched and LREE-depleted varieties can be derived from mixing time-integrated. 

depleted mantle and a time-integrated, LREE-enriched, component best interpreted as 

slab-derived crustal material ; the isotopic and geochemical differences between the two magma 

tyPeS can be accounted for by variations in the amount of contamination that occurred and the 

degree of partial melting. In the case of the Nanny Bag Lake suite, only 0.1% of the crustal source 

is required whereas up to 1.5% may be needed for the LREE-enriched suites. On the other 

hand, up to 20% partial melting of OM is indicated for the Nanny Bag Lake suite while models for 

the LREE-enriched suites require only 5 to 10% partial melting of this source. 

._: 



100 

Q) 

·"E 
u 
c 55% 0 
..c 
0 10 20% 
----t5 
0 AAS/ OM 
a: 

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

' 
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The observed LREE-enriched suites are always more LREE-enriched than the modm-

predicts. This may signal a third component in the magma sources, for example a hydrous phase 

from subducted oceanic lithosphere. 

It is interesting that the least contaminated rocks (the Nanny Bag Lake suite) have a slight 

positive Ti anomaly while the most contaminated (LREE-enriched) samples have a negative Ti 

anomaly. It is suggested that the positive Ti anomaly is best interpreted as a source characteristic 

that !:las been overwhelmed by addition of a LREE-rich. Ti-poor crustal component. 

4.5.4 The lAD group 

4.5.4 .1 General statement 

The principal geochemical and isotopic characterislics of the lAD group that must be 
I 

explained by any petrogenetic•model are listed below Some of these are illustrated on the 

extended REE plot in Figure 4.9. 

1) epsilonNd ranging from approximately +4.4 to -1.2, an inverse correlation between this 

ratio and both Sm/Nd and Mg# (Figures 4 .3 and 4.1 0) . 

2) Mg# ranging from 0.6 to 0.4 coupled with very low Cr and Ni and high Sc contents ; 

2) An extreme depletion in all incompatible elements; 

3) flat normalized LREE (La to Nd) patterns; 

4) flat normali.aed HREE patterns; 

5) the "step· in normalized REE abun(1ances between Nd and Eu; 

6) negative normalized Ta. Nb and Zr and positive Th and Ti al'iomalies with respect to REE of 

similar ionic character. 

The most thoroughly documented rocks in modern orogenic settings that are similarly 

depleted in incompatible elements are boninites. Although it has be€m shown previously 

(Section 3.4) that the lAD group is significantly different from boninites sensu stricto (e .g. low 

Mg# and compatible element contents, extreme LREE depletion, chondritic Ti/V, enriched Ti and 

depleted Zr leading to very high TIIZr), the two rock types must h~ve a similarly refractory mantle 
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. 
source as a COill>Onent of their petrogenesis and it is. therefore. instructive to consider briefly 

models of bonin~e petrogenesis. 

Sun and Nesbitt (1978} were the first to suggest that boninitic compositions resulted from 

mixing of a depleted MOAB-like source and a component enriched in LAEE (hence the 

concave-upward AEE pat1erns) . Meijer ( 1980) suggested that boninites in Western Pacific arcs 

generally are erupted after primitiv,e arc tholeiites and inferred that they resulted from second 

stage hydrous melting of depleted mantle residua alter the removal of the arc-tholeiite magma. 

Hickey and Frey (1982) and Cameron et at. (.1983) also advocat~d _models involvtng hydrous 

melting of highly depleted peridotite that had previously been metasomatized by a LFSE-rich 

fluid. Hickey and Frey (1982) presented two possible scenarios: 1) first stage melting of a. MOAB 

source-like peridot~e and removal of arc tholeiite basalt followed by LFSE metasomatism and 

hydrous partial melting of the refractory source (similar to Meijer's model); 2) derivation of arc 

tholeiites and boninites from fertne and refractory areas. respectively, in a variabry depleted 

peridotite metasomatized by a small amount of LFSE-bearing fluid. The effect of this fluid would 

be more important in the boninites than in the arc tholeiites because of their lower incompat ible 
~ 

element con)ents. 

There are too few constraints to define unambiguously the source regions and melting 

history of the rocks in the lAD group. In p~rticular, altered ancient rocks are unlikely to preserve 

original al.kali, alKaline earth, Sr isotope, or Pb isotope compositions, so that there can be no 

definitive evidence for-a component of altered oceanic crust in the magmas. Any petrogenetic 

model is. therefore. lim~ed by the available data and likely to be simpler than the actual case. 

The e~treme depletion of incompatible elements in the lAD group argues for models that 

involve !"oydmus, second stage, melting of refractory peridotite as a major factor in their 

petrogeN:.sis. A second major constraint on petrogenetic models for this group is epsilonNd 

which ranQe as low as -1 .2, demanding a component derived from a time-integrated. 

LAEE-enriched. ~ource. The negative Ta and Nb anomalies in this 9roup argue that this probably - ·-
represents a crustal source. However. the strong negative correlation between eps,i~onNd and 

• -
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147sm~144Nd (Figure 4.3) is exactly the opposite of that expected from the simple addition of a 

. ' 
little continental crust or sediment to mantle peridotite (and seen in boninites, see Hickey and 

) . . 
Frey, 1982; Coish eta/., 1982) . This negative correlation demands a complex partial melting . 

.. 
history as part of their petrogenesis and suggests either: 1) that the crustal s.owce was s'rongly 

L~EE-depleted when added to the depleted peridotite (ie. underwent a dramatic 

LREE-depletion shortly beiOre incorporation in the source region); or 2) that sorne process acted ~ 

to produce LREE depletion in the contaminated peridotite (or its melt) in inverse proportion to the 

amount of contaminant in the ro~. The implications qf these speculative mod~ls. respect ively 

termed the "pre-mixing depletion model" and the "in situ depletion r:nodel", and illustrated 

• schematically in Figure 4.11 A and 8, respectively, are explored below. It should be emphasized . . 

that these models do not uniquely constrain the origin of these enigmatic rocks. In fact , each 

model has indeterminate factors bui~ into it that r~nder the process arguable. Other models are 

possible as are variations on those presented below. However, these do illustratathe problems 

involved in ex-plaining the features of the lAD group and provide alternative explanations. 

4.5.4.2 The "pre-mixing depletion" model 

The basis of this model is that the Nd isotopic composition and the SmiNd""ratio of the lAO 

group rocks are controlled by a strongly LREE-depletedcomponent with the Nd isotopic , 

composition of continental crust . Because both this and the refractory peridotite component are 

LREE-depleted, a minimum third c;:omponent is necessary to explain the flat LREE patterns in the · 

rocks. Further complexities may be necessary to explain fine structure in. the element 

relationships as detailed below. 

The characteristics of the three components are: 

1) Component 1: This is refractory peridotite in the mantle, most convaniently ~idered as 

deplete<!_mantle that has undergone major partial melting. This is the HOM source (Table 4.2). 

Kay (1980) stlowed that basaltic liquid can be derived from this composit ion by partial melting. 

Liquid comp%itio:"ls of 20, 10 ana.() _percent partial melts of HOM are shown in Figure 4.12. Five 
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Percent partial melting reproduces !}1e HREE abundances of the lAD group while ~ightly greater 

degcees of partial melting (10 to_ 20 peryent) would produce relatively REE-depleted liquids which 

would, nowever, ·allow some room for minOr HREE enrichment by further mixing with 

REE-enriched components or fractional crystallization. 

This component would also be very depleted in all ,HFSE elements including Zr and Ti. . 
Therefore, it provides no explanation for t~e apparent decoupling of these elements seen in the 

I 

extended REE plot (Figure 4.9) . 

. - 2) Component 2: This is the component that caused flattening of LREE and is, therefore, 

LAEE-enriched. Two possible contributors of 'this source are close at hand; 1) subducted 

t' 
sediment or upper crustal material recycled in the mantle (or LREE-enri~hed fluids derived from 

. . 
them) ; and 2) LREE-enriched tholeiitic melts simltar to thqse erupted as the IAI group. 

- ~ 

Eittrer can be mixed with melts of HOM to provide an ~propriate!Y flat LREE pattern. 

However the negative Zr anomaly il_l the extended REE plot argues against the ),resence of ~ny 
source that would deliver a lot of Zr to the mixture (~- crustally-<ierived sediment). Hydrous fluids·' 

may also be Zr-rich .. .according to studies of boninites which always have high Zr with resp_ect to 
-7 

the adjatent REE's. Hickey and Frey (1982), Nelson et al. (1984) a~ others ascribed this to 

metasomatism by a Zr-rich hydrous fluie, although the process is not well understood. The 1~!- __ 
·- .. --------~-.-
group arc tholeiites, on the other hand, have normalized Zr abundances similar to the adjacent 

REE (Figure 4.5). They are known from field evidence to occur both stratigraphically below and 

above the lAD group and both magma types were, therefore. probably~~n~ous and 

provided with oppo,rtu~ities for mixing. 

To illustrate the effect of this, sample 2149467 (representing typical arc tholeiite 

compositions) is mixed with 5, 10 and 20 percent melts of HDM in Figu-re 4.13. It is .apparent that 

this process· can reproduce both the flat HREE patterns on the. .one hand and the flat LREE 

paHems on the other by varying t~e amount of partial melting of HDM and admixed enriched 

Source. However, the ;·elative abundances of LREE \o HREE are not well modelled by this binary 

~ · 

J 

/--- .. - . 
mixture and the characteristic step up betw~en Nd and Eu is not reproduced. 

' 
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The total amount of Component 2 that can be added to the mixture is constrained by the 

highest epsinnNd value in the lAD group, +4.4 in sample 2140476. In fact. epsilonNd of the · . 
component 1-component 2 mixture needs to be., somewhat higher than this to allow for addition . .. 
of the LREE-de~eted component 3 (see below). 

~ 
3) Component 3: In this model, Co"l'onent 3 provides most of the isotopic variability in the · · 

lAD group. It must have epsilonNd < -1.2 (the lowest epsilonNdvalue in the lAD group), 

147srn~144Nd :> 0.31 (the least radiogenic Sm/Nd ratio in the I_AD group) and hav~ reasonably 

0 . 
abundant Nd (so that not a large amount of this source is needed t6 produce the observed_ 

changes in epsilonNd) 

How does such a source, with a time integrated LREE-enrichment recorded in its isotopic 

composHion, come to deliver a LREEdepleted component to the lAD group melts? There appear 

to be at least two posslbilities: 

1 ).It may have been the product of very limited partial melting of a _LREE-enriched material 

involving a refractory phase that retained the LREE at the expense of the HREE. Such a phase 

would certainly be accessory; currently accepted distribution coefficients allow no major phase lo . 

cause so dramai\C a LREE depletion, even wring very small amounts of partial melting (although 

admHtedly, the Kd's for hydrous melting of sediments in these circumstances are poorly known) . 

Ba.sed on published .observation and experimental wor1<, such a phase could perhaps be 

. sphene. Dodge and Mays (1972) analysed sphene from theoSierra Nevada batholith and found H 

to be LREE-enriched wHh a distinctive step down between Sm and Eu (considering the roughly 

complementary step up in the lAD group samples, this I"T}ay be significant). Green (1980) argued 

. that sphene might be a stable phase in-the mantle under high pressure. hydrous conditions __ _ 

"" • based on Its presence in some hydrous eclogites and in high pressure experimental runs on 

hydrous andesites. Experimental wor1< by Hellman and Green-{1'979), aimed at studying the 

reactions and m~lt products in subducted ocefn crust, identified prima~ sphene between 10 

and 18 kb. and up to 1020
11
C in runs of olivine tholeiHe composition. They concluded that 

.. 



'"' .. 

spheAe may be a refractory phase under such conditions with up to 60 percent partial matting. 

Distribution coefficients for REE in sphene, calculated by Hellman and Green (1979) based on 

experimental data, range from ce .. 245 to Lu-3.01 emphasizing the affinity for the REE overall 

and the LREE ir:t particular and the ability ofsphene to reduce mari<edly the total REE content of 
. . 

. . ... .· 

the mett. They cautioned that data for REE in sphene in the literature vari&s widely and more wor1<. 

is needed to define the effect of this phase on REE distribution in hydrous mafic metts at high 

pressure. A difficulty with sphene is that it should also retain Ti, and produce a negativ~ rather ' · 

than positive Ti anomaly on the extended REE plot. It is not kno~n whether it could retain 

eno_ugh Zr to preserve the negative Zr anomaly. 

2) The oompooent may have been-the refractory end product of partial melting of subducted 
~ 

sediment or a.crustally-derived mantle heterogeneity. This model preserves the very low Zr . . 

contents of the refr~ctory peridotite (the Zr would go in early men fractions) but does not explain . 

the positive Ti anomaly. 

Note that the timing of mixing of the components is not critical. For example, if component 2 

is IAI group tholeiite, then components 1 and 3 lllay have mixed and then undergone partial • 

melting prior to mixing magmatically with component 2. Alternatively, if component 2 is a sediment 

mett or metasomatic component, all three components may have been mixed prior to final partial 

matting and magma production. 

Two further features of the lAD group, the positive Ti anomalyand the low Mg#, ~ar further 

comment vis a vis the "pre-mixing d$1etion" model. The positive Ti may simply reflect a(l original 

Ti-enrichment in one of the sources or the activity of an otherwise obscure accessory phase at 

some stage; neither can be ruled out. Mematively, it may reflect minor oxide accum~lation 

during fractional crystallization and be unrel2!ted·to the melting history of the rocks. As opposed to 

boninite series rocks, there are no high Mg# compositions in the lAD group that would have been 

in equilibrium with mantle olivine. It was earlier suggested that the low Mg#'s in the lAD group 

- i~icated extensive fractiof1~1 crystallization (Section 3.4.2); however, this fails to exJain the 

inverse Mg#-epsilonNd correlation (Figure 4.10). If this correlation is not purely fortuitous, then 
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'this might also be a result o! contamination of the manile peridotite by component 3 . 

4.5.4 .3 The ·in situ depletion· model 

In this model, the depleted mantle source is contaminated by mal.erial from. the enriched 

source (either through ascent of sediment-derived melt or LFSE-rich hydrous fluids from the slab) 

prior tQ partial melting. The contaminated source region (heavy stippled field~Figure 4.118) . 
would then be variably LREE-enriched. havo a wide range of epsilo.nNd depending on the 

. . ... 

degree of contaminat~on , and show a positive correlation between epsilonNd and 

To produce the observed lAD group relationship~ . a LRE~-depleted refractory sautee must 

be produced from this contaminated source. with the most contaminated (e.g . lowest epsilonNdl 

samples being the most depleted. At least two ways can be imagined in which this may occur~ 

a) s,tabilization of a LREE-depleteq phase during melting leaving a LREE- depleted residue: 
' . • . _In this case. contamination of the di!pleted mantle source might result in stabilization during partial 

melting of a phase w~h a-high ratio of HREEILREE distribution coefficients. The amount of 

LREE-depletion resulting from this process would be related to the amount of crustal 

contaminan.t in the source. producing an indirect inverse correlation between epsilonNd and 

LREE. 

A crucial question in this model is whether there is a refractory phase under these conaitions 

that is capable of producing such a dramatic LREE-depletion. Sphene is one possibility. 

However, uncertainty regarding the appropriate distribution coefficients and conditions under 

which n may be stable (e.g. Hellman and Green. 1979) make its possible contribution equivocal. 

As discussed above. the involvement of sphene al~o does not explain the positive Ti anomaly or 

\ the negative Zr anomaly in Figure 4.9. 

b) variable partial melting of the contaminated source: In this case. complex_melting of the 

-
contaminated source is invoked to produc~ an increasing depletion in the LREE with incr~ased . 
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melting. The more siliceous (i e.most contaminated) parts of this source might have lower solidus . - -

tempera!ures than tl,"le less contaminated areas (this is a major indeterminate factor in this model) 

and might, therefore, be the first to melt. In these early melting regions'. more ext~nsive p~rtial 

melting might lead to more severe LREE depletion. In the resulting spectrum of refractory source 

compositions, LREE depletion (e.g. degree of melting) would be related to the amount of 

contamination and. therefore, indirectly to the epsilonNd composition. 

Although this model faits to provide a sat isfactory explanation for the inverse epsitonNd-Mg# 

correlation, it does account for the negative Zr anomaly, as Zr would presumably depart in the 

earliest melt fractions. The Ti anom.aly is less easily explained unless early stabilization of a 

Ti~bearing phase is postulated . . 

A further potential problem with this model is that a single episode of partial melting may not 

sufficiently deplete the source in LREE to produce the observed Sm!Nd rat ios at low epsilonNd· 
\ 

Partial melting calculations on co_mpositions within the oontaminated field at epsilonNd--2 _ 

indicate that even greater than 50 percent melting will not produce 147srn~144Nd ratios much 

greater than 0.25. Two or more· stages of melting could be invoked, but the connect ion between 

I:.REE-depletion and contamination then becomes tenuous. 

4.5.4.4 Summary of lAO group petrogenesis 

Clearly, although some aspects of the petrogenetic history of the lAO group ~an be interred 
., 

from isotopic and geochemical data, much remains enigmatic. Some important conclusions that 

can be reached are: 

1} the highly depleted incompatible element cdnc~ntrations indicate that hydrous melting of 

a highly refractory mantle source is an important part of their petrogenesis. The source can 

reasonably be interpreted as the_ residue from previous partial melting of either normal or variably 

contaminated depleted mantle; 

2) negative Nb and Ta anomalies and ~enerally low e~lonNd together suggest that crustal 
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. material is involved, e~her from the subducting slab or from recycled crustal material in the mantle; 

. . -· 

3) the negative correlation between Sm/Nd and epsilonNd and between Mg# and epsilonNd 

require further eomplex~ies in the melting history which are not easily understood. 

4.5.5 ·The Wild Bigflt Group Rhyolites 

Rhyolites from the various felsic volcanic accumulations in' the Wild Bight Group have a 

relatively homogeneous chemical composition (Figure $ .14) and a limited range in epsilonNd 

(Figure. 4.1 ). Some of the features of these rocks that must be explained by' any patrogenetic 

model are: 

1) EpsilonNd in the range +4.9 to ~5 . 6 .. J 

I 

' . .i 

2) LREE-deple~ed extended REE patterns at relatively low abundances(- 8 to 11 X prim.itive 

mantle) . 

3) Prominent.negative Ta anomalies (and probably also Nb which is always below the 

detection lim~ of approximately ?to B X prim~ive mantle). 

3) Negatiye Eu and strong negative Ti anomalies as well as very low V contents. 

The close association of r~yolite w~h rocks of island arc atfi~~Y has already been noted and 

geochemical arguments have been presented in favour of an origin by partial melting of basic 

rpcks in the basal part of an island arc, The Nd isotopic analyses do not.'further constrain ttle 

melting relatiOnships but are consistent with partial melting of rocks with similar isotopic 

. ~mpositions to the observed mali« ~oc( of island arc affinity .. With only two analyses, it is not 

proposed to attempt any more detailed petrogenetic proposals than this. However, given that the 

isotopic data are consistent with the _rhyolites having formed through partial melting at the base of 

an island arc, some comments are 'appropriate concerning the significance of some of the 

geochemical features noted above. 

The LREE-<:tepleted nature of these rocks indicates that the sources were likewise 

LREE-deplet~. Field evidence suggests th'it the observed volcanic rocks are, at most, of the 
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Figure 4.14: Extended REE plot for the Wild Bight Group rhyolites . 

• 

276 

• 



• 

; 

' 

order of 3 to 5 km stratigraphically below the rhyolites . There is, therefore. little likelihood that the 

source rocks for the rhyolites can be fou[ld among the observed volcanic rocks. In any case, 

there are nq mafic volcanic or subvolcanic rocks in the sequence that have appropriate 

compositions to be source rocks for the rhyolites. The L~EE-depleted Nanny Nag Lake suite has 

too high epsilonNd and REE abundances similar to the rhyolites; partial melting of these rocks 

would produce REE abundances considerably greater than those observed. 

The low REE abundances and LREE depletion suggests that appropriate source rocks· 

should be sought in cumulate rt>cks at the base of the arc rather than in the evoived liquid ..... . 
compositions . Such rocks would be LREE-depleled. and have very low REE abundances. 

~ 

The negative Ta and Nb anomalies in this scenario are interpreted as inherited from the 

source rocks which, by virtue of their arc petrogenesis, would also have this characteristic The 

negative Eu and Ti are intefi)reted to reflect the respective influence of plagioclase ~d iron oxide 

(the la"er support~d by the very low V contents). either as a residual phase during melting or as a 

fractionating phas~ during crystallization. Homblende may also have been involved. contributing 

to the Ti anomaly 

4.6 Petrogenesis of the Non-arc Volcanic Rocks 

4.6.1 Model Parameters 
.· 

EpsilonNd for all the non-arc groups is in ihe range +4 .8 to +7.6, indicating that the 

petrogeneses of these rocks involve mainly mantle sources with i ime- integrated ........ 
LREE-depletion Minimum epsilonNd in all groups is low enough that it is unlik ely that all suites 

result from differing degrftes of partial me"ing of a normal , depleted mantle source . 

The variable LREE-enrichment and epsilonNd in the range +4 to +8 support the 

comparisons of these rocks with basalts in enriched spreading ridges ("E-MORB") and oceanic 
' 

islands ("018") and suggest that a mantle source similar to these can be invoked to model the 
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.. 
non-arc petrogenesis in the Wild Bight Group. Selection of such a source is, of necessity , a rather 

ad hoc process. It is clear from the recent literature that there are probably a multitude of such 

sources in the mantle (discussed in Section 4.3) The Nd isotopic composition of such sources. as 

indicated by the composition of ocean~ island basalts . is most comrfunly in the ra~ epsilonNd • 
/' 

- +4to +8 but may range from strongly positive to strongly negative (e.g. see compilations .of 

Mqrris and Hart, 1983 or von Drach et -11, 1986) . . 
d 

With respect to the Wild Bi~ht Group non-arc groups. the simplest case for derivation of all 

rocks by melting-mixing variations b~tween two sources would be the involvement of normal • 

depleted mantle and an "018" source ~ith slightly.LREE·enriched to slightly LREE·depleted 

patterns (i.e. 1 47srn~144Nd = 0.17to 0.22) and moderately positive epsilot"Nd (i .e in the. +4 to 

+ 7 range) . Such a source would be isotopically similar to a large number of modern oceanic island 

suites (see compilations pre':' iously cited) and is also b roadly similar to the "prevalent mantle" or 

PREMA discussed by Zlndler and Hart (1986) as a possible source for many modern oceanic 

island basalts. 

For purposes of illustrative numerical rilode llin~. the slightly LREE-enriched, typical E·MORl3 

of Sun (1980) is tcrl<en as a starting point. The' REE concentrations in the mant le source a're taken 

as a faqor of ten lower than this. For the· numerical models, this source composilion (in ppm) is 

La"' .63; Ce"' 1.5; Nd- .9; Sm ~ .25; Yb = .22. It is very similar to the E-MORR source cJiculatcd 

by Wood ( 1979) and the "enriched source" for Hawaiian basa~s ·t"PSed by Chen and Frey ( 1981) 

4.&2 The NAI group 
.. 

As shown in Section 3 4, the NAI group comprises at least two magma1ypes . one having flat 

LREE to slight LREE enrichment and the other being distinctly LREE-enriched. S6me trace 

element features of the relatively LREE-depleted varieties (there are no INAA REE data for the 

DREE·enriched varieties) are displayed on the extended REE plot in Figure 4.15 and illustrate 

some of the characteristics that must be accounted for in any petrogenetic model illcluding 

• 
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1} epsilonNd values overlap in the range +5.3 to + 7 6: 

2) high Mg#'s indicating that little fractional crystallization has t;:~en place; 

3) smooth, flat to slightly convex upward REE patterns at approximately 10 times chondrite. 

Generation of the LREE-enriched rocks in this group can be modelled as a simple advanced 

partial melting of the "018" source (illustrated by Curve 3. Figure 4 .16). These rocks. with 

epsilonNd- +5 to +6, have isotopic compositions within the range that might be expected in 

such a source and a moderate amount of partial melting of the postulated sou rce material 

produces REE patterns that are broadly similar to the observed rocks. This process is inuslrated 

schematically on Figure 4.17. 

Such a process. however. does nOt easily explain the isotopic and geochemical 

compositions of the LREE-depleted varieties. The schematic relationships of Figure 4.17 . . 
suggest that a simple, two-component mix ing between the "018" me~s and melts of OM might be 

'\ 
applicable. However. such simple models encounter difficully in the numerical mod.c ll ing. 

Because the rocks are slightly to strongly LREE-enric hed, but have MORB-I ike Nd isotop ic. rat ios. 

modelling by addition of suf!icient LREE-enriched "OIB"-derived material to MOAB to produce 
& • 

the observed flat LREE invariably resu"s in epsilonNd values that are unaccept ably tow . 

Alternatively, adjusting the mixture to produce an appropriate epsilonNd invariably resu lts in a 

LREE-depleted pattern (illustrated by Curve 1. Figur~ 

One (>oss ible solution is that the OM in the mixture had a much higher epsilonNd than 

I 

postulated in Section 4.4. This is illustrated by Curve 4 , Figure 4.16, which shows that an 

approximately flat REE pattern at appropriate total RE E abundances can be generated from the 

two sources if epsilonNd is assumed to be+ 10. This is equivalent to using a source ne~r the top 

of the OM partial melt field in Figure 4.17. 

An alternative explanation is that there is another component in the mixtu re . In order to 

generate the high epsilonNd and flat RE E patterns, this source would' have to h;w e had a 

• 
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Figure 4.16: Melting-mixing models for the NAI group 
compared to observed compositions. Heavy-stipple is field of 
LREE-enriched samples and light stipple of LREE-depleted 
samp[es. 

Curve 1 is generated through mixing of a 20% partial melt of 
OM (source mode o l:opx:cpx=0.6:0 .2:0.2 and melt fractions 
ol :opx :cpx=0.2:0.2:0.6) and a 20% partial melt of "018" (same 

• source mode and melt fractions) in proportions 85:15. Epsilon 
Nd is +6.9, assuming epsilon Nd = +4 for "018". 

Curve 2 is a mixture of 10% partial melt of OM, 10% partial melt 
of "018" (both as for Curve 1) and 0.1% partial melt of OM in 
proportioos 69 :23:8. 

- · ' Curve 3 is generated by 7% partial melting of "018". Epsilon 
Nd is same as-this source. · 

Curve 4 is generated through mixing of same materials as 
Curve 1 but assuming OM to have epsilon Nd = + 10. This 

. subst~ntiall~ changes th: ~ixing proportions. Epsilon Nd of 
the m1xture IS + 7.2. 
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Figure 4.17: Schematic illustration of petrogenetic models for the NAI group. 
The derivation of the "018" source is discussed in the text. Seven percent 
partial melting of this source is illustrated and is equivalent to Curve 3, Figure 

- ~- 1_5. ~ 1 0 percen~ partial melt _of thi~ source would lie _SiiQh_tly to th~ loft of tho 
1nd1cated compos1t1on and mlx1ng w1th advanced and 1nc1p1ent parttal melts of 
. OM could produce Curve 2, Figure 4.15 and the range of compositions in the 
NAI group. 
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time,-integrated LREE-depletion, but became LREE-enriched shortly before incorporation in the 

observed melts (I.e ~now has high-epsilo0Nd and LREE-enrichment) . Such a sourc~ migh! 

result from some form of mantle metasomatism (e.g. Bailey, 1970; Menzies and Murthy, 1980) but 

such processes are not well understood and it would be difficult to model. 

An alternative. and less indeterminate , solution involves incorporation of the results of very 

small degrees o(partial melting of depleted mantle. These would have Jhe required 

LREE-enrichment but MOAB-like isotopic ch<1racteristics. Mixing with melts formed by more 

complete melting of depleted mantle would effect flattening of the LREE in the mixture with no 
, ........ 
' . 

significant change in epsilor'INd 

Curve 2, Figure 4.15, is constructed assumjng that depleted mantle epsilonNd is + 7.6 ~ftd .;~ 

small amount of "018" source is used to depress this value slightly in the ~elt A more ( . 

LREE-enriched so~rce could be used instead, in which case less would be required in t~ 
mixture. The model curve is a good fit to the observed values in the HREE and has appropriate La 

abundance Ce to Sm ar.e lower than observed concentrations and there is a steep- negalive 

slope from La to Nd. This is also a feature of some calculated models for the NAT and NAE groups 

• (see below) . Considering the uncertainties in the composition and nature of the sources for 

these magmas. it is not surprising that the model is less than a perfect mat~ The problem of 

underabundant Ce-Sm In the model stems from the need for a major LREE-enriched component 
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, __..,, 
with depleted manila isotopic characteristics (because of high epsilonNdl· In terms oHhe . J 
sl'l'nplified source regions assumed in this study, this is most easily modelled as liquid result ing 

from very small amounts of partial melting of depleted mantle. This process. calculated using the 

assumed depleted manila composnions. produces a liquid with higher La/Ce. La/Nd and La/Sm -than the observed magmas and REE patterns in the resulting mixtures that do not provide a good 

match In the Ce to Sm range. This is probably not a serious problem. Assuming slightly different 

source characteristics and/or ~itional CO!Tl>Onents iri the mixture.could produce an even closer 
I' 

· match between modelled..8nd observed compositions. 

I 

-
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4.6.3 ihe NAT group 

There are two distinct basa~ types within the NAT group, represented by the Side Harbour 

and New Bay suites, respectively. Both have approximately equivalent LREE abundances but 

the latter are relatively enriched in the HREE (Figure 4:'18) Among the features cf these rocks 

that must be explained by any petrogenetic.model are : 

1) EpsilonNd ranging from +4.7 to + 7 of whiCh the lowest values are in the New Bay suite: 

2) strong LREE enrichment and steep negative slopes to the REE patterns; 

3) slight positive l'a and Nb and negative Th anomalies; 

4) moderate Mg# in the Side Harbour and low Mg# in the New Bay suites indicating 

. 
substantial fractional crystallization; 

5) enriched HREE in the New Bay suite relative to the Side Harbour. 

EpsilonNd for this group is generally within the range to be expected of the "0113" source, 

suggesting that it may be best modelled through partial melting of this source . Figure 4 19 shows. 
~ 

that a reasonably good match can be obtained in this manner and the process is schematically 
. / \ .il . 

illustrated in Figure 4.20. In order to morl the observed compositions stridly as partial melts of 

the "01!1'' source, it ts assum11d th~t fl~lonNd of thi <; ~·1urce· may range from approxinjately +4 .5 

to +7 (the range of observed compositions. stippled in Figure 4.20) . There is no positive trend 

between epsilonNd ~nd 147srn~144Nd (Figure 4.3) and no evidence that OM is involved in the 

petrogenesis. 

The observed compositions of the New Bay Suite can be modelled reasonably well 

assuming a moderate amount of partial melting of the "018" source involving only ol ivine and . . 

pyroxene fractionation . Five percent partial me~ing produces a pattern parallel to but at slightly 

lower total REE than the observed compositions (Curve 1, Figure 4.19A). These rocks have Mg# .. 
of o .44 indicating substantial fr~ional crystallizaik>n and Curve 2, Figure 4.19A shows that 30% 

fractional crystallization of the liquid represented by Curve 1 produces a close ~pproximation to 
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Figure 4.19: Melting-mixing models.for the NAT group; A-New Ray suite; R­
Side Harbour suite. Observed REE patterns are stippled. 

In A, curve 1 is mixing of liquids generated bv 0.2% partial melting of OM 
(source mode: ol :opx:cpx~0 .6:0 .2 : 0.2 and melt fractions ' 
ol:opx:cpx..0.2:0.2 :0.6) and 30% partial melting of PM (same source and 
melt fractions) in proportions 30:70. Epsilon Nd is +6.2. Curves 2 and 3 . 
represent respectively 10% and 30% fractional crystallization of A. 

In B. curve 1 is a binary mix of 0 .1% melt of OM (source mode 
ol :opx :cpx :ga-0.58:0.2 :0.2:0.02; melt fractions ol:opx:cpx :ga • 
0 15:0.15:0.4:0.3) and 30% partial melt1ng of PM (as in Curve 1 of A) in 
proportions 30:70. Epsilon Nd is +5.9. Curve 2 is a ternary m ixture of the two 
components in 1 plus PAAS in proportions 34.864.7:0.5. Epsilon Nd is t6 C 
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Figure 4.2Q: Schematic illustration of the petrogenetic model for the NAT 
group. Limited amounts of partial melting of the "018" source can·account 
for the observed compositions, if it is assumed that this source may have 
epsilon Nd ranging from +4 to greater than +6 {i.e. the area inside the 
stippled curve Above the "018" field). If epsilon Nd of this source is 
assumed to be +4 or lower, mixing with OM partial melts is needed to 
account for the observed variation. 
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the observed compositions. 

Such a process cannot produce the somewhat greater HREE-depletion observed in the 

Side Harbour Suite (Figure 4.198). However. by assuming a small amount of garn!'t in the 

residue. the REE patterns are steepened and a close approximation to the observed · 

compositions can be achieved by approximately 4% partial melting of the "OIB" source. 

Consideration of incompatible element ratios (Figure 4.21) suggests t~at the process is 

actually mOI"e complex than the model would suggest. In particular. there is a range of 

incompatible element ratios that suggests that the observed range of compositions does not 

~ 
' I 

' --

come from a simple homogeneous source. The data may define a diffuse curve in Figure 4.21A 

that could be a relict of binary mixing, but they plot in a very diffuse straight line on the reciprocal 

plot (Fig~He 4.21 B). In terms of the modelling, this is probably best interpreted as a feature of tho 

"OIB" source which may itseH be a mixture of two or more other distinct mantle sources (as 

suggested by Zindler and Hart. 1986. for their "prevalent mantle") Alternative ly , smJII amounts ol 

other mantle sources (e.g. LREE-enrlthed sources which may or may not be derived from 

recycled crustal material, partial melts of normal depleted mantle) may be contributing to the final 
• • 

products These could be accommodated in the models without diff iculty by varying the amounts 
I 

of partial melting and mixing. 

The small positive Nb and Ta anomalies are not expiJined by the moped The fact that these 

are much better developed in the NAE group (see below) suggests a genr.t ic link thil t will be 

explored following discussion of the NAE data in the following Section 

, 4.6.4 The NAE group 

Some features of the NAE group that must be accounted for by petrogenetic models· are 

illustrated on Figure 4.22 anCI summarized below 

1) EpsilonNd of the samples overlap in the range +4.8 to +57, 

2) very low Mg#, suggesting extensive fract ional crystallization: 

3) high LREE and MREE abundances and more LREE -enrichmPnt th;m the NAT S;tmples: 
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Figure 4.21 : Ratio-ratio plots for the NAT group. Variations due to bi~ry 
mixing should plot along a smooth curve in A and a straight line in the · 
reciprocal plot B (langmuir et al., 1980). Thera is considerable scatter 
about vary diffuse trends suggesting that although some of the variation 
in the NAT group may reflect binary mixing, this process is not the 
principal control on geochemical variations. 
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Figure 4.22: Extended REE plot for the NAE group 
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4) ~~REE abundances similar to the New Bay suite ; 

5 pronounced positive Ta and Nb and negative Th anomalies; 

6} negative Ti anomaly. 

Tht~ NAE group is the most LREE-enriched in the non-.arc suites. EpsilonNd is similar to that 

in the New Bay Suite but lower than much of the Side Harbour suite suggesting that a major 
I 

contribution irom the "018" §Ource can fikewise be invok~d to _model the petrogenesis of these · 

rocks . 

Figure 4 ~3 illustrates that a small amount of partial melting of the "018" source invqlvin'g 

. pyroxene and olivine fractionation can produce a close approximation to the observed NAE 

group compositions (also illustrated schematically on Figure 4.24). The HREE are slightly higher 

than observed compositions, perhaps suggesting that a small amount of garnot !;hould be -~ 

included in the model residue. 

~ixingfnodels involving small amounts of partial melting of OM and "018" sources can also 

successfully account for the composition of the NAE group (Curves 2 and 3, Figure 4.23). This is 

also illustrated on Figure 4.24 . 

However, melting of a single homogeneous source or binary mixing between melts of two 

homogeneous sources does not satisfactorily account for other features of the NAE group 

magmas including their positive Ta and Nb and negative Ti anomalies. In addition, trace element . . ~ 

ratio-ratio plots like that in FigurEt 4.25 indicate that simple binary mixing does not adequat91y 

account for the variation in magma characteristics. As in the case of the NAT group, it seems 

necessary to postu4ate either a complex "018" source or the incorporation of small amounts of 

additional sources to explain the trace element ratio characteristics. 

The positive Ta and Nb anomalies (Figure 4.22) are the complement of thee negative 

anomalies characteristic of the island arc suites and it is tempting to attribute them to a 

contribution from a source that was depleted in the LREE relative to HFSE in the convergent 

plate margin setting and subsequently recycled in the mantle where partial melting produced a Nb 

and Ta-rich liquid. SUch a process. first suggested by Wood (1979) who noted that E-MORB lavas 
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Figure 4.23: Melting-mixing models for the NAE group. ObseNed 
compositions are stippled field. 

Curve 1 is generated by mixing of ~quids derive<:tty 0.1% partial melting 
of DM {source mode: ol :opx:cpx:ga=0.59:0.2:0.2:0.01; melt fractions 
ol:opx :cpx:ga = 0.15:0.15:0 .4 :0.3) and 2% partial melting of PM (source 
mode: ol:opx:cpx:Qa = 0.55:9.2:0.2:0.05; m~h fracti~ns : ol :opx:cpx:ga = 
0.15:0.15:0.4:0.3) m proportions 65:35. Eps1lon Nd 1s +5.1 . 

Curve 2 is a ternary mixing model of 1% partial meh of DM (source mode: 
ol :opx:cpx:ga = 0.58:0.2:0.2:0.02; meh Jractions: ol:opx:cpx:ga = 
0.15:0.15:0.4:0.3), 10% paflial meh of PM (source mode: ol:opx:cpx = 
0.6:0.2:0.2; melt fractions : ol :opx:cpx = 0.2:0.2:0.6) and PAAS in 
proportions 72:18:1 0. Epsil~n Nd is +5.4. · 
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from the mid-Atlan!ic ridge have overabundant Ta and Nb with respect to the adjacent LREE, is a 

'I 
·common feature of intraplate oceanic island volcanic rocks as well (e.g. Hawaii, see data in Basa~ic 

Volcanism Study Project, 1981). The contribution of such a source cannot be modelled as the 

relative t~E and HFSE concentrations of the potential source are not known. However, it may be 

noted that if such a source is a strongly LREE-enriched mantle source, it may be among the first 

~ 
,. to me~. explaining its prominence in the melts derived from the smallest degree of partial melting 

• 

(the NAE group) and its declining importance in those formed through progressively ~gher 

degrees of partial melting. 

) 
4. 7 Magmatic History of the Wild Bight Group; Sc.m,rnarY and Synthesis 

The Nd isotopic data, in conjunction with the geoch~ical data, permit the petrogenetic 

history of the Wild Bight Group to be interpreted in more detail than has pr~viously been 

attempt.ed for any Ordovician volcanic sequence in Newfoundland. A summary of interpretations 

for the petrogenesis of the Wild Bight Group volcanic rocks is presented in Table 4.4 These 

interQretations are incorporated in the model for-the geological development of the Wild Bight 

Group presented in Chapter 5 and many of the details appear i':" schematic form on Figure 5.3 . 
• . . 

The earliest magmatic history of the Wild Bight Group is recorded in LREE-enriched island arc -
tholeiites of the Seal Bay Bottom volcanic unit . The base of the Wild Bight Group is not exposed 

and so it is possible, even likely, that ther& is an extensive prior history of island arc magmatic 

activity that has not been preserved (C is preserved in other volcanic sequences elsewhere in 

Central Newfoundland). The only record of this activity in the Wild Bight Group is in the . . . 

-,volcanogenic detritus in turbiditic sandstones of the basal Omega Point Formation. 

The Seal Bay Bottom magmatism probably reflects the ioteraction of slab-derived crustal . 
material and normal depleted mantle above the subduction zone. The negative Ta and Nb and 

positive Th anomalies reflect the former but do not indicate whether this component reached the 

mantle wedge as a melt ~r in a metasomatic fluid. The possibility of additional contributions froni 

• 
subducted oceanic lithosphere cannot be tested with the present data. This style of magma 

' 
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generation (i.e. low to moderate degrees of partial mehing and a major contribution to depleted 

mantle from crustal sources) apparently persisted throughout the magmatic his1ory of the Wild 

Bight Group, as similar lavas occur in the central part of the succession (Glover's Harbour suite) as 

well as at the top (Northern Arm suite). 

A second style of tholeiitic magmatism, with pronounced LREE-depletion ~MOAB-like Nd • • • 

isotopes, began somewhat later in the magmatic history of the Wild Bight Group (the Nanny Bag 

Lake suite). These lavas probably represent the same sources as the LREE-enriched suites but 

appear to re~rd a much smaller relative ctustal contribution and more complete partial melting of 

ttie contaminated depleted mantle. 

Conceptually, the ~agmatism that produced the two types of island arc tholeiite can perhaps.. 

be most easily visualized as partial melting of regions in the mantle W8dge that have variable 

concentrations of veins or plums of enriched material. The degree of LREE-enrichment and the 
. \ 

Nd isotopic composition would depend on the relative concentration of veins or plums in the 

region of melt generation. Melting in these regions :auld initially invQive princ ipally the enriched 

material (Wood, 1979) but with advanced melting, the importance of the depleted mantle in the 

mixture would increase. It is not certain whether areas of relatively sparse veins or plums are · 

necessary to produce the Nanny Bag Lake magmas. Perhaps they could be produced by partial 

melting of the depleted mantle source that continued past the am-ount typical of the 

LAEE-enriched varieties and overwhelmed the early LREE-rich compositions with 

LAEE-depleted liquid. 

During tne later stages of arc volcanism, an enigmatic suite of very incompatible 

element-depleted magmas (the lAD group) was erupted ... The very depleted nature of these lavas 

requires hydrous melting of a very refractory source which, in terms of Wild Bight Group history, Js. 
,. 

peihaps best thought of as the residue from production of the early IAI gro~ tholeiites. This part 

of the model Is conc~ptually similar to those proposed by Meijer (1980), Hickey and Frey (1982) 

_ and others for generatio'l of boninites. The )AD group, however, has not been modified by a 

Zr-rich and/or Ti-poor fluid and its AEE pattwlS require mare complex models than the ~mple 
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LAtE-depleted or concave-upward paHerns of boninites (particularly in view of the negative 

epsilonNd - Sm'Nd correlation). These features can bcl accounted for by postulating a COI'llJie)(, 

interaction of slab-derived fluids, refractory mantle and a LREE-enriched component that can be 

..__ ' ......__,'jdelled as small amounts of the IAI group, LREE-enrici'Jed, liquids. Th~ very low Mg#'s suggest 

that the magmas underwent considerable fractional crystall ization before eruption. Because they 

• 

did not equilibrate with each other chemically or isotopically, it seems likely that they did not pool 

in shallow magma chambers . The illl'lication is that they were erupted directly from their source 

regions, suggesting conditions that permrtted easy access from depth to the surlace. 

At the same time that these magmas were being erupted, silicic melts were also being 
1 

generated, probably through hydrous pqrtial fusion of pre-existing arc crust. These melts, which 

are LREE-depleted and have positive epsilonNd· cannot be successfully modelled as partial 

melts of observed mafic volcanic compositions using major phases but they may be partial melts 

of pyroxene-plagioclase-bearing cumulates at the base of the arc crust. 

The common association of rhyolite with lAD group andesites suggests a llJenetic 

_relationship. Although it is not likely that they are directly related through partial melting or 

fractional crystallization, rt is very likely that both reflect a magmatic response to changing tectonic 

.. 
conditions within the arc, the a(\desites requiring highttr temperatures and more water In the 

mantle wedge and the felsic magmas similar1y requiring hotter, more hydrous conditions in the 

basal afc dust. This relationship is further explored in C,hapter 5. 

It is interesting that the only felsic volcanics not spatially related to lAD g~oup andesites occur 

wfth the Nanny Bag Lake suite. This may suggest a temporal link between the Nanny Bag Lake 
~ . 

suite and the lAD group and raises the possibility that the changing tectonic conditions that 

allowed generation of the lAD group and the rhyolrtes were also somehow responsible for the 

LREE-depleted arc tholeiites (perhaps higher temperatures promoting highP.r degrees of partial 

melting in fess contaminated regions away from the slab?). 

Magmatism following the eruption of the lAD group gerteralty represents different sources .. 
and in particular shows no evidetlee of the subducting slab. The stratigraphic succession in the 
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upper Wild Bight Group suggests that NAT group lavas probably represent the first non-arc , 

eruptions followed by NAE group lavas. NAI group lavas are generally at the top of the succession 

and are the last new m~ma type to appear ooring Wild Bight Group volcanic activity. 

Most of the isotopic a,nd geochemical features of the NAI, NAT and NAE~roups can be 

accounted for in a unified model of magma genesis, by postulating the presence of a mantle 

source similar tO that which produces "E-MORB" or oceanic island basa~s in modern volcanic 
( ~ 

settings. Most oft~ rocks in the non-arc groups can be modelled as resulting from various 

degrees of partial melting of this source, locally with input from depleted mantle. 

The NAT and NAE groups were the first non-arc magmas to be erupted. They can be 

successfully modelled as the p(oducts of moderate and low, respectively, degrees of partial 

me~ing of this source although the presence of minor amounts of melt derived from depleted 

mantle cannot be ruled out. The possibility that garn~t was a residual phase during production of 

the Side Harbour Suite NAT group lavas suggests source regions deeper than approximately 30 

km. However, all other suites were probably derived from shallower levels. 

This style of magma genefation apparently was· prevalent throughout the volcanic phase that 

is recorded In the upper Wild Bight Group. However, in the latter stages, it was joined by lavas '· 

characterised by mOre complete partial melting of the "018" source (NAI group). LREE-depleted 

rocks also occur in this group and appear to require a substantial input from normal depleted 

mantle. Variation within the NAI gro~p can be successfully modelled as a mixing between these 

two- sources although incipient melts of depleted mantle may have also entered the melts and 

locally enhancing the LR_EE contents. 

As noted above, magmas with characteristics of LREEcenriched island arc tholeiites 

continued to erupt sporadically thrQugh this time and, with the NAI group, mark the end of active . . 
vok:anic activity recorded by the Wild Bight Group. Shortly after initiation of the tiAI group activity, 

magmatism ceased and Caradocian sedimentation initiated the final phase of the oceanic .. 
geological history of the northern Dunnage Zone. 
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CHAPTER5 

GEOLOGICAL AND PALEOTECTONIC DEVELOPMENT OF THE WILD BIGHT GROUP, 

MODERN ANALOGUES AND ANCIENT CORRELATIVES 

5.1 Introduction 

The geochemical and isotopic results presented in Chapters 3 and 4 allow a cons istent 

interPretation .of the nature of the source regions and melting history of the Wild Bight Group 

magmas. However. these data do not ill-themselves provide direct evidence for the geological 

and paleotectonic history recorded by the Wild Bight Group. Extrapolation of the petrogenetic 

interpretations of ancient rocks to include interpretations of paleotectonic history rely on 

comparisons between thveldtionships displayed by the ancient rocks and those in modern 
j 

'\.., 
settings. 

·such comparisons were made for the individual suitEl.S in Chapter 3 as part of the 

discussion of their geochemical relationships . In particular. pJ,.rallels were drawn between the 

arc-related surtes and vtirious fypes of island arc tholei ites and between the non-arc suites and 

lavas erupted in modem oceanic islands and/or enriched segments of spreading ridges . 

Geological relationships provide a clear sequence of e~ents in which an earty episode of island 

arc-related activity was succeeded and partially overlapped by a later phase of magmatism which 

was not related to subduction. 

300 

In the following Chapter, comparisons are drawn between the geological and geochemical 

relationships in the Wild Bight Group and those in specific modern environments where similar 

relationships have been documented. These comparisons are used as the basis for presenting a .. 
model of the geological and paleotectonic history of the Wild Bight Group. 

Finally, the interpretations with respect to the development of the Wi ld Oight Group are 

applied to coeval rocks elsewhere in central Newfoundland, as a contribution towards the 

understanding of the regional Uanvirnian tci Caradocian history of the Newfoundland Central 

Mobile Belt . 
~ 

I 

I • 
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5.2 Modem Ar_alogues 

5.2., General Statement 

In order to prese"'_ an acceptable analogue for the Wild Bight Group, a modern set1ing 

should have, as a minimum requirement : 1) an early stage of volcanic activ~y in which f!lagmas 

carry a geochemical signature of subduction; 2) a transition to bad<·arc activity and m~matism 

which does not have the arc geochemical signature; and 3) a time period during which arc and 

non·arc volcanic activity overlapped, leading to the interbedding of volcanic rocks with Qisparate 

petrogeneses 1n the stratigraphic record. Such a stratigraphic succession is not common in the 

· modern record, although ~ may be more common than has been observed to date, given the 

number of Cenozoic back-arc basins that have formed in the South Pacific alone. One problem 

with observing such a succesion in the modern record, of course, is that most back-arc basins 

(and remnant arcs in them) subside rapidly as the newly-formed crust cools and so most modern 

analogues are now in very deep water, beyond the reach of the geoiQgist's hammer. 

There is, however, at least one good analogue in the modern record, Fiii ~nd the Lau 

Islands, where tectonic circumstance has kept parts of the remnant arc and subsequent volcanic 

products above the surface of the sea and more than 20 years of concentrated study has 

produced a remarkably good data base. In addition, interbedding of arc and non-arc related 

volcanic rocks has been reported from DSDP drill holes in the Mariana Trough. In the following 

Sections, these are briefly described. Comparisons with the Wild Bight Group are drawn in 

Section 5.3.6. 

5.2.2 ):ljl: A Cenozoic Arc to Back-arc Transition 

The islands of Fiji and the Lau Islands to the east (Figure 5.1) offer a unique opportunity to 

observe the changing volcanic activity associated with a change in tectonic regime from island arc 

a · to back-arc basin. The geochemistry of the island arc volcanic rocks was described by Gill (1970) 

who showed that island arc volcanism as recorded on Viti Levu progressed from early island arc 
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Figure 5.1 - Principal tectonic elements of the Vanuatu- Fiji - Tonga region. Active island arcs are 

in dark stipple, remnant arcs in light stipple and trenches in dark shadin~ 
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tholeiites through calc alkalic andesite to shoshonite. In several later papers, Gill and co-worKers 

have provided an extensive geological, geochemical, geochronological and isotopic data base 

tor magmatic rocks on the Fiji Platform, showing that following cessation of island arc volcanism. 

Fiji bec-.ame a remnant arcbetween ,the Lau and North Fiji Basins (Gin, 1976). Recent volcanic 

activity, consisting dominantly of alkali olivine basalt lacking any arc-related geochemical 

signature, reflects back-arc magmatic processes. 

Figure 5.2 is a summary of the tectonic ~nd magmatic history of the Fiji platform, COITlJiled 

from data in Gill (1970, 1976, 1984), Gill and StorK (1979), Gill et a/. (1984), Whelan eta/. (1985) 

and Colley and Hindle (1985). In particular, geochronological data of Whelan eta/. (1985) and 

isotopic data of Gill (1984) are critical to understanding the magmatic history of Fiji. 
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Briefly the model s.tates that from approximately 35 Ma to 8 Ma before present, Fiji was part 

of the Tonga -~rmadec- Vanuatu island arc formed above the Vitiaz Trench. During this time, 

the principal volcanic products in Fiji were low-K, island arc tholeiitic andesites. formed through 

extensive partial matting of sources that included components of MOAB source, oceanic island 

basalt (018) source and recycled crust (both oceanic lithosphere and sediment) Twice during this 

period, trondhjemite and gabbro plutons were intruded into the sec,uence . At about 8 Ma, there 

was a change in the nature of the volcanic activity, probably in response to forces that would soon 

initiate fragmentation of the arc and opening of the North Fiji Basin, separating Fij i from Vanua'~ · 

Calc alkalic andesites became the dominant magma type, representing lower degrees of partial 

melting of sources similar to the IAT sources (producing magmas with more prominent 018 and 

slab-crust components) . At this time. there was also a voluminous outpouring oflow-K 

trondhjemitic rhyolites on Vanua Levu. interpreted to represent partial melting of early-formed 

island arc crust (Gill and StorK, 1979; Stork and Gill, 1982). • 

In the last stages of fragmentation of the Fiji arc, calc alkalic andesites were succeeded by 

dominantly basaltic volcanism, ranging from shoshonite through transitional varieties to 

non-alkalic basalts (geographically, this is a west to east progression with increasingly non-alkalic 

magmas forming farther from the zone of active rifting) . The shoshonites represent the smallest 
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• 
degree of partial melting in the Fiji arc sequences, with a concomitant increase in the relative• 

i~rtance of 018 and slab-derived crustal sources. Gill ( 1984) suggested that this reflected 

·quick access to the surface of the incipient me~s as a result of rifting accompanying the final arc 

fragmentation. Coeval transitional and non-alk_alic basalts have, respectively, higher degrees of 

partial me~ing and relatively less influence of the enriched sources. 

With the opening of tfie Lau Basin, Fiji was carried beyond tM influence of the Tonga 

- .... 
subduction zone and the last volcanic activity repres~:nts melting of mantle sources with no slab 

component. Isotopic and geochemical data suggest that the sources are dominantly OIB with a 

lesser MORB-Iike component , and the magmas are the product of advanced partial melting. 

It is important to note that the magmatic episodes described here are more complex than 

the model. Volcanic rocks with boninitic and calc alkalic characteristics were erupted in minor 
Q 

quantities during the main phase of arc volcanism (Gill, 1984) and medium-K tholeiites are 

common in this interval in the Lau Islands to the east (Cole eta/., 1985). Boundaries between the 

. . ' 
magmatic types are not clear cut and on a regional scale, there is temporal overlap at all trans~ ions. 

In particular, there was a period of approximately 500.000 years when lavas wi\h arc and non-arc 

geochemical signatures were erupted together in Fiji (Whelan eta/. , 1985) , represented by the 

stippled field on Figure 5.2 . 

5.2.3 The Mariana Trough: Coeval Back-arc and Slab-relate& Volcanism 

Deep Sea Drill Project (DSDP) Leg 60 investigated the relationships between back-arc, arc 

and fore-arc volcanic roeks in a series of holes in a transect across the Mariana trough, ridge, 

fore-arc and trench. Two of ihese holes, numbers 454 and 456A d~illed in the respective center 

~the east 5ide of the Mariana Trough, penetrated an interbedded sequence of aphyric to 

olivin~ feldsp~r-phyric massive and pillowed basalts. Geochemical study of these basalts. 

particularly using REE and HFSE, led Wood et a/.,(1 ~~31) to conclude that they.represented a , . 

sequence of calc alkalic basalts with an island arc signature interbedded with N-MORB basalts 

related to back-arc processes. 

' 
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The stratigraphic relationships are summarized in Figure 5.3. Wood el a!. (1981) noted that­

the intert>edding of the ~o basaH types occurred during an earty stage of back-arc basin opening 

and has important implications fortre nature of inagmatie processes duri\IQ initial opening of 

marginal basins. They suggested that early stages of basin formation would provide opportunities 

for arc influence in the magmas by processes such as magma mixing and/or arc-derived sediment 

assimilation while more mature basins would not show this influence. 
~_........· ;- / ' 

There are foo few data to atte"'4>t a detailed comparison of the Mariana TrOL'~h magmatism 

with the Wild Bight Group. In particular, it is uAIIkely that two holes ~netrating a total of less than 

200 m of section are representative of all the magmatic types that may have reached the surface 
• 

during opening of the Mariana Trough. The significance of these results is that they demonstrate, 

as does the Fiji example, that arc and non-arc magmas can coexist at this stage of the tectonic 

de,eroPmenr of a back-a"'~f· ctualistic rrl?del f~r relationships in theil_pper 

Wild Bight Group where such a process appea o be r1.~c)rded . 

\ 
5.2.4 Other Evidence of Slab Influence} Back-arc Magmas 

In most back-arc basins, the appr~tely simultaneous eruption of different magmas with 

clear art and non"arc signatures has not been recorded. More widely documented, however, are · 

I 

arc-like trace element characteristics in some back-arc basin magm~s which ar1 otherwise similar to \..~ 

. v 
MOAB (e.g. the Lau Basin, Gill, 1976; Jenner et at., 1,987; the East Scotia Sea, Saunders and 

• Tamey, 1979; the Mariana Trough, Hart et at., 1972; Hawkins and Melchior, 1985): Many authors 

have suggested that back-arc basin basalts can in many cases be distinguished from MOAB 

formed at a major ocean spreading center Aubtle alkali, alkaline.earth and Sr isotope 

relationships (e.g. Saunders and Tamey, 1979; Tarney et at., 1981). However, given the mobility 

Qf the critical elements, such distinctions are less likely to be wesef'\'ed in ancient rocks. 

" • 

I 
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456A in the Mariana Trough. Lavas of arc and non arc affinity are 
interbedded in Hole 456A. 



5.3 Geological n Paleotectonic History of the Wild Bight Group 

33.1 General Statement 

Geological, geochemical and isotopic studies reported in this thesis together with 

' cofll)aritons with modern settings where similar relationships have been documented indicates 

that the Wild Bight Group stratigraphic succession records a transition from island arc 19 back-arc 

environments. The developmental model for the Wild Bight Group, illustrated in Figure 5.4, 

suggests a geological and paleotectonic history for the Wild Bight Group which ls consistent with 

the data previously presented and with the sequence of events in such modern settings. Four 

developmental stages afe recognized: Stage 1: the island arc; Stage 2: arc fragmentation; 

Stage 3: early back-arc basin development, and Stage 4: late back-arc basin development. 

In the following Section, the essential features of each model stage are desc;ribed. 

Additional details are provided by the capti9n to Figure 5.4 . 

\ 

5.3.2 Stage 1: The Island Arc 

' 
The lower part of the ~ild Bight Group apparently preserves the final stages of the history 

of an island arc. The base is not exposed and the extent of arc activity that occurred prior to 

deposition of the exposed Wild Bight Group is not known. A sparse record of volcanic activity that 

predated the exposed section is found in mafic and felsic volcanic detritus in basal argillites and 

distal turbidites . . 

Volcanic rocks fonn less than 20 percent of this part of the sequence suggesting that the 

Wild Bight Group actually preserves a part of the arc that was somewhat removed from the m~in 
I 

volcanic centers, perhaps on the distal flank of or betw/en volcanoes. The illustration in Figur~ 

5.4 is, therefore:v~ry schematic rather than actualistip and the reader sho~ld not be mislead by 
I 

the large, dominantly volcanic, arc depicted there: 

The earliest volcanic activity, the LREE-enriched island arc tholeiiteS\Of the Seal Bay 

Bo"om and Glo~er's ~:arbour East suites, probably formed through limited to moderate partial 

melting of a depleted mantle region contaminated by a slab-derived crustal component . 
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Stage 1: The I~ Ale 

Stage 1: All Island arc Is already In place as the base of tha·Wild Bight Group is encountered. 
The lower part of the group may r8CX)(d the last phas8 of a more extensi\18 period of island arc 
volcanic adivtty. A· volcaniclastic sedimentation around the arc. The fine grained·nature of 
basal Md!ments and the relative sparsity of volcanic rocks suggests that the Wild Bight Group 
represents a di&tai·IIOicano Of lnt.er-YOk:ano position in the arc. B • mass transfer of LFSE 
elements from the subducting stab to the overlying depleted mantle wedge. C · generation of 
LREE«~rictled tholeiitic magmas through limlt9(1 to moderate partial melting of depleted 
manUa c:omaminated with slab-derived material. D ·eruption of LREE-enriched tholeiitic 
magma. 

Sta~ 2: Arc Fragmentatiion 

..,. 
Stage 2: Attllng and the oonoomitant breakup of the arc Is accompanied by a greater variety of 
rT\SIIilm& types. A· Rising gaotharms Jjl8mlil hydrous melting of previously melted refractory 
pendotita Qight stipple) producing highly depleted tholeiitic magmas. Melts !Ofmed here 
undergo some fraCtional aystallization befCJfa being tapped by ~ fractures and erupt 
without substantial equtnlbratlon wf1tl 8l!dl other. B • AdVanoacl partiaj melting of 
contaminated, = mantle perldotitlt {peftlapl alll'ilar to that whidl melted In Stage 1) 
produces LAEE eted tholeilt.es. C • h oua melting of ~bolita at the base of the arc, 
perhaps promoted y deep dn::ulatlon of ~rous ftuids as a result of rifting, produces 
trondhjerntlc liquids. D • aedtruentatlon accompanying block faulting, and the considerable 
topographic relief that It creates, consist mainly of debris flows and proximal turbidites. E 
-4iii'Upti9fl of magmas generated In A to D In dose proximity to each other, both in time and 
space. . 
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Stage 3: Earty Back Arc Basin 

"~"~~""~'"~~ ,, ,,,,,,,,,,, 

Stage 3: Arc rifting Is followed by development of a back arc basin and the arc products ara 
carried W1to this basin, perhaps ali a remnant arc. "Eniic:hed" or "plume" -type magmatism 
comrnenc:ea in the back arc shortly altar the waning of volcanism related to arc txeakup, 
perhaps due to the presence of a deep mantle plume (A) or fusion related to deep rifting. B 
-indpient melting of ocean island-like mantle sources produces alkali basalt whicn 
undergoes oonsi~rable frac1ional crystallization before eruption. Moderate amounts of 
partial melting yielc) enriched tholeiitic melts (C) whicn undergo less frac1ional crystallization 
and appear10 have erupted fifst In this environment. D - subsideoca rela!IJ.d to back arc 
formation produces deep water, quiet enrironment& wtUch are reflected liffine grained 
turbidites and pelagic facies sediments. E - Magmas formed In B and C ascend ai1Q erupt 
through the previous arc products, perhaps following pre~xisting conduits. 

"~~~~~ ~~~ ', , ,,,, 

Stage 4: Further development of the back arc basin indudes initjation of magmatism (A) 
which is deple1ed in Incompatible elements rel.ative to the prevloully erupted magmas, 
probably reflecting more advanced partial melting. Minor amounts of alkali and enriched 
tholeiite continue to erupt (B) as does a minor amoJnt of LREE-enrlched Island arc tholei~e. 
the last vestiges of the arc magmatism (C). suggesting that the bac* arc basin Is still qurte 
smaU. Sedimentation is dominated by deep water and pelagic fades. The cessation of 
volcanic ac1ivity occurs in the earty Caradoc, perl'laps as the Wild Bight Group drifts away from 
the mantle plume and the volcanic products are oovered by biac;t( shale, chert and assodated 
pelagic sediments. · 
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Sedimentary rocks be~me progressively coarser with increasing stratigraphic height. 

Mioor conglomeratic debris flows, which are first in evidence immediately above the Seal Bay 

. 
Bottom volcanics, increase gradually in size and importance upward, perhaps reflecting increased 

volca~ relief attendant with the early stages of arc breakup (cf. Carey and Sigurdsson. 1984). 

5.3.3 Stage 2: Arc Fragmentation 

This stage is the transitional period between normal island arc magmatism and the back-arc 

regime which follows. It is characterized by a prolfferation in the varieties of magmatic rocks and by 

a culmination of the trend towards coarse-grained debris flow and proximal turbidite 

sedimentation. 

The tectonic environment is envisaged as being dominantly extensional, with deep, 

throughgoing, fractures that reach mantle depths. Rising geotherms in the mantle wedge 

accompanying the onset of rifting are interpreted to have promoted hydrous partial mehing of 

refractory, highly depleted mantle . This depleted source may be the residue from partial mehing 

that formed the earlier arc tholeiites ahhougp this is not a necessary part of the model. These 

mens did not pool in shallow magma chambers but apparently fractionated in isolation from each 

other as they did not equilibrate isotopically. Their eruption. under these circumstances. may 

have been tl}e resuh of tapping by deep fractures related to the initiation of arc rifling . 
~ 

AJ. the same time, trondhjemitic magmas were produced by hydrous partial melting of mafic 

rocks, probably in the basal arc crust. The production of high-Si02, low K rhyolitic magmas during 

. this stag~ of Wild Bight Group development may have resulted from various factors including: 1) 

the arc may have attained sufticient thid<ness that temperature and pressure at the base allowed 

mehing for the first time; 2) fractures related to the arc rifting may have allowed penetration of 

hydrous fluids and this, coupled with rising geotherms resuhing from deep fracturing would 

produce a local environment in which basal. arc crust eould begin to men. 

The association of rhyolites with the Nanny Bag Lake LREE-depleted tholeiites suggests 

.• 

that these tholeiites also formed at this time. They apparently reflect more complete partial melting 

\ 



of depleted mantle sources than was the ;gs.e for the LREE-enriched tholeiites. perhaps 

/ 
refJecting a hotter sub-arc thermal reg1The . 

The thick and abundant volcaniclastic debris flows at _this stage of Wild Bight Gr<?up 

development also reflect the tectonic processes. As Carey and Sigurdsson (1984) have pointed 

out, the enhanced relief which results from blod< faulting accorll>ar"~'ing arc rifting promotes the 

deposition of proximal turbidites and thick debris flows. 

.. 

5.3.4 Stage 3: Early Back-are ~ 

1 

• Magmatic activity that immediately followed the waning of magmatism related to arc rifting 

produced volcanic and subvolcanic rocks that both overlie and intrude the arc-related volcanic 

products. This is interpreted to indicate that , at the initiation of back-arc volcanic activity , the arc 

products were in the back-arc basin, perhaps forming a remnant arc. 

nfe first volcanic rocks in the post-arc environment. enriched tholeiites of the Side 

Harbour suite. signal a major change in both magma sources and melting characteristics. Vo~anic 

rocks result ing from deep ~elting of oceanic island basalt -type sources are encountered for the 

first time. One might expect -the earliest-formed melts to have been the results of incipient partial 

melting (the alkali basalts of the NAE group). However. not these melts. but the enriched 

tholeiites resulting from more advanced partial melting, appBar to have erupted first. The low 

Mg#'s in the alkali basalts suggest that they underwent considerably more fra~tlonal crystallization 

before erupting than did the Side Harbour su~e; for some reason they were apparently not 
I 

tapped during the earliest volcanic activity. 

Partial melting may have simply resu~ed from rising geotherms related to deep fracturing 

I 
during rifting. Alternatively, and by analogy with modern oceanic environments, the remnant arc 

may have passed over a mantle ·prume· or "hot-spot" soon alter ar~ ~~ling which initiated the 

activity. This is the scenario illustrated in Figure 54C. 

Sedimentaiion in the back-arc environment consisted of deeper water facies characterised 
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by volcanically-derived distal turbidites. chert and very minor limestone and shale, also signalling a 

removal from the environment of active rifting and tectonic activity. 

5.3.5 Stage 4: Late Back-arc 

Volcanic activity in the upper part of the Wild Bight Group included continued, although 

waning, enriched tholeiite and alkali t1asalt volcanism. but is characteriSed by the onset of less 

enriched tholeiitic volcanism which appears to have resulted from higher degrees of partial 

'melting of the OIB sources. perhaps including incorporation of normal depleted mantle material. 

These are the most MOAB-like volcanic rocks pre·served in the back-arc sequences may signal a 

more mature phase of back-arc development in which lessening intensity of rifting allowed more 

complete partial melting, reducing the influence of enriched mantle sources in the magmas . .. 
·The apparent interbedding of LREE-enriched back-arc thOleiites and enriched island arc 

tholeiites in the Northern Arm suite suggest that the influence of the subducting slab, although 

waning, was still evident and the marginal basin still in a relatively earty stage of development. 

5.3.6 Convnents on the Comparison with Fiji 

The changes in tectonic environments and the resultant change'S in magrn~tism that are 

interpreted for the WiiCt Bight Group show some parafle:s and some contrasts w ith those recorded 

In Fiji. Because Fiji appears to be a particularty close modem analogue tor the Wild Bight Group, 

some more detailed comments of the comparisons and contrasts between them are warranted. 

The thick and long-lived successions of fow-K island arc thOleiites that characterize the 

ear1y history of Fiji are not presen't in the Wild Bight Group althoiJgh the basal LREE-enriched 

tholeiites may be analogous to medium-K tholeiites which are common in the main stage of island 

arc volcanism in the Lau Islands (CQ!e eta/., 1985). These rocks in the Wild Bight Group may ~ 

be ana~6s to the calc alkalic andesites1hat form the second stage of Fiji volcanism, from the 

standpoint that both appa;enlfy represent relatively low degrees of partial melting of similar 

sources. If the transition to this style of magi'Tldtism is characteristic of the jnitial stages of arc 
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fragmentation, then it may"b! that,;~ terms of the Fiji model. the Wild Bight Group preserves 

' . 
events which have already reached this second stage, the main stage arc volcanism not having 

been preserved. 

, 
The formation of low-K rhyolites at 7 Ma has been attributed by Stor1< and Gill (1982) to 

pa.rtial melting of basal arc crust promoted by rising geotherms accompanying incipient arc rifting. 

This is a similar interpretation to that proposed here for the Wild Bight Group rhyolites (and the 

correspondence is further heightened by the presence of volcanogenic mineralizat ion in both 

cases, s~e Chapter 6). In Fiji, rhyolite eruption was apparently r.ot accompanied in time by 

eruption of depleted tholeiitic magmas, as in the Wild Bight Group. However, Cole eta/. ( 1985) 

noted that volcanic rocks in the Lau Ridge that record incipient fragmentation of the Fiji arc have 

regionally low Zr and La concentrations and TiN ratios as well as high Cr/AI rat ios in their chrome 

spinels, perhaps Indicating "magma generation from a very refractory mantle source. perhaps 

made possible by rising geothermal gradients that accompanied initial arc rifting·. 

In the Wild Bight Group. as in Fiji, the phase of magmatism following the LREE -enriched arc 
0 

andesites and rhyolites is dominantly basaltic . resulting from very low degrees of part ial melting . In 

Fiji, this magmatism is shoshonitic and carries an arc geochemical signature. In the Wild Bight fJ 

Group, ~ is within-plate alkalic and transiti9flal thol~iitic Do these represent a response to similar 

tectonic conditions but different sources? This question is. of course. indeterminate. but it seems 

reasonable that in the Wi~ Bight Group, these melts may represent melting and easy access to 

the surface resulting from continu_ed rifting accompanying the opening of the Caradocian 

back-arc basin. The deep fractures could well have had a similar influe~e to those that promoted 

incipient partial melting and rapid e!'llption of enriched, arc-related magmas in Fiji during late arc 

rifting. In this respect, the NAE _and NAT group lavas may be genetically analogous to the Fiji 

shoshonites. 

The apparent interbedded relationship of arc tholeiites and back-arc basalts in the Wild 

BighJ Group suggests that the Wild Bight Group only records magmatism in the early stages of 

back-arc basin formation. The Fiji case demonstrates that there may be a period of time during arc 
' 
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fragmentation when' arc and non-arc magmas erupt simulfaneously, although in the Fiji case, this 
. : 

time period was very smal . 

. 5.4 The Wild Bight Group In the Context of the Geology of the Newfoundland Central Mobile BeH 

5.4.1 General Statement 

As outlined in Chapter 1, the Wild Bight Group is part of the youngest and most 

widespread oceanic volcanic episode recorded in Centr~ .Newfoundland. Coeval sequences 

include: 1) most of the pre-Caradocian rocks iru:entral Notre Dame Bay south o.' the Lukes Arm 

fault; 2) the Victoria Mine sequence, the Diversion Lake volcanics and· most of the central 

volcaniclastic sequences in the Victoria Lake Group in south-central Newfoundland; and 3) at 

least parts of the Bay du Nord and Baie d'Espoir Groups in the Hermitage Flexure of southern 

Newfoundland (Figure 5.5) . The geochemical and isotopic studies of the Wild Bight Group 

reported in this thesis are the most detailed to date from any volcanic rocks in Newfoundland 

representing this period tn the history of Iapetus. They have the potential to further our 

understanding o~ the regional development of _the Dun•1aoe Zone by allowing reinterpretation of 

available data for coeval sequences elsewhere in Central No·Nfoundland. 

In the following Section, the other Central Newfoundland Llanvirn ian to Caradocian 

volcanic and sedimentary sequences are briefly described, compared and contrasted to the Wild 
I 

Bight Group, and integrated in a model for the llanvirnian -.Caradocian development of the 

Dunnage Zone. 

5.4.2 Central and Eastern Notre Dame Bay 

5.4.2.1 The Exploits Group 

...l The stratigraphy of the Exploits Group is very similar to· that of the Wild Bight Group and 

early workers in Notre Dame Bay (e.g . Heyl, .1938) CQnsidered them to be the same un~ (even 

though they are not in contact) . Helwig (1967, 1969) outlined the stratigraphy of the Exploits 

Group, identifying three volcanic members (in ascend_ing order the Tea Arm, Saunders Cove and 
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Figure 5.5 - Distribution of Cambrian and Ordovician oceanic volcanic and sedimentary rocks in 

Central Newfoundland. 

Dark stipple indicates Llanvirnian to Caradocian volcanic rocks : BdeE - Baie d'Espoir 

Group; BdeN - Bay du Nord Group; DL- Diversion Lake volcanics; E - Exploits Group; LH - Loon 

Harbour volcanics; SF- Summerford Group; VM- Victoria Mine sequence; WB - Wild Bight Group 

Double broken pattern is Arenigian rocks of the Buchans - Robert's Arm belt (including the 

Cutwell Group): 8 - Buchans Group; CW- Cutwell Group; RA - Robert's Arm Group; 

Single broken pattern is Cambrian to Arenigian volcanic sequences (including ophiolites) 

A- Annieopsquotch Complex and related ophiolitic fragments (e g. Star Lake, King George IV 
,\. 

Lake); BVRL - Baie Verte- Brompton line; CP1 -Catchers Pond Group; CP2 - Coy Pond 

Complex; G - Glover Formation; GRUB- Gander River Ultrabasic Ben; LB - Lushs Bight and 

Western Arm Groups; MH -Moreton's Harbour Group; PF - Pine Falls Formation; PH - Pacquet 

Harbour Group; PP- Pipestone Pond Complex and Coldspring Pond Formation ; S- Skidder 

basan; SC - Sleepy Cove Group; SB - Snooks Arm Group and Betts Cove Complex; TH - Tulks 

Hill volcanics; TP- Tally Pond volcanics ; n -Twillingate Trondhjemite 

Light stipple is Cambrian to Middle Ordovician sedimentary rocks, mainlly 

volcanically-derived turbidites and related rocks. Heavy dark lines are Caradocian shale : DM -

Dunnage Melange; D - Davidsville Group. 
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Lawrence Cove volcanics), tt"le last being overlain by the Caradocian Lawrence Harbour shale 

(Heyl, 1936). The stratigraphic similarity. between the Wild Bight and Explo~s Groups was 

recognized by Horne and Helwig _(1969) and Helwig (1969) who correlated the two in regional 

stratigraphic reconstructions of Notre Dame Bay. 

Recently published geochemical studies have identified two types of volcanic rocks In the 

Exploijs Group: 1) Wasowski ( 1985) described the Tea Arm volcanics near the base of the group 

as comprising 'dominantly a lower unit of very fractionate~vas with Ti$)2>0.89% and an upper 
I 

unit of tess fractionated lavas with Ti02<0.57%. He compared these to boninites and suggested 

' that their presence was indicative of a forearc setting: 2) Wasowskf and Jacobi (1984) described 

the geochemistry of the Lawrence Head volcank;s at the top of the Exploijs Group overlain by the 

Caradocian shale, as comprising basalts with average Ti02-1 .76% and with a tr~ce element 

signature indicativrJ of E-MORB or oceanic tholeiites. They emphasized the similarity between 

these rocks and oceanic seamounts. 

These chemical relationships are similar to those in the Wild Bight Group. Tl:le Tea Arm 

volcanics appear to compare closely with the Glover's Harbour volcanic unit where 

intermediate-Ti02 tholeiites (Glover's Harbour East su ite) are overlain by depleted tholeiites (the 

Glover's Harbour West su~e) . The Lawrence Head volcanics apPear to be geochemically similar to 

the intermediate and/or enriched tholeiites of the NAI and NAT groups; in the absence of 

detailed published information from Wasowski's study. more detailed comparisons are nof 

possible. 

In any event, volcanic rocks in the Exploijs Group appear to record the same arc to back-arc 

transition as that in the Wild Bight Group. The more detailed information available lor the Wild 

Bight Group suggests that the interpretations of the Tea Arm volcanics as a fore arc suite and the 

Lawrence Head volcanics as ocea~ic seamounts does not necessadfy follow from the data. It is 
..... 

here suggested that the Tea Arm rocks are actually, like the lAD group, related to initial rifting of 

the island arc and the Lawrence Head volcanics to the establishment of the back-arc basin. 

320 

.... 
... 



I 

5.4.2.2 The Summerford Group 
I 

The Su":'merford Group (Horne a~ He.lwig, 1969; H7'970; Dean 1978) comprises 

dominantly pillow lavas and volcaniclastic sediments which outcrop in several linear, fault 
\ . \ 

bounded slices on New World Island. Structural relationships in this part of Notre Dame Bay are 

very complex and have defied the best efforts of numerous wori<ers over the years to produce a 

widely accepted stratigraphic and structural model. Abundant fossil evidence shows that three 

ages of ~olcanic rocks are· rep~esented, these being Tremado~ (Kay, 1967), late Arenigian to 

early Llanvirnian (Neuman, 1976) and late Llandeilian (Dean, 1970; Bergstrom eta/., 1974; 

Fahraeus and Hu~r. 1981). The latter are overlain by the richly fossiliferous Cobbs Arm 

limestone, interpreted by Stouge (1981 )'and Fahraeus and Hunter (1981) as a carbonate buildup 
' 

on volcanic islands, and thence by Caradocian shale. qeochemical data for the n_orthem part of 

the Summerford Group.were first presented by Reu~ch (1983) (who termed these rocks the 

Squid Cove volcanics) and later by Jacobi and Wasowski (1985). Only samples representing the 

Arenigian/Lianvirnian and Uandeilian volcanic suites were analysed in these studies. Reusch's 

( 1983) samples were drawn from a wider area than were Jacobi and Wa?Qwski's and are, 

therefore, probably more representative of the Summerford Group as a whole. His samples h~ve 

a very wide range of Ti02 contents (0.86 to 3.37 percent) and his interpretation that they are all 
{ 

oceanic, non-orogen'ic tholei~es .rQtwithstanding, representatives from more than one tectonic 

sening do not appear to be precluded. Jacobi and Wasowski (1985) presented only averages of 

their data (Ti02 averages 1.78 with standard deviation of 0.32 for 11 samples) which they 

interpreted as indicative of E·MORB or oceanic island basatts. They interpreted the Summerford 

Group to represent a chain of seamounts of various ages structurally emplaced in an accretio11ary 

prism. 

The chemistry of the younger (Liandeilian) Summerford Group volcanics, according to 

Reusch's data, suggest a correlation with th.e upper part of the Wild Bight Group. They may, 

therefore, represent the same back-arc volcanic activity as the upper Wild Bight and Exploits 
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Groups. However, most of Reusch's samples with relatively low no2 contents (e.g.< 1.80 %) • 
" 

, come from the older (Arenig-Llanvirn) sequence ~nd i1 is possible that these, in part. correlate 

. ~i1h the lower, arc-related parts of the Wild Bight Group. The geochemical data are not sufficiently 

precise to pursue this comparison at present. More detailed chemistry from the Summerford 

Group is needed, including high precision trace element and REE data. 

5.4.2.3 The Dunnage Melange 

The Dunnag~ Melange (Kay and Eldfidge, 19G8) is a chaotic unit which outcrops 

extensively in eastern Notre Dame Bay CO"l>risir)Q bloCks of sedimentary, vo1canic and intrusive .. 
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rocks in a black. shale matrix. Detailed mapping led Hibbard and Willia~ (1979) to interpret II as \ 

an olistostrome, the formation of which probably immediately predated deposition of the 

Caradocian shale. They speculated that it formed on the flanks of an island arc but were unwilling 

to specify whether forearc or back-arc. An historical bias in favour of the forearc origin (e.g . Horne, 

1970; Jacobi and Schweickert, 1976; Kidd eta/., 1977) has been predicated on the supposition 

. that the melange might be a trench-til! deposit and this has been a major factor in locating the 

paleosubduction zone in many plate tectonic models (e .g . Dewey, 1969; Bird and Dewey, 1970). 

The arguments in favour of a back-arc environment generally point out that if an east-dipping 

.:' 
supduction zone is accepted for this time period, the location of most island arc rocks to the west 

of the Dunnage Melange require it to be formed in a back-arc environment. Lorenz (1984) 

recently studied intrusions in the Dunnage Melange, including unique, ultramafic-bearing felsic , 

intrusions. which she interpreted to. have formed in a crustally-thinned, back-arc, setting. These 

remain, to this writer, the most convincing arguments , based on direct evidence, in favour of a 
.'-:" 

back-arc setting. 

The geochemistry of volcanic blocks in the Durmage Melange has recently been reported 

by Wasowski and Jacobi (1985) who noted their geochemical s imilarity to beth the Lawre.nce 

Head volcanics and the Summerford Group. This confirms Hibbard and Willi~ms· (1979) 

impression that volcanic rocks in the melange could be correlated litholOgically with the adjacent 



• intact formations. Wasowski and Jacobi (1985) were unwilling to specify the tectonic setting on 

t~~ the basis of this geochemistry. They no.ted that, on the one hand, a back-arc setting was 

Consistent with the relative positions of the arc-related rocks in an east-dipping subduction 

system but that on the other. their earlier interpretations of the adjacent pillow lava units as 

seamounts (see discussion of Exploits and Summerlord Groups above) could support an origin 

in an accretionary complex in the arc-trench gap. • 

The present correlation of the Lawrence Head and (albeit more tenuously)."the younger 

Summerford Group volcanics with the upper Wild Bight Group suggest a back-arc origin rather 
l 

than seamounts accreted in the fore arc. This would appear to lend further support to those who 

. advocate a back-arc origin fof the Dunnage Melange. 

5-4/2.4 The Loon Harbour volcanics _ ___._../ 

The Loon Harbour volca.nics (Kay, 19?5) comprise mainly mafic pyroclastic and 

volcaniclastic rockS with lesser pillow lava ard are overlain by Caradocian shale. Dean (1978) 

correlated them with the top Of the Wild Bight Group on the basis of lithological similarity and 

stratigraphic position with respect to the Caradocian shale. 

Fargo (1983) reported on a geochemical study of the mafic volcanic rocks which he 

interpreted to Indicate a within plate oceanic setting. He suggested they may represent an 

oceanic seamount but did not publish the data . 

.c• The presence of within plate volcanic rocks in volcanics immediate IS' beneath the 

Caradocian shale Is consistent with relationships in the Wild Bight, Exploits and Summerford 

Groups. They may also represent back-arc volcanic activity following fragmentation of the Wild 

Bight arc. 

I 
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• 

; . 
323 



'\ 
5.4.3 South - Central Newfoundland 

5.43.1 The Victoria Mine sequence 

An aerially restricted seq1Jence of mafic and felsic voicanic rocks outcrops on the Victoria 

River south of Red Indian Lake. This unit, which hosts the old Victoria Mine (Kean and Evans, 

' 
1986), contains fossil~erous fimestone which has y~ldt:1d. a Llanvirnian - Llandeilian fauna 

(Stouge. 19B1 ). Subvolcanic rhyome near the fossiliferous horizon has yielded a radiometric age 
~ 

(U/Pb in zircon) of 462(+4/-2) Ma. (Dunning et at., 1986). The age ·and the presence of felsic . ~ 

volcanic rocks and volcanogenic sulphides are consistent with a correlation between these 'rocks 

and the arc fragmentation stage of the Wild Bight Group. There are no publish.ed geochemical 

data from the volcanic rocks and further comparisons with the Wild Bight Group are not possible. 

5.4.3.2 The Diversion Lake volcanics 

The Diversion Lake volcanics occupy the northeastern part of the Victoria Lake Group. · 

. \ 
They are overlain by the Caradocian shaiQI.and, therefore, are potentially time equivalents of the . 

t 

upper Wild Bight Group. Preliminary unpublished ~e,ochemical da'a (my own and that of B. F. 
( . :.~· 

Kean, personal communication, 1986) show these volcanics to be of non-arc character (Ti02>2 

%; no negative Ta or Nb anomalies) consistent with their correlation w~h back-arc related volcanic 

' rocks of the Wild Bight Group 

5.4.4 The Hermitage Flexure 

Ordovician v~lcanic sequences of southern Newfoundland, assigned to the Bay du Nord 

and Baie d"Espoir Groups (Figure 5.5) are dominantly felsic and have been interpreted by recent 

wor1<ers to have been deposited at or near an ancient continental margin (Colman-Sadd, t980; 

Swinden and Thorpe, 1984). Recent radiometric dating of felsic volcanic rocks in the western 

Hermitage Flexure has yielded a~es of 466(+31·2) (Dunning et a/.: '1986) for the Baie du Nord 
' 

... Group and a preliminary date for the Baie d "Espoir Group is also Early or Middle Ordovician 

(Arenigian to Uandielian) although not precisely known at the time of writing. (G ~ Dunning, 
' 
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personal comrrunication, 1986). These suggest that at least some of this volcanic activity was 
) 

approxirnil,tely coeval with the Wild Bight Group. 
'· . 

' -
A direct relationship between volcanic roc!<s in the north and central Dunnage Zone arid . 

) 

the- Herm~ll9tf Flexure is dnficun to establish. Swinden and Thorpe (1984) suggested, on the 

basis of lead isotopes in the contained sulphide deposits, that the continental margin with which 

the Hermitage Flexure sequences were associated also contributed lesser amounts of lead to the 

Wild Bight and Victoria Lake Group magmatic rocks. If this argument.is accepted (and new lead 

Isotope data presented in Chapter 6 do not contradict it) then ~ is possible that these rocks are 
4 •• . 

from differwt parts of the same Llanvimian to Llandeilian island arc Which traversed both oceanic 

and continental margin settings. However, the data do not demand this and it is also possible that 

these volcanic rocks were not spatially related in the Ordovician and were brought together in 

CentrCII Newfoundland during later orogenesis. 

5.4.5 Summary of Llanvlmian-Caradoclan Geological Events In the 

Dunnage Zone 

In a regional sense, the Wild Bight Group and its correlatives record the last oceanic 

volcanic events in the part of Iapetus that is preserved in Central Newfoundland. This volcanic 

event is widely represented in the Dunnage Zone east of the Buchans - Robert's Arm Groups 

and south of the Lukes Arm Fau~ (Figure 5.5). During Lfanvirnian time. an island arc was active 
I 

throughout this region producing volcanic sequences now preserved in the northern and central 

"Dunnage Zone (lower Wild Bigtrt and Exploits Groups, perhaps some rocks now assigned the 

Summerford Group, the Victoria Mine sequence). Fels ic volca'nic rocks of 1J)e Bay du Nord aild 

Baie d'Espoir Groups may also have been part of this island arc, erupting at or near a continental 

margin to the south. 

Fragmentation of the arc, recorded in tl•e Dunnage Zone sequences, probably did not 

begin before the late Llanvim - early Llandeilo (the age of fossils associated with the Victoria Mine 

sequence). Once arc rifting had begun. new magma sources were soon established in all areas. 
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Back,arc basin volcanism similar io that in the upper part of the Wild Bight Group is probably 

recorded by the u~per parts of the Exploits and Summt:Jrford Groups and the Loon Harbour 

volcanics in the northeast as well as in the Diversio.n Lake volcanics In the sollthwest. This 

volcanic activity was apparently short-lived as, by the beginning of the Caradocian, black shales 

containing a Nemagraptus gracilus fauna (latest Llandt:Jil~- earliest Caradoc) were being 

deposited on the products of back-arc volcanism in western and central. Notre Dame Bay. The 

beginning of Caradocian pelagic sedimentation started a little later in eastern Notre Dame Bay as a 

Diplograptus rnultidens fauna (early Caradoc) is the first fauna over the Summerford Group (Dean, 

1978). This, of ,course, does not necessarily mean that volcanic activity continued longer in this 

area. The hiatus between the end of volcanic activity and the beginning of Caradocian 

iedimentation is filled by deposition of the Cobbs Arm limestone. 

5.4.6 Relationship of the Wild Bight Grour to older volcanic rocks In the 

Central Mobl~ BeH 

The available geoloGical and geochemical data support the hypothesis that Llanvirnian-

Caradocian volcanic sequences east of the Buchans -Robert's Arm groups and south of the 

Lukes Arm Fau~ can be interpreted as parts of a single subduction complex. The question then 

arises as to their relationship to older magmatic and sedimentary rocks in this area such as the 

Tally Pond and Tulks Hill volcanicS. Lead isotope data presented In Chapter 6 have a bearing on 

this question and further discussion is deferred until this evidence is presented. 

At present there are no compelling geological links between sequences east and south of 

the Buchans- Robert's Arm be~ and those to the northwest. In fact, the absence of the 

post-Caradocian flysch has fong been pointed to as evidence for tectonostratigraphic contrasts .. 
between these two areas in post-Middle Ordovician time (Dean, 1978; Nelson and Casey, 1981 ). , 
Evidence from lead isotopes in volcanogenic mineralization (Chapter 6) suggest further contrasts 

in volcanic environments in the two areas and the question is again addressed follo':"'ing • 

presentation of these data in Chapter 6. 
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· 55 Summary and Conclusions 

The Wild Bight Group is interpreted to record a Llanvirnian to Caradocian tranSition from 

isla~ arc to back-arc basin environments. The paleotttctonic history can be described in terms of 

four stages : 1) late island arc; 2) arc fragmentation; 3i early back-arc basin; and 4) late back-arc 

basin. Each stage has a distinctive magmatic history which can be ~elled in terms of changing 

tectonic conditions. During St~·ge 1, only island arc tholeiites erupted {LREE-enriched members 

of the IAI group) but during Sta~e 2, a greater diversity of magmatism re.sutted from the initiation 

of rifting. Very depleted tholeiites {the lAD group), LREE-depleted island· arc tholeiites of the IAI 

group and low-K. high-Si02 rhyolites were erupted during this tim~tage 3 records the)1itiation 

of hack-arc volcanic activity, without !~e geochemical signature of the sul:x1uction slab. . -

M.agmatism resulted from relatively low degrees of partial melting, producing al~ali basaHs (the 

NA~group) and tr-ansitional enriched tholeiites {the NAT_group). Maturing of the back-arc ba~in . 

(Stage 4) was accompanied by magma production rtsutting from higher degrees of partial melting 

(the NAI group; perhaps a precursor to the eruption of N-MORB, which is not preservecj in these 

sequences) as well as waning volcanism of early back-arc basin type. Local oontinued eruption of 
j ; 

island arc tholei~es at this time suggest that the basin was still relatively narrow. 

A good modern analogue for the Wilq Bight Group is fot.fnd in Oligocene to Recent 

sequences of the Fiji platform, a remnant arc between the Lau and North Fiji basins. where island 

arc. a'f fragmentation and back-arc formation are recorded in a volcanic history that has many 

similar~ies with that of the Wild Bight Group. In particular, the narrow interval in which back-arc and 

arc lavas were erupted simultaneously provides a time framework in which to interpret the interval , 

represented by Stages 3 and 4 of the Wild Bight Group. Alternating eruption of ara and back-arc 

magmas Is also recorded in the Mariana Trough." suggesting that this may be characteristic of the 

early history ot many back-arc basins. 

Parts of the Llanvimian to Caraoocian, arc to back-arc transition recorded by the Wild Bight 

Group are preserved throughout central and eastern Notre Dame Bay and south-centrat 
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Newfoundland. Felsic volcanic sequences of the Hermitage Flexure are also, at least in part, 

coeval with the Wild Bight Group volcanism, although their specific tectonostratigraphic 

relationship to the Wild Bight Group is equivocal. 

\ 
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CHAPTER 6 

VOLCANOGENIC SULPHIDE MINERALIZATION: FIELD RELATIONSHIPS, 

PALEOTECTONIC SETTING AND LEAD ISOTOPES 

6.1 Introduction 

·There.are four documented volcanogenic sulphide occurrences in the Wild Bight Group 

(Figure 2.1 ), in decreasing order of size the Point Leamington deposit hosted by the Side 

Harbour volcanic unit, the Lockport deposit, hosted by the Glover's Harbour West suite, the 

Indian Cov~ deposit hosted by the lr1dian Cove volcanic unit and the Long Pond prospect 

hosted by the Long Pond volcanic unit. It is not ttfe purpose of this Chapter t~ present detailed 

descriptions of the deposits, although brief descriptions are presented to provide necess~ry 

lniormation concerning the it field relationships, nature, and geological setting. Rather, the 

emphasis is on interpreting the setting of the deposits in terms of the paleotectonic models 

derived In previous Chapters and to compare this with deposits in similar sequences elsewhere 

lrtNewfoundland and the Appalachian-Caledonian orogen. The mineralized environments are 

compared to some recent deposits, where the settings are well known. 

Lead Isotopic studies have been conducted on the Point Leamington and Indian Cove 

... 
deposits. These are c.mpared with lead isotopic data from other deposits in various lapetan 

oceanic sequei'}.Ces in an attempt to recognize different lead sources and identify sequences 

with different basement terranes. The results provide additional constraints as to correlation of 

events within the Newfoundland portion of Iapetus. 

6.2 Deacrlptlons of the Deposits 

6.2.1 The Point Leamington Deposit 

The Point Leamington deposit was discovered in the early 1970's by Noranda Exploration 

Ltd. A brief description of the deposit, based mainly on the results of diamond drilling, was 

published by Noranda Mines Staff (1974) . Swinden {198~) later described the setting of the 
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deposij based on field studies and reexamination of core from eleven drill holes. Grade and 

tonnage figures have not been released but published dimensions indicate more than 20 million 

tonnes of massive sulphide grading approximately 0.5% Cu. 2% Zn and sporadic gold values. 

Figure 6.1 is a representative section of the deposit, constructed from surlace mapping and 
"' 

relogging of drill core. The deposij is a largEr, stratabound, massive sulphide (mainly pyrite w~h 

lesser chalcopyrite and sphaler~e) body underlain by an extensive quartz-sericije and 

quartz-chlor~e-pyrite aheration zone. The deposit occurs near the southwestern edge of the 

Side Harbour volcanic un~ at the contact between a footwall rhyolitic quartz and quartz-feldspar 

, crystal tuff and hanging wall mafic hyaiOclastic and pyroclastic rocks. -

i) The Footwall sequence: The immediate footwall to the deposit comprises dominantly 

rhyolitic crystal tuff and breccia and lesser quartz-feldspar porphyry interpreted as flows. 

Beneath the depos~. the normally pale buff1o grey rhyolite is pervasively ahered to a pale green 

quartz-seric~e assemblage. Locally, intense silicification has destroyed primary textures in zones 

up to 1 m wide and 1 to 5 percent disseminated pyrite is present. A later. more localized. 

aheration consists mainly of black chlorite in veins ranging from several mm to 2m wide. locally 

accompanied by up to 50 percent pyrite and chalcopyrite. This alteration is generally 

concentrated in relatively restricted zones immediately beneath the massive sulphides and is 

interpreted as fE!eders for the hydrothermal fluids that carried metals to the sea floor. 

Beneath-the massive sulphide deposit, the felsic volcanic unit is over 130m thick and is 

underlain by pillowed mafic volcanic rocks. comprising incompatible element-depleted tholeiites 

the lAD group (Chapter 3). Outcrops of pillow lava in the immediate vicinity of the deposit are 
\._ 

high+y ahered with extensive chlorite and ep~~te veining. 

ii) The Massive Sulphide The massiv.:> s•·~:.ide is up to 65 m thick. comprising a romari<ably 

unifo,rm body of generally fine grained pyrite. lesser chalcopyrite and sphalerite and erratic gold 

which is associated with zinc and locally attains economically interesting grades over mining 

widths. Hangingwall and footwall contacts are generally sharp and there ar~ iltleast two separate 

ore lens~s in the deposit (Figure 6.1) separated by a unit of ahered felsic volcanic breccia. The 
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Figure 6.1 - Bepresentative cross- section of the Point leamington volcanogenic su lphide 

·• . 
deposit, constructed from relogging of diamond drill holes. Line of section is approximately 

~· 

northeast (right) - southwest. N9 vertical exaggeration. 

I 

Legend: 1 - mcific intrusive rocks ; . 2.- epiclastic turbiditic graywacke, argillite; 3- jasper and 

jasper-bearing breccia; 4- mafic pyroclastic and hyaloclastic rocks; 5- grey chert, pyritic argillite; 6 

- massive sulphide; 7 - rhyolite, rhyolite breccia; 8 - mafic volcanic rocks·~. Stratigraphic top is to the 

left . Stippled area 'beneath the deposit is area of intense chlorite - quartz - sulphide footwall 

alteration. 
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I 
deposit strikes approximately northwest, dips to the wBst at about 50g and pl~nges s~allowly to 

the southeast. Near surface sections are relatively low grade but down dip and down plunge, 

both zinc and gold grades Increase gradually. At the time of writing, a mineable deposit has not 

been outlined but the deposit is open down ~ip and down plunge to continuing exploration. 

The massive sulphide is capped by a thin unit of s~lphidic argillite ranging from less than 3 m 
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to more than 20 m thick, comprising grey chert interb~dded with black argillite which locally has/..' 

laminae up to 1 em thick of massive pyrite. · 

iii) The Hangingwa/1 sequence: The massive sulphide is immediately overlain by 75 to 100 

m of mafic hyaloclast~e (piliow breccia) and pyroclastic rocks comprising mafic volcanic and 

sedimentary rock fragments i':l a black, fine grained tuflaceous matrix. Thin beds of red to oranQe 

jasper are locally present. Above this, the succession is dominantly volcaniclastic rocks, green 

turbiditic sandstone, siltstone and lesser conglomerate. All han~ingwall rocks are intruded by 

mafic sills up to 30 m thick, comprising diabase to gabbro. 

The Point Leamington deposit is clearly a volcanogenic massive sulphide deposit. The 

underlying felsic volcanic rod<.s are interpreted as a rhyolite dome following a period of mafic · 

volcanic acti'.lity. Hydrothermal circulation, possibly related to the felsic magmas, altered both the 

-
felsic rocks and the basement mafic volcanic rocks and these fluids carried metals to the sea floor 

where they were deposited near the vents. The deposition of massive sulphides marked a 

change in magmatic activity in the area and heralded an ex1ended period of mafic pyroclastic and .. 
volcaniclastic deposition . 

. s.2.2 The Lockrrt Deposit . 

The Lockport d~it was apparently discovered in the late 1870's or 1880's !although the 

discoverer's identity is not known) and received sporadic attention from exploration companies 

through the first haH of the century. It was visited and reported upon by Heyl (1938), but it was 

not until the early 1950's that detailed exploration outlined a deposit of approximately 220,000 

tonnes of material grading 1.21% Zn underlain to the northwest by approximately 392,000 



,. 

tonnes grading 0.75% Cu (Fogwill, 1965) Deloysa p969) studied the old workings and the 

surrounding rocks and concluded t~at the deposit was probably volcanogenk: in origin. 

The deposit (Figure 6.2) is hosted by inco!Tl'atiblu element- depleted pillow lava ol the 

Glover's Harbour West suite (lAD group, C~apter 3) . It occurs near the center ol the exposed 

area of this suite, slightly east of the axis of a northeast·trending anticline and near the exposed 

base of the sequ~nce (Figure 2.5) . There is a small (400 m x 200m) rhyolite dome approximately 

400 m to the southwest along strike. Several other minor hydrothermal alteratio~ zones are. 

found in the immediate vicinity. 

Mineralization is best exposed in a series of open cuts on the northwest side olthe deposit 

' and is well represented in dumps from the open cuts and several old shafts. The open cuts 

~ . 
expose a pyrite- and chalcopyrite - bearing stockwork in which mafic pillow lavas of the host 

Glover's Harbour volcanic unit have been in!ensely allured to quartz-sericite ±chlorite 

asserrt>lage. This stockwork apparently represents the copper-rich deposit described by 

(Fogwill, 1965) . The overlying Zn-rich zone does not outcrop, nor is it well represent~ in dump 

material. Based on descriptions in old drill logs, which record greater than 75% sulphides In this 

section, the zinc-rich zone is tentatively interpreted as a small (less than 8 m thick and with a 

strike extent of less than 130m) massive sulphide body. 

The Lockport deposit, like the Point Leamington deposit , is a volcanogenic massive 

sulphide deposit with.footwall stockwork zone. Although small and without present economic 
-J 

pOtential, the deposit demonstrates the operation ol processes similar to those that formed the 

larger deposit to the south. In contrast to the Point Leamington, this deposit is hosted by malic 

volcanic rocks and massive sulphide deposition did not mark a major change in volcanic and 

volcaniclastic activity. Rhyolitic rocks occur nearby along strike and may be genetically related to 

the deposit, although this relationship cannot '?a unequivocally demonstrated. 

6.2.3 The Indian Cove Deposit 

The Indian Cove deposit was discovered in the late 1 BOO's, and received sporadic 
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Figure 6.2 - Cross section olthe Lockport deposit compiled from diamond drill logs and redrawn 

after Howse and Collins (19?9) . Northwest is to the left. 

Legend: 1 -silicified, sericitized pillow lava and volcanic breccia; 2- malic volcanic rocks; 3 

- epiclastic rocks; 4- mafic intrusive rocks; black shading is intensely altered stockwork and heavy 

stipple is probable massive sulphide. 
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exploration through the ear1y and mid 1900's. Hydrothermal a~eration and mineralization is 

present throughout the felsic volcanic rocks of the host Indian Cove volcanic unit and several 

distinct showings, consisting mainly of disseminated pyrite and minor chalcopyrite, have been 

identified. The stratigraphy of the Indian Cove volcanic unit was previously described in Section .· 

2.5 .1.2. 

The Indian Cove prospect is located approximately 300m southwest of Indian Cove (Figure 

2.1, 2.4) where disseminated and stringer pyrite, chalcopyrite, lesser sphalerite and rare galena 

occur in gossan-covered outcrops, several small trenches and a 2m long adit. In addition, there 

is drill core on file at the Newfoundland Department of Mines core Library in Pasadena, 

recovered from eight drill holes tha}tested this showing in 1975. A schematic representation of 

the stratigraphy and mineralization in the Indian Cove unit is shown _in Figure 6.3. The sulphides · 

occur mainly in felsic pyroclastic rocks, near their contact with the basal rhyolite dome. The host 

rocks are strongly silicified, sericitized and locally chioritized. Sulphide minerals exceed 5 volume 

percent only in the most intensely altered zones, where they are associated with black chlorite 

and quartz. A single mafic volcanic flow in the volcanic unit consists of incompatible 

element-depleted tholeiites of the lAD group, but is not spatially related to the mineralization. 

The Indian Cove deposit is interpreted as a particularly ihtense alteration fac;ies of a 

hydrothermal system related to the Indian Cove felsic volcanic activity. There do not appear to be 

any exhalative sulphides associated with this mineralizing system: However, the abUndant red 

chert that overlies the volcanic roc!<s (see Section 3.5.1 .2) probably signals an abundant supply 

of iron in the sub-seafloor environment at this time and may record the exhalation of 

predominantly iron-bearing fluids related to the underlying alteration. 

6.2.4 The long Pond Pr:ospect 

The Long Pond prospect is a relatively minor showing hosted by altered felsic and minor 

mafic volcanic rocks of the Long Pond rhyolite 2. · 

The deposit consists of disseminated (1 to 5 percent) pyrite and minor chalcopyrite associated 
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Rgure 6.3: Schematic representation of the Indian Cove. volcanic complex and the associated volcanogenic 
mineralization. Hydrothermal activity related to the felsic magmatism results in alteration of the rhyolite dome and 
the overlying pyroclastic apron. Locally, particularly intense a~eration produces disseminated sulphide 
concentrations with elevated base metal values. Red ferruginous argillite at the top of the complex may reflect 
exhalation related to this hydrothermal activity. · 
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with pervasive chlorite- sericite- silica alteration. Base and precious metal values are very low 

and, to the writer's knowledge, this prospect has never been drilled. 

There is a prominent band of red chert and argillitd outcropping on the shores of Long 

Pond approxima~ely 150 m to the west of the deposit. This may have forme~ from exhalations 
I . 

related to the hydrothermal system. similar to the situation at Indian Cove. 

6.2.5 Slmmary of Deposit Characteristics 

The princi-pal characteristics of the four volcanogenic sulphide deposits in the Wild Bight 

Group are summarized in Table 6.1. The deposits an: not identical; each is distinctive and 

exhibits physical and stratigraphic features that reflect the local setting of the hydrothermal 

alteration system within the respective volcanic sequtJnce. There are. however. unifying 

characteristics of all deposits tha: indicate similarities in the processes of mine~Jization. 

Two of the four deposits have exhalative sulphide bodies over1ying footwall stockwork; the 

remaining two comprise mainly stockwork but have ftJrruginous sediments nearby which may 

record a hydrothermal exhalative component. This is not a fundamentally important difference 

. . 
but one of local environment, possibly reflecting the relative vigour of the hydrothermal systems, 

the presence or absenc:e of reduced-sulphur at the rock-water interface, ~ndlor water depth. All 

of the stockwork alteration zones are physically and mineralogically, similar emphasizing the 

continuity of the processes irrespective of whether exhalative sulphides actually formed. 

The deposits occur in settings characterized by a distinctive volcanic rock association. . . 

Three of the four deposits are hosted by and/or directly oven~ a felsic volcanic accumulation 

while th~ fourth (lockport) is stratigraphically associated with a small myolit_e dome. Furthermore, 

two of the four deposits are intimately associated with incompatible element-depleted tholeiites 

of the lAD group and a third (Indian Cove) has lAD group rOcks in the immediate stratigraphic 

succession (the fourth, Long Pond, has no analysed mafic volcanits) . The association of the two 

. . 
rock types (incompatible element-de?.l_eted tholeiite and ~yolite) seems to be an important 

prerequisite for volcanog~nic mineralization. It may be noted that the only major felsic volCanic 
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Table 6. ~: S;;mmary of characteristics of volcanogenic sulphade deposals in the Wald 
Bight Group. . 

DEPOSIT DEPOSIT 
NAME AND TYPE ASSOCIATED HOST 
VOLCANIC STRA TIGRAPHV MAFIC 

UNIT MASSIVE STOCKWORK VOLCANICS 

SULPHIDE ....._ 

two 0<11 lenses, irrvnedalely 
Depoal lea at t~ ol 

line grained py' 
-•t-lacing volcanic IADgt0<4' 

Point Leamington under1i9S rod<.a. Immediate dt!pletttd ~.lesser sph., massive loolwal ia rhyol•e 
erratic~. sulphide. p.,..- dome which owrliea 

thole»tn 

(Side >20m' on vaSNe •r-qz f'!low buah. 
Harbour tonnes. alleration, local ngingwalla maliC 
volcanic intense blacll hyaloclast••· 
unit) chl-qz-aup!lide pyrodaslic and 

YOicaniclastic rod<.s 

Lockport very smal. z.ino. Immediately Depose hoated by 
rid'!, massive underlies massiVe p~d andesite. No 

lAD gr"'4l 
sulphide sulphide, intense marl<ed~in (Glover's stat::!,raphy . ve. 

dt!pt..lttd 
Harbour 

lntefl)<etedW pervasiVe qz-59<- tholeutes 
no1 oblierved chi with dissem' Sma rh=IC dome West 

and slringe< py , cp 250ma atnkeW 
volcanic genetic relal ""\•hip 
urvt) unceftam 

Extensive Ah&ration wide spread 

Indian Colle 
None. Possibly ale ration In rhJ,.olite llow and 
represented by (qz-Mr-chl) ove ~rodastiC 
l&tn"')inoua red associated ••h rocks. Intense lAD gr"'4l 
arg~lde and rhy~e dome and and meta~ridllaciea ia depleted 

(Indian Cow chert pyroclaatica, near conlacl bel-n tholeMtU 

volcanic uni1) dlssem. and llows and overtytno 
lllringer py ,cp, pyroclallica. Mafic 
lesser op, minor volcanics present but 
ga. no1 intimal ely assoc. 

w•h mineraWzation 

Long Pond dissem py. mlflOr mineralization hosted by 
(long Pond volcanic As lor Indian Cove cp in qz ---chi rhyolite and a very unknown 
unit) 

' 
stockwork I)Brrow p~low bnlcda 

unil 



• 

• 

accumulation In the Wild Bight Group that does not have prominent hydrothermal alteratiOn and 

mineralization is the Nanny Bag Lake rhyolite, where the associated mafic volcanic rocks are 

normal, rather than highly depleted, arc tholeiites. 

I. 

6.3 Paleotectonic Setting of Volcanogenic Sulphide Deposits 

6.3.1 Setting of the Wild Bight Group Deposits, Modem and. Ancient 

Analogues • 

All volcanogenic sulphide deposits in the Wild Bight Group occur io the same geological 

setling, characterised by the association of lAD group depleted tholeiites and rhyolite . This 
~ . 

strongly Indicates that the miner~lizing event(s) were localized in Stage 2 of the development of 

the Wild Bight Group, interpreted as a period of rifting associated with fragmentation of the Wild 

Bight arc. H1e association of mineralization with depleted tholeiite and rhyolite , and the ~~~k of 

mineralization in other rocks associat~d with Stage 2 magmatism, further suggests a specific 

cor¥rol on the minerali~ation within this environment. 

The formation of volcanogenic massive sulphides during p~riods of tensional stresses in . -
island arcs has been a fashionable notion in recent years. It has been proposed for many ancient 

deposits previQusly thought to be associated with island arc calc alkaline volcanic activity (e.g. 

Mitchell and Bell, 1973; Mitchell and Garson, 1976), including the Iberian pyrite belt (Munha, 

1979), the East Australian Paleozoic belt (Scheibner and Markham, 1976; Sangster, 1979) and 

deposits in the upper allochthons of Scandanavia (Vokes. 1976; Vokes and Gale, 1976; 

Stephens, 1966). 

A particularly cogent case for th(J g~neration of massive sulphides during island arc rifting 

has been made for the Kuroko deposits by Cathles et al. (1983). They listed a number of 

features of the mineralization that they considered as unusual including: 1) restriction of 

mineralization to the Green Tuft belt, simultaneous generation of deposits thrC'ughout this belt 

t>etween 15.6 and 11 Ma and uneven interliiity of mineralization on a regional scale; 2) ctJange 

in volcanism from voluminous arc tholeiites to bimodal basalt-dacite quiescent volcanism; 3) 

r 
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rapid pre-mineralization subsidence and post-mineralilation uplift; 4) apparent control of 

mineralization by basement fractures. These, and olh~r features considered by these authors, 

were interpreted in tenns of a model which views the ~roko deposits as products of a failed rift . 

In this ~. pre-mineralization subsidence is a consequence of the onset of rifting . 

Hydrothermal activity is most intense at spreading ctJntres which are also areas of anomalously 

high heat flow and permeability . Bimodal volcanism is a consequence of tapping of 

asthenospheric magma chambers by fracturt1s related to the rift ing. The principal d ifferences 

between this model and the present model for the Wild B ight Group are that, in the Kuroko case . 

the rift failed to open into a marginal.basin and, after rifting ceased. rapid uplift allowed the 

deposits to be exposed in their present position. Cathles eta/. (1983) were suffic iently 

impressed by the evidence for the rifting/volcanogenic sulphide association that they 

suggested it may be a universal. feature of massive sulphides in island arc environments (see 

also Sillitoe, 1982). 

Volcanogenic massive sulphide deposits in the Miocene-Pliocene Undu Group felsic 

volcanics in Vanua Levu.' Fiji (Colley and Greenbaum, 1980) prqbably provide a good tectonic 

analogue for the setting of the Wild Bight Group deposits. As previously noted , this period of 

felsic volcanic activity marked the early stages of fragmentation of the Fiji arc (see Figure 5.3) and 

is interpreted to be a good analogy for Stage 2 ot the Wild Bight Group developmef)t. Felsic 

volcanic rocks in the Undu Group are a very close geochemical analogue for the Wild Bight 

Group rhyolites (Section 3.7, Figures 3 .52, 3.53, 3 .54). The tectonic analogy between the Fiji 

mineralization and that in the Kuroko district was emphasized by Colley and Greenbaum (1980). 

The notion that massive sulphides in the Appalachian-Caledonian orogen are related to 

rifting events within the lapetan island arcs is, likewise . not new. Stephens (1982), in a detailed 

petrogenetic study of the Stekenjokk volcanites in western Sweden, was able to show that 

massive sulphides represented by the Stekenjokk-Levi deposits formed during a period of 

transitionJrom arc tholeiitic to MOAB-type volcanism. He interpreted this as a period of arc rifting. 

Reinsbakken ( 1986) has documented a similar setting for the Gjersvik deposit in nearby eastern 
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Norway. Stephens eta/. (1984) suggested that volcanogenic mineralization related to arc rifting 

was probably a common feature of Caledonian-Appalachian metallogenesis. They noted that, for 

exa!T'4>Ia, massive sulphide d~posits in the Bathurst District, New Brunswick, and the Bald 
• r :.. ... 

Mountain area, Maine, are associated with voluminous felsic volcanics Wtilth are over1ain by 

alkalic basalts of probable non-arc origin, perhaps recording a rifted at"sequence. 

Elsewhere in Newfoundland, evidence for the association of massive sulphide 

mineralization with arc rifting is less well documented. However: Coish eta/. (1982) interpreted 

geochemical and Nd isotopic results from the Betts Cove ophiolite to indicate arc rift ing 

(recorded in lowec komatiitic basalts) followed by back-arc, MOAB-like volcanic activity. The Betts 

Cove and Tilt Cove massive sulphide deposits (Upadhyay and Strong, 1973; Strong, 1984; 

Strong and Saunders, in press) are hosted by the lower basalts suggesting that they may 

represent a supra-subductioll zone rifting environment (which is, however, considerably old~r 

than the Wild Bight Group). In view of the possible correlation of the Pacquet Harbour Group with 

. -
the volcanic part of the Betts Cove ophiolite (Hibbard, 1983; however, for an alternative 

viewpoint .• see Tuach, 1984), the Consolidated Rambler Mines deposits (Tuach and Kennedy, 

1975; Tuach, 1984) may also have formed in such an environment. 

I 
6.3.2 Genetic Aspects of the Relationships between Mineralization and 

Tectonic Setting 

Rifting events, whether intra-oceanic, intra-continental or intra-arc, provide a good 

opportunity for volcanogenic mineralization. The rifting provides deep, open fractures which 

enhance the permeability of the substrate and promote deep access of sea water. The rifting 

taps deep magma chambers and the increased magmatism is accompanied by increased heat 

flow which, in rifted arc regimes, may be an order of magnitude greater than in the normal arc 

(Cathles eta/. 1983). The combination of high heat flow and enhanced permeability provides an 

ideal opportunity for enhanced hydrothermal circulation, metal transport and sulphide 

deposition (Cathles, 1983) .. The presence of volcanogenic mineralization in this setting in the 

·-----~ 

343 -



Wild Bight Group is. therefore, entirely consistent with current concepts of island arc 

metallogenesis. 

However. the precise relationship between mineralization and the depleted 
.,. 

tholeiite/rhyolite association (and the lack of mineralization in the nonnal island arc 

tholeiite/rhyolite association at Nanny Bag Lake) is ltJss clear. The relationship between the small 

dacite domes and the as~iated sulphide deposits in the Kuroko district has been addressed 

by Cathles (1978) . Urabe and Sato (1978). Ohmoto ( 1978) and Cathles eta/. (1983) . The 

-consensus is I hat the domes themselves are probably not large enough to have had a cause 
' 

and eHect relationship with the associated sulphides Cat hies eta/. ( 1983) postulated that the 

sulphide/dacite association is indirect, indicating that hydrothermal fluids and magmas utilized 

the same zones of cruS(al weakness created by the rifting. 

If this is the case for the Wild Bight Group, then there would appear to boat least one other 
• 

factor that particularly favoured the localization of mineralization in areas where depleted tholeiite 

was being erupted. This factor may be anomalously high heat flow associated with the depleted 

tholeiite magmas. These liquids would certainly have melted at higher temperatures than either 

normal arc tholeiites or felsic m~gmas. Lack of isotopic equilibration. between these magmas (s'ee 

Chapter 4) suggests that they did not pool in shallow magma charmers; the implication is that 

they were tapped at depth and brought to the surlace. rapidly and with most of their heat intact. It 

will be recalled .that secondary amphiobole is common only in the Glover's Harbour and Nanny 

Bag Lake suites . perhaps also a manifestation of higher ambient heat flow during this phase of 

Wild Bight Group history (Section 2 .8. Figure 2.1 0). The rise of such hot magma would be an 

additional factor in promoting vigorous hydrothermal circulation. The ability of t~e fracture 

systems to bring these magmas to the surface as liquids may indicate that the fracturing in these 

areas was more intense (and, therefore, permeability more enhanced) further promoting 

hydrothermal circulation and metal leaching. 
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6.3.2 Coeval Mineralization Elsewhere In Central Newfoundland 

By considering the correlations proposed in Chapter 5 for Llanvimian to Caradocian volcanic 

sequences in Central Newfoundland, it is possible to suggest some volcanogenic deposits that 

may be t_empora: and paleotectonic equivalents of deposits in the Wild Bight Group. 

The most obvious correlations are with the Exploits Group, where well developed 

volcanogenic alteratiOn occurs in the Tea Arm volcanics (Helwig, 1967, Dean and Strong, 1976). 

The alteration is associated with felsic volcanic rocks (Helwig, 1967), and Wasowski and Jacobi 

(1984) have shown that the host mafic volcanics are similar to the lAD group depleted tholeiites 

in the Wild Bight Group. · 

No other coeval volcanogenic mineralization is known in eastern Notre Dame Bay. The 

upper Exploits and Summerford Groups, as well as the Loon Harbour volcanics, are interpreted 

as unlikely to be prospective as they appear to consist mainly of non-arc rocks which, according 

to the present model, post-date the period of arc fragmentation and volcanogenic 

mineralization. However, if further data show that the middle or lower Summerford Group 

volcanics have island arc characteristics, further exploration in this area may be warranted. 

The only well- dated correlative deposit in south-central Newfoundland ls the Victoria 

deposit, associated with late Llanvirn to early Llandeilo mafic and felsic volcanic rocks . The 

aHinity of these rocks is not known as there are no published geochemical data but the 

presence of felsic volcanic rocks suggests a probable arc setting, by analogy with 1he Wild Bight 

Group. Although this deposit is more Zn, Pb and Ag-rich than those in the Wild Bight Group, this 

probably is a function of the greater relative volume of felsic volcanics in the underlying 

sequence and not an indicator of a fundamental difference in tectonic conditions. 

· Volcanogenic sulphide deposits in the Bay du Nord and Baie d'Espoir Groups in the 

Hermitage Flexure are probably coeval with the Wild Bight Group deposits. Two principal, 
\ 

deposits, the Strickland (Stackhouse, 1976; Wynne and Strong, 1984) and the Barasway de 

Cerf (Swinden, 1982), are dominantly Zn-Pb-Ag deposits reflecting the dominance of felsic 

volcanic rocks (and perhaps continental crust) in the substrate. It is not dear whether the 
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trans~ion to back-arc conditions is· recorded in these sequences as there are no mafic volcanic 

rocks in the overlying stratigraphy. 

Volcanogenic sulphide deposits elsewhere in Central Newfoundland, including those in 

the Tulks Hill (Tulks Hill, Tulks East) and Tally Pond (Boundary, Duck Pond) volcanic sequences. 

the Buchans-Robert's Arm Belt (Buchans. Gullbridge , Pilleys Island), the Baie Verte Peninsula .. ,. 
· · (Consolidated Rambler Mines. Betts Cove. Tilt Cove) . the Springdale Peninsula (Little Bay; 

Whalesback, numerous smaller depos~s) and the Bay of Islands Complex in western 

Newfoundland (York Harbour deposit) are older than the Wild Bight Group deposits . 

6.4 Lead Isotopes In Volcanogenic Sulphide deposits 

6.4.1 Introduction 

The isotopic compos~ion of lead in 25 volcanoge nic sulphide depos~s and occurrences in 

Central Newfoundland has been determined and compiled from the literature. in order to allow 

comparison with the Wild Bight Group and to provide further evidence for regional correlations 

and paleotec1onic interpretations within the Central Mobile Belt . In most cases, lead in galena 

was analysed. However, when galena was not available, trace amounts of lead tn pyrite, 

sphalerite or stibnite were analysed. 

Lead isotope data from volcanogenic mineral deposits complement whole rock radiogenic 

isotope data. As Gill (1984) t)as pointed out, the lead in any volcanogenic. sulphide deposit is a 

composite of all the lead source.s that are present within the volume leached by the . 

hydrothermal convec1ion cells. It, therefore. presents an integrated lead isotopic composit ion for 

the underlying rocks which, of course. is weighted towards those sources w~h abundant lead 

(e.g. sialic crustal sources) as opposed to depleted or primitive mantle s6urces. It should be 

poin1ed out that isotopic studies of volcanic rocks in modern oceanic islands suggest that some 

mantle sources are enriched in radiogenic lead with respec1 to primitive mantle (e.g . White. 

1985; Zindler and Hart, 1986) and the presence of evolved lead in volcanogenic sulphide 

deposit may, therefore, not necessarily reflec1 a direct arc-related, sialic input Interpretation of 
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· observed relationships compared to, for exarl'l'le, the Zartman and Doe ( 1981) model growth 

curves should, therefore, be undertaken with caution. 

Any observed lead isotopic composition measured in a volcanogenic sulphide deposit wilt ... 
probably be the result of at least two stages of mixing of lead from various sources, the first stage 

occurring during magma generation and the second during hydrothermal activity that produces 

the mineral deposits. As an illustration, consider the geological history of the Wild Bight Group as 

interpreted by this study. The arc related magmas are interpreted, on whole rock geochemical 

and isOtopic evidence, to have f_ormed through mixing and partial melting of two or more 

isotopically distinct source areas (Chapter 4) . Lead is an incompatible element in these 

circumstances and witt be concentrated iri the melts. Each magma witt have a lead isotopic 

composition which .reflects the proportions and degree of partial melting of the different sources 

that contribute to the melt. Ascent and eruption of these magmas will produce a volcanic 

stratigraphy, w.ith rocks of various isotopic COill>OSitions which have not equilibrated with each 

other isotopically and whose isotopic compositions reflect source area mixing processes. In 

some island arcs, this substrate may also incude sialic crust, presenting an additional 

complication. During hydrothermal leaching and transport, lead is acquired, from the various, 

Isotopically different, stratigraphic units and mixed in proportions that depend on a number of 

factors including: 1) the ability of the fluid in any particular part of the hydrothermal cell to extract 

" ltJad and transport it; for example, the lead that prevails in areas where the fluids are hottest and 

most acidic might have a correspondingly greater influence in the mix than those from other 

areas. 2) the presence of second stage partial melts in the sequence; partial melting of mafic 

rocks in the sub-arc crust wilt concentrate lead further in the felsic products. The relatively high 

lead concentration in these rocks will allow it to exert a disproportionate influence on a mixture 

subsequently produced in hydrothermal fluids. 3) Presence of sediments in the stratigraphy. 

sediments are relatively porous with respect to most volcanic rocks and the effective surface 

area of the fek:tspars with respect to fluid circulation will be correspondingly higher. This lead will, 

therefore, be more readily acquired by the hydrothermal fluids. 
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This discussion is meant to highlight three "pertinent points with respect to inttlrpreting lead 

isotopic data in volcanogenic ore deposits: 1) all lead isotope compositio~s In volcanogenic 

sulphide deposits resu" fror.n mixing (a corollary of this is that, in the absence of detailed 

knowledge of source areas and magmatic processes, the geochronological applications of the 

data are not straightforward); 2) each volcanic Sequence (or perhaps, widespread volcanic rocks 

related to each subduction complex at any given time) will have a range field of lead isotopic 

compositions that are related to the magma sources and magmatic history of the complex; 3) 

stratigraphic variations and or variations in hydrothermal convection cell characteristics will 

produce a spectrum of lead isotopic compdsitions throughout the volcanic belt. This spectrum 

will define a field of compositions which, if distinctive, may provide a useful fingerprint for 

classifying sequences of unknown affinity. 
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In ancient terranes, the integrated lead isotope composition of a volcanic pile, as reflected in 

the ore lead, permits comparison and correlation of volf:anic sequences which are lithologically 

. similar but have different paleotectonic histories. Such an approach was successfully used, for 

example, by Sundblad and Stephens (1983) to test correlations of deposits in different nappe 

slices in northern Sweden; correlation on this basis of deposits in different geologic units has 

been proposed in the southern Appalachians by Kish and Feiss (1982) and LeHuray (1982). 

In the following Section, lead isotopes in deposrts from various volcanic sequences across 

the Central Mobile Belt are compared and correlated to support geologically and geochemically 

based correlations of the host volcanic sequences. These data are then used to test 

conclusions about the paleotectonic history of the Central Mobile Belt reached in Chapter 5 and 

to mntatively evaluate the significance of major structural discontinuities within the be~. 

6.4.2 Analytical Methods 

The data used in this study are a corrbination of previously published analyses and new 

data. Data from 14 deposits and a preliminary interpretation of their relationships were previously 

·published by Swinden and Thorpe (1984) and data for the Buchans deposits, the Connell 

I 
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Option and the Skidder basalt by Cumming and Krstic (in press). 

The new data presented, in this thesis was produced by Geospec Consultants, Edmonton, . 
Alberta, under contract to the Geological Survey of Canada. Analytical methods have been 

' . 

described by Thorpe eta/. (1984) . 

. Analyses were performed on a Micromass MM-30 mass spectrometer and all measured 

isotope ratios have been normalized to approximately absolute values on the basis of numerous 

measurements of the U.S. National Bureau of Standards reference lead NBS-981. 

Analy1ical uncertainty limits, estimated by the Geological Survey of Canada based on 

duplicate measurements of a large number of specimens over the period 1982 to 1986, are: 

· 206PbJ204pb ± 0.064%, 207pbl204pb ± 0.068% and 208pbl204pb ± 0.075% (R.I. Thorpe, 

-
pers. comm., 1986). Duplicates reported in Table 6.2 for the Tulks Hill, Victoria and York Harbour 

deposits are within these uncertainty limits. 

6.4.3 ResuHs 

6.4.3.1 Introduction 

Analy1ical results are presented in Table 6.2 and the location of the sampled deposits is 

shown In Figure 6 .4 . The data are plotted on standard lead isotopic diagrams on Figure 6 .5. The 

data have been subdivided. for descriptive purposes. on the basis of the geological and/or 

Interpreted paleotectonic.environments of the host rocks a~d each deposit class is plotted 

separately. Model lead evolution curves from Zartman and Doe (1981) are shown and, for ease 

of reference, three fields representing: 1) deposits in the Buchans-Robert's Arm Belt, the 

Lushs Bight Group ?.nd the Bay of Islands ophiolite; 2) deposits in late Cambrian island arc 
,, 

sequences; and 3) deposits in Llanvim-Liandeilo island arc sequences south and east of the 

Buchans-Robert's Arm Belt . 

r 

349 



~50 
\ 

Table 6:2: Isotopic compo6it!on of lead in volcanogenic sulpide dupo6illl in Cenlrill Newfoundland 
•- ,_data aoqu.-ed for this study. Ofler data sources a•e relerenoed in ~xl 

NO. SPL. NO. DEPOSIT NAME HOST MINERAl 2061204 2071204 2081204 1 • T083-146 Luscomb Point ' Shoal Arm Fm galena 18.180 15.607 38.172 2 • TO 86-22 · Taylofs Room Moreton's HarboUt Gp. galena 18.163 15574 37.~4 3 • T086-29 Slud\Jess ( Moreton's Hbr.) Moreton's Harbour Gp. stibnltu 18.156 15.580 37.957 
4 T083-30 Seal Bay Wild Bight Group galena 18.212 15.608 38CM2 5 • TO 83-151 Point Leamington Wild Bight Group aphaleti~ 18.223 15821 38.077 6 • TO 83-151 Point Leamington Wild Bight Group pyrite 18.21' 15.607 38.032 7. T083-152 Point Leamington Wild Bight Group pyrite 18.211 15.613 38.008 8 • T083-150 Point Leamington Wild Bight Group pyrite 18.883 15664 37.870 9 • T083-153 Point L&amington Wild Bight Group pyrite 18.342 15818 18.CM3 

10 TO 80-85 VICtoria Tulks Hill volcanics galeoa 18.161 15.619 38.112 
11 TQB0-85a Victoria Tulks Hill volcanics galena 18.159 15.624 38.102 
12 T082-1 Tulks HiN Tulks Hlli volcanics galena 18.144 15.571 37.957 
13 TO 81-50 Tulks HUI Tulks H~l volcanics galena 18.142 15.575 37.955 

) 14 T081-54 Burnt Pond Tally Pond volcan•cs galeoa 18.138 · 15.576 37.862 
15 TO 83-29 Tally Pond Tally Pond volcanics galena 18.156 15.583 37.902 16 • T086-19 Duck Pond Tally Pond volcanics galena 18.153 15568 37.855 
17 • T086-29 Hayden Steady Tally Pond volcanics galena 18.156 15.580 37.957 
18 TO 80-83 Barasway de Cerf Hermitage Flexure galeoa 18235 15.660 38.142 
19 TQB0-84 Strickland Hermitage Flexure galeoa 18.333 15.663 38,2()9 
20 TO 83-1 Facheux Bay Hermitage Flexure galena 18.217 15.630 38.096 21 • TQ86-84 Great Burnt Lake Cold Spring Pond Fm. pyrite 17.745 15.484 37.265 
22 • TQ86-85 Great Burnt Lake Cold Spring Pond Fm. pyrite 17.846 15.485 37.281 
23 • TQ86-86 Great Burnt l.al<:e Cold Spring Pond F m. pyrite 17.768 15.475 37272 24 • TO 86-87 Great Burnt Lake Cold Spring Pond Fm. pyrite 17.797 15.488 37.313 
25 T081-52 Shamrock Cu!Wel Group galena 17.844 15.488 37.599 
26 TO 81-51 Oil islands C utwell Group galena 17.894 15.499 37.616 
27 TQ 81-53 Catchers Pond Calchera Pond Gp galena 17.544 15.428 37.495 
28 TQ 72-63 Pilleys Island Roberts Arm Gp. galena 17.922 15522 37.591 
29 TQ 72-62 Pilleys Island Roberts Arm Gp. galena 17.937 15.529 37.613 
30 SP 2999 Ming Pacquet Hbr. Gp. galena 18.175 15.613 38.066 
31 SP3033 Ming Pacquet Hbr. Gp. galena 18.169 15.598 38025 
32. TQ86-88 Whales back lushs Bight Group pyrite 17.943 15.543 37673 
33. TO 86-89 . Whales back Lushs Bight Group . pyrite 17.903 15.513 37.569 34. TQ83-58 Betts Cove Betts Cove Complex galena 17.997 15.571 37.806 
35 TQ 72-78 York Harbour Bay of Islands Complex galena 17.851 15.489 37465 
36" TQ 72-78 York Harbour Bay of Islands Complex galena 17.857 15.498 37.487 
37. TO 72-78 York Harbour Bay of lsi~ Complex galena 17.864 ' 15:508 37.523 
38 SP689 Maclean Buchans Gp galena 17.829 15 492 37.620 
39 TO 72-67 Maclean Buchans Gp galena 17.823 15.490 37.612 
40 TQ 72-69 Maclean Buchans Gp galena 17.823 15.488 37.812 
41 KQ 81 -55 Maclttan Extension Budlans Gp galena 17.821 15.488 37.606 
42 KQB82-4 MaclEian Extension Buchans Gp galena 17.820 15490 37.621 
43 KQB 82-12: Maclean Extension Buchans Gp galena 17832 15.496 37.628 
44 KQ 74-18 Old Buchans Buchans Gp galena 17.818 15.496 37.654 
45 KQ81-58 Oriental II East Pit Buchans Gp galena 17.823 15.491 37.610 
46 KQ83-33 Oriental Extension Budlans Gp galena 17.825 15.497 37632 
47 KQ83-21 Lucky Sbike Buchans Gp galena 17.832 15.496 37.634 
48 K083-22 Lud<y Sbike Buchans Gp galena 17.829 15.493 37.819 
49 K083-17 Lud<y Sbike North Budlans Gp galena 17.826 15492 37.817 
50 KQ 83-19A Lud<y Sbike North . Buchana Gp galena 17.815 15.489 37.606 
51 KQ 74-28 Engineer Budl~ns Gp galena 17.883 15.495 37.624 
52 "1884-1097 Clementine Budlans Gp galena 17.628 15.491 37.613 
53 Connet Option Buchans Gp. .sphalerite 17.735 15.488 37.560 
54 Connel Option Budlans Gp. sphalerite 17.731 15.488 37.543 
55 Connel Option Bud1ans Gp. aphalerite 17.732 15.486 37.543 
58 KO 83-72 Skidder Skidder basalt galena 17.639 15.457 37.458 
57 ' KQ 82-73 Skldder Skidder 'basalt galena 17.586 15.445 37.498 
58 KO 83-78 Skidder Skidder basalt • sphalerite 17.629 15442 37.463 
59 KO 83-78 Skidder Skidder basalt sphalerite 17.634 15445 37.461 
60 KQ 83-77 .. Skidder Skidder basalt aphalerite 17.644 15.445 37.464 
61 Ka83-n Skidder Skidder basalt sphalerite 17.638 15.452 37.491 
62 KQ83-08 Skldder Skidder basalt sphalerite 17.684 15.455 37492 
63 K083-08 Skidder . Skidder basalt sphalerite 17.685 15 455 37.481 



Figure 6.4 - Location of deposits represented by lead isotope data. Base map and legend same 

as Figure 5.5. Deposit numbers are keyed to Table 6.2. 
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Figure 6.5: Isotopic COI'Tl>OSition of lead in Central Newfoundland volcanogenic sulphide deposits, subdivided for e§Se of 
reference into different geological and/or interpreted paleotectonic settings. Solid curves are model lead growth curves after 
Zartman and Doe (1981 ). lJC- upper crust; 0 -Orogene; M -mantle. A- deposits in Llanvimian to Caradocian sequences; B -
deposits in late Cambrian, arc-related rocks; C- deposits in the Buchans, Robert's Ann and CulWell Groups; D- deposits in 
ophiolitic rocks in the western Dunnage and Humber Zones; E -deposits of uncertain affinity. On each diagram, fields arc-related 
deposits from Llanvimian-Caradocian deposits (from A), Cambrian deposits (from B) and Arenigian (from C) deposits are shown 
for reference. 
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6.4.3.2· Deposits in the Llanvirnian - Llandeilian arc sequences (including one in the 

Caradocian shale)(Fig.Jre 6.5A) 

These deposits have the most radiogenic lead of any volcanogenic sulphide deposits in the 

Central Mobile Belt and plot mainly along a diffuse, steep trend between the Orogene and 

Upper Crustal growth curves on the 207pb/204pb plot. 

Two deposits In the Wild Bight Group are represented, the Indian Cove and Point 

Leamington deposits. Because ther9 is no galena in the latter, pyrite and sphalerite were. 
' 

analysed, and the data illustrate some problems in interpreting lead data from these minerals. 

The isotopic composition of lead in any sulphide mineral can be modified by diffusion of 

lead into the crystal structure at any time after deposition. In the case of galena, this is not 

generally a serious problem, as lead in the mineral is sufficiently abundant that the addition of 

small amounts of a different composition will not effect much change in the bulk composition. 

However, in the case of lead-poor sulphide minerals, a significant change can be effected by 

secondary processes. Later addition of lead that has evolved through time in the region of the 

deposit, will produce a more pronounced change in the 206pb;204pb ratio than the 

207pbl204pb because of the relative scarcity of 238u in the Phanerozoic environment. 

Lead data from pyrite and sphalerite m.Jst, therefore, be interpreted with caution. The 

... 
approach here has been to analyse two or more specimens from each deposit. If the data cluster 

(particularly near compositions of similar or related deposits), it is assumed that they are relatively 

unaffected by secondary processes. Any sa!Tl'les that deviate significantly from the mean are 

rejected as probably contaminated. 

In the case of the Point Leamington deposit, three of five sa"1>1es cluster tightly at a 

composition similar to galena in the Indian Cove deposit. This composition is interpreted to lie 

within an integrated lead isotope composition field that is characteristic of the Wild Bigh!"Group. 

Two safr4)1es ~hat are anomalously enriched in radiogenic lead are interpreted to be 

contaminated and are not included in the discussion that follows. 

lead isotopes in appro~imately coeval deposits elsewhere in the Central Mobile Belt are 
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generally similar to those in the Wild Bight Group. The Victoria deposl and one analysis from a 

stratiform occurrence in the Caradocian Shoal Arm Formation plot with the Wild Bight Group 

samples suggesting similar lead sources. Deposits in the Hermitage Flexure area contain lead 

which has 207pbf204pb ratios consistently more radiogenic than in the other Llanvirnian­

Caradocian deposits but 208pb;204pb ratios which overlap them. 

6.4.3 .3 Deposits in Cambrian volcanic-volcaniclastic sequences (Figure 6.58) 

These deposits represent the oldest arc-related volcanic sequences in Central 
( 

Newfoundland and include the Tally Pond volcanics which have yielded a U/Pb (zircon) age of .. . 
approximately 517 Ma (Dunning et al., 1986), at least part of the Tulks Hill volcanics which have a 

preliminary late Cambrian U/Pb (zircon) age (G. R. Dunning, pers comm .. 1987), and the 

Moreton's Harbour Group in Notre Dame Bay, which is irytruded by the 507 Ma Twillingate 

Trondhjemite (Strong and Payne, 1973). Despite their geographical seiaration and contrasts in 

their stratigraphic succession (compare Strong and Payne, 1973, and Kean and Jayasinghe, 

1980; 1982), the measured lead isotopic compositions in the three sequences are very similar, 

clustering near the Orogene model curve on the 207pb/204pb diagram. The compositions do 

not overlap with the deposits in the Llanvirnian-Caradocian deposits, being slightly but 

consistently less radiogenic. 

6.4.3 .4 Deposits in the Buchans - Robert's Arm Belt (including the Culwell Group )( Figure 

6.5C) 

The isotopic composition of lead in deposits in Arenigian volcanic rocks of the Buchans-

Robert's Arm Belt and the Culwell Group is consistently less radiOgenic than in bOth late 

Cambrian and Llanvirnian-Caradocian deposits to the south and east. The various deposits plot 

in a relatively shallow, linear, trend which generally lies between the Mantle and Orog(me model 

curves on the 207pbl204pb diagram. There are significant variations between deposits in 

different parts of the belt but deposits in each specific area have distinctive and, in the case of 

) -
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rrultiple deposits in the Buchans area, uniform, lead isotope compositions. The Pilleys lslarod 

deposits are significantly richer in 207pbl204pb but not in 208pbl204pb relative to the 

Buchans deposits. 

6.4.3.5 Deposits in west.ern Dunnage Zone ophiolitic rocks (Figure 6.50) 

Lead isotopes in deposits hosted by'ophiolitic sequences north aod west of the Buchans -

Robert's Arm Belt appear to fall in three groups: 1) deposits in the Lushs Bight Group and the 

Bay 91 Islands Complex which are similar to the Pilleys Island deposit; 2) the Skidder deposn. 

which is less r~diogenic than the Buchans deposits, particular in 206pbl204pb, and 3fdeposits 

associated with optliolitic rocks on the Burlington .Peninsula, (the Ming deposit in the Pacquet 

Harbour Group and the Betts Cove deposit) the former having relatively radiogenic lead and 

plotting with the Llanvirn - Llandeilo eastern aro deposits and the latter having less radiogenic 

lead, plotting closer to the field of Buchans - Robert's Arm Beh deposits. 

6.4.3.6 Deposits of uncertain affinity (Figure 6 .5E) · 

Two deposits are included under this heading. Both are in fauh bounded sequences of 

uncertain relationship to adjacent units. The Catchers Pond deposit contains the least 

radiogenic lead of all deposits analysed. In this respect, it may represent the least radiogenic end 

of a western Dunnage Zone mixing line that includes the Buchans - Robert's Arm Beh. 

The Great Burnt Lake deposit is hosted by basalt of the Cold Spring Pond Formation 

(Swinden, in press). This is the only analysed deposit south and east of the Buchans - Robert's 

Arm Beh which has non - radiogenic lead compositions Lead i.sotopes in this deposit are 

distinctive; 207pbJ204pb is similar to the Buchans deposits but 208pbf204pb is much lower 

aild plots outside the Buchans - Robert's Arm field on the 208pbl204pb versus 206Pb;204Pb 

diagram.· 
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6.4.4 Correlation of Geological UnHs and their Tectonostratigraphic Relatlonshlpa 
., 

The lead isotope data generally support correlations previously ~uggested by geological 

and geochemical data, particularly with respect tQ th!l place of the Wild Bight Group in Central 

Mobile Belt development. The consistency of lead isOtopic compositions in deposits !tom 

geographically separate but geologically correlative units in Central Newfoundland (e.g. the Wild 

Bight Group and the Victoria deposit) suggests that these deposits indeed record the 

integrated lead isotope composition of .their volcanic hosts and probably represent a single 

-~ 
tectonostratigraphic environment. A corollary to. this is that consistent contrasts in lead isotopic 

compositions between g~ologic units (which may or may not be distinguished on geological 

grounds) serve to identify tectonostratigraphic terranes with contrasting lead sources and 

possibly different paleotectonic histories. 

The data are consistent with the interpretation that the Llanvirn-Liandeilo, arc-related 

volcanic sequences are part of a single tectonostratigraphic terrane (Chapter 5). Taken as a 

whole, the integrated lead isotope composition of this terrane is the rT'()St radiogenic in the 

mobile belt (Figure 6.5). It is significant that the most radiogenic deposits are always those· in the 

Hermitage Flexure, where geologically-based interpretations suggest an underlying continental 

crust (e .g. Colman-Sadd, 1980). These deposits, therefore. may closely approach the isotopic 

,.,-# composition of this continental crust (also suggested by the fact that their compositions 

approach the Upper Crustal growth curve of Zartman and Doe. 1981 ; se~ Figur~ 6.5A) . 

The steep, diffuse. linear trend that the deposits. as a whole. define. is best interpreted as 

a mixing line. Continental crustal material, with lead isotopic composition similar to the Hermitage 

Flexure deposits, is probably the most radiogenic end member. Lead from the Hermitage 

Flexure subarc crust is rT'()St likely to have been introduced to the intra-oceanic arcs of the 

Victoria Lake and Notre Dame Bay area through subouction of continentally-<le,rived 7edifT!en1s 

Such a process is consistent with the postulated influence of ;,;.;~ucteQ..sediments-

"' on the Wild Bight Group magmas interpreted from geochemical and isotopic aata (Chapler 3) . 

The less radiogenic end merrber may be a mant,le source (cf. the Mantle model curve of 

'\ 
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Zartman and Doe. 1981). However, a more plausible-suggestio.n.is.thai ~tis the lead in the tate 

. ' Cambrian arc sequences. Older and younger rocks ar~ structurally jux1aposed in most areas 

(e.g. the Tally Pond vol~nics with the yo~nger parts of the Victoria Lake Group and the 

Moreton's Harbour Groop with the Exploits and Sumn1erford Groups). the older sequences' may · 

record the early history of a lon<;~-lived, intermittently active, subduction complex. the end of 

which is recorded by the Wild Bight Group and equivalents. During the Llanvirn - Ltandello, the 

Cambrian sequences may have been bas~ment to younger arc,-providing a mechanism for the 

incorporation of lead from them in the younger deposits. 

Volcanogenic sulphid_e deposits in the Buchans - Robert's Arm Ben. and in island-arc 
. .. 

related rocks of the Catchers Pond Group (Jenner and Szybinski, 1987) have mut;h less 

radiogenic lead and in this respect are simila~ to deposits in adjacent ophiolitic rocks (the Lushs 

Bight Group and the Skidder basan) and to the Bay of Islands ophioiite. The data spread out 

along a diffuse-trend which, as for the depo~its previously discussed, can be interpreted as a 

mixing line. Bell and Blenkinsop (1981) previously commented on the relatively non-radiogenic . . 
nature of the Buchans lead. sugge~ting that the lead must have evolved in a low-j..l environment._ 

They noted that similarly non-radiogenic lead had been shOwn to be characteristic of the · 

Grenville Province in Ontario by Fletcher and Farquhar:' ( 1977) (subseq_uently expanded upon by 

Fletcher and Farquhar, 1982). Swinden eta/. (in pressi hav-e recently stiown that very 

non._radiogenic lead is also characteristic of epigenetic deposits in Cambrian carbonate rod<s 

which overlie the Grenvillian basement in western Newfoundland and interprete~ it to refle~i a 

very low-~ basement so.urce . The implication is that se,dimentary lead so~rces in the island arcs 

of the Buchans - Robert's Arm be~ may have been derived fro!"" crust wi!h a considerably less 

• radiogenic bulk radiogenic lead composition than those in the arcs to the east. The resuns of 

Fletcher and Farquhar (1982) and Swinden eta/. (in press) indicate that such a sourcawas 

probably present in the Grenvillian metamorphic terranes ·Jf the ancient North Am~rican 

continental margin. 
/ 

Similarly non-radiogenic lead in the Lushs_ Bigh1 Group may also include a confribution from 

.. 
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these non-radiogenic crustal sources. Preliminary geochemical data (G. A. Jenner and B. F. . - . --- -... ~ -
Kean, personal C()mrnJnication, 19B7) indicate that at least some rocks in the Lushs Big~t Group 

probably evolved in a supra-subd~:Jction zone environment. It is reasonable to suggest, on this 

basis, that lead from subducted sediments may have found itsway into the magmas and the 

· non-radiogenic compositions of the deposits suggests that this led was similar to that which 

contributed to the Buchans deposiis. The Skidder basalt has the least radiogenic uranogenic 

lead of all the ophiolitic sequences although thorogenic lead is anomalously high (at constant 

.206pb.f204pb). The contributing sources were radiogenic lead--depleted but appear. to have 

had ~omewhat different lead parent ratios. There are no independent data to suggest whether 

crustallead may be a component in th~ Skidder magmas. Howev~r. the tad-that it lies on an 

apparent mixing line between the Catchers. Pond and Buchans deposits suggests a c_qmponent 

of the same non-radiogenic lead (e.g. G~envillian crust?) as these sequences. 

Lead in the Yor1< Harbour depo~it in the Bay of Islands Comp~ has isotopically similar lead 

to the Lushs Bight and Robert's Arm Group deposits. Although recent wor1<ers are _agreed that 

this ophiolite probably formed in a back-arc basin (e.g . Upadhyay and Neale, 1979; Dunning and 

Krog~1985) ,-geochemical data (Malpas, 1976, 19l8) and Nd isotopiC data (Jacobsen and . 
Wasserburg, 1979t suggest that the magmas are N-MORB type and unlikely to have received 

mt.icti input from either crustal or enriched mantle sources. This being the case. the·deposit may 

• record a~pproximate composition for Early Ordovician depleted mantle 

The position of the deposits on the Burlington Peninsula in this framework is equivocal. The 

very radiogenic lead in the Ming deposit suggests a correlation with the Llanvim-Liandeilo arc . ' - ··- -

sequences. However, stratigraphic relationships, particularly the correlation of the Betts. Cove 

Cofl1)1ex·Snooks Arm Group transition with the LushsBight Group-Western Arm Group 

transition (Marten, 1971 ), suggest that a correlation between these rocks and the Lushs Bight 

Group iS more geologically acceptable. Furthermore, lead in the Betts Cove deposit is rather less 

radiogenic than the Llanvimian-Caradocian deposits, closer in composition to the 

\ 
Buchans-Ro~rt's Arm belt. If the Betts Cove and Ming deposits a~e stratigraphically equivalent 
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(e.g . Hibbard, 1983), the range of lead isotope compositions io·this a·tea must be con;siderably 

different th~n .(albe~ overlapping) the field of younger deposits. It Is possible that Ordovician 

volcanic sequences on the Burlington Peninsula are not tectoncistratigraphically related to 

either the Buchans-Robert's Arln.J)!" younger sequenc~s. but are part of a separate subc1uction 

complex with-independent lead isot~pic char~cteristics . For the time being, this question 

remains· unresolved. 

The affinity of the Cold Spring Pond Fonnation is likewise unresolved. Basalts that host the 

\ Grea~ Burnt Lake deposit hav~ a geochemistry suggestive of an oceanic is.tand o~ E-MORB . . 
aHinity (Swinden, in press) and, therefore, may not contain a contribution of slab-derived crustal 

lead from any continental area. Its distinctive lead isotopic corhpo~ition, particularly with regard t~ 
• 

the low 208pb;204pb at constant 20~04pb, does not suggest a corr~lation with any other 

deposits ih Central Newfoundland but probably reflects an integration" of mantle sources In a 

back-arc basin. The age of the Cold Spring Pond F'orrnation is unconstrained and there Is no 

geological or isotopic reason to suggest whether this might have been a back-arc basin related 

' 
to any (or none) of the identified island arcs in Central Newfoundland. 

6.5 Implications for the Paleotectonic History of Central Newfoundland 
. . . 

The tectonostratigraphic history of the Dunnage Zone is apparenily-complex, and 

considerable data are still needed to clarify most of its aspects. Ho~ever. the available data allow . . 
interpretation as to some of the Ordovician relationships of the various elements and encourage 

speculation as to some otht1rs. 

There is a clear bipartite subdivision of geological units in the Central Mobile BtJh based on 
. . . . ,. 

the isotopic composition of lead in their volcanogenic sulphide de~sits (Figure 6 .6). The more 

' radiogenic group comprises island arc sequences south and east of the Buc~ans · Robert's Arm 

belt (irrespective of age) and the lAss radiogenic, the island arc and ophiolitic sequences in and 

northwest of the Buchans- Robert;s Arm Belt (also irrespective of age). Within this framewor1<, 

there are two anomalies; depo~~ in ophioli1ic rocks of the Bur\ington Peninsula have isotopic 

\ 

• . 
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F'~gure 6.6: Compilation of lead isotope data for all deposits, keyed 
according to terranes on F~gur.e. Model growth curves find fields as for 
Figure 6.5. 
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characteristics which appear to be intermediate between the two major subdivision whife those 

in the Cold Spring Pond Formation in the southeastern Dun,nage Zone have. a thorogenic lead 

signature that is distinctly lower than any other io the Central Mobile Be~ at equivalent 

208pbJ204pb .... 

This bipartite distribution of lead isotopic COfTl>OSitions is best interpreted as ·relle_cting the 

presence of at least two majo~ tectonostratigraphic terranes in the Central Mobile Belt, here 

termed for conver;e~e the Hermitage-Exploits Terrane to the southeast and the Red 

lndiao-Green Bay Terrane to the northwest (Figure 6 .7). The contact between these terranes is 

363 

a major structural discontiouity which has several names along Its strike extent. ln. the southwest._, 
.. 

it is termed the Lloyds River- Red Indian Lake Fault . Further north, this fault can be recognized 
& 

east of Great Gull Pond. as a zone of extensive ductile shear and mylon~ization (Swinde"n and 
-· 

Sacks, 1986) and close to .Notre Dame Bay, it is correlated with the Tommy's Arm Fault which .. 
f~rms the base of the Robert's Arm Group in this area. ln·Ea~tem Notre Dame Bay, this boundary 

is repres~~ted by the Luke Arm Fault, which can be traced fr~m !he Fortune Harbour Peninsula 

eastwards to New World Island. 

' The Hermitage - Exploits Terrane is interpreted to record a subdUction complex that was 

active from the late Cambrian to _latest Llandeilia~ or earli~st Caradocian time. By analogy with 

modern plate margins, it is· unlikely that this was a contir'luously active island arc for approximate1y 

60 Ma. Rather, it is envisaged as a long-lived plate margin which probably saw intermittent 

subduction arld back-arcactivity. Two ages of island arcs have been identified to date; more may, 

be identified as geoc~emical and isotopic studies are expanded in this area. The fates! island arc 

activity may have spanned (or at least approached) a continental margin which lay under or . 

directiy south and east of.the Hermitage Flexure. The polarity of this subduction system is not 

known. If the interpretation of the source otlead in the intra-oceanic deposits is corr?ct· it i!T1'1ies 

that detritus from.the Hermitage Flexure was being subducted, perhaps indicating subdu.ction 

towards the north and west. If this is correct. the subduction zone must !lave been sited behind 

(i.e. south and east of) the present H~rmita'ge Flexure in order for arc volcanism "to have OCOJrred 
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Rgure 6. 7 -Tectonostratigraphic subdivision of the Dunnage Zone based on lead isotope data. 

Base !d legend as for Figure 5.5. 
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slrrultaneously in this area and in the ocean to the north and west. Alternatively, subduction may 
! \I . 

have been towards the south and east ~ sediment may have been carried across the forearc 
.,. ' 

r into ttie trench . . 

The only i(ientified rocks of back-arc affinity associated with this subd~ction complex are 

those Immediately beneath the Caradocian shale. It is possible that ophiolitic rocks of the GRVB 

and the Pipestone Pond-Coy Pond Complexes formed in a back-arc basin rel"ated to. this . . 
subduction complex. Their age (approximately 494 Ma, Dunni~g and Krogh, 1986) is consistent 

V" 

with such an interpretation (i.e. they c;ould have formed in a back-arc basin r~fated to the fate 

Cambrian arc sequences). 

The Red Indian- Green Bay Terrane is interpreted to represent a different subduction 

complex in which lead from the ancient North America~ continental margin was a major · 

contributor to the magmas and hence the associated ores. This is consistent with the lo~g-held 

' view of eastwar~ subduction in Central Newfoundland (Church and Stevens, 1971 ; Strong et 

a/., 1974b; Searle and Steven~ 1985), followed by collision of the island arc and obduction of 

&eanlc sedimentary and ophiOlitic rocks (the Taconian Orogen.y) : The apparent presence of 

'd In the arcs derived Jrom a low-~ environment, tentatively identified .as Grenvillian 

metamorphic terranes of the ancient North American Margin, is consistent with this 

Interpretation. The Buchans - Robert's Arm Belt, the Lushs Bight Group, the Skidder basalt and 

· the Bay of Islands C~mplex in this view could represent a complex series of arc and back-~rc 

sequences of various ages r~lated to this subduction complex·. Other sequences which may be 

• part of this system but for which t~e ar-e no lead isotope data include tile Annieopsquotch 

Complex and related rocks (Dunning ancfChorlton, 1985; Dunning, 1987) and the Mansfield 

Covel Hall Hill Co"1)1exe~ Immediately west of the Robert's ~ Gr~ (Dunning eta/., 1987). 
. ~ . 

It seems likely that these two subduction complexes were. not closely related in space in the 

early Ordovician. The timing of their juxtaposition is somewhat equivocal. However, Nelson and 

Casey (1979) and Nelson (1981) interpreted the post - Caradocian flysch in central and eastern .. 
Notre Dame Bay (i.e. the Sansom and ~oint Leamington greywjct<es, the Goldson Formation 
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and related rocks) to be have been derived from uplifted Robert's Arm island arc and related 

rocks which were ad~ancing southwestwards as thrust sheets during the late Ordovician • eart.y 

. " 
Silurian. If this interpreta-tion is correct, the Robert's Arm Group and rocks to th& west were 

she~ing detritus eastwards into a back-arc basin that was partly floored by the upper Wild Bight 

Group (because there is a conformable sequence from the Wild Bight Group upward into th~ 

Caradocian shale and, thence. into the Point Leamington graywacke) . . The structural boundary 

between the Robert's Arm Group and the sequences to the southeast, then, may be more 

significant than merely another back-arc thrust (e.g. Kusky and Kidd. 1985). It may. in fact, record 
u ~ . 

the tectonic juxtaposition of two ~epa rate paleotectonic terranes duri~ continued telescoping 

of the remains of Iapetus. following the Taconian event. 

The place of the Burlington peninsula o~hiolites in this framework is equivocaL The lead 

isotopic evidence does not clearly relate them to-either terrane. Their boundary with the Red 
! 

lnqian-Green Ba~ Terrane is the G'een Bay fault, a major structure whose latest movement . 

appears to be strike slip (Coyle an~ Strong, 1987; A. Z. Szybinski, pers. comm., 1987). but the 

. ... 
amount of displacement is uncertain. Latest movement on this fault is at least as young as . . 
Silurian because it affects Springdale Group rocks ol this age. Any earlier movement history is, to 

date, unresolved. The lead isotopic evidence does not suggest a clear correlation with any 

deposits in the Burlington Peninsula with 'the Red Indian- Green Bay. Terrane and, in fact, is 

more supportive of a correlation with the Hermitage-Exploits Terrane. Furthet structural studies 

of the Green Bay Fault and isotopic studies on deposits on the Burlington Peninsula are 

necessary to assess their relationship with the se~uences in the Red Indian-Green Bay Terrane. 
·. 

· The correlation of the. Moreton's Harbour GrouJj) in eastern Notre Dame Bay with the arcs of 

the Hermitage - Exploits Terrane (suggested by the lead isotope data). as well as correlation of 

the Cha~eport and Cottrells Cqv.e Groups in this area with the Robert's Arm Group, raise f 
_·question of structural style in this area. If the correlations are correct. It suggests that 

representatives of the two terranes are structurally interleaved. This correlation also raises a 

·serious question as to the wisdom of correlating the Lobster Cove and Chanceport Faults 

t 
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between Triton Island and the Fortune Harbour Peninsula (Dean and Strong, 1976, 1Q77). 
. . 

While these faults define the structural top of the Buchans - Robert's Arm Belt in their respective 

areas, it now appears that the hangirigwall rocks are of quite different affinity in eastern and 
""l ·! . .- . 

western areas. In wester_n Notre Da~e Bay, the Lobster 9ove Fault i:; only one of.f1any strike slip 

· fauhs ( A.Z. $zybinski, p~rs.' co,J,., 1987) within the Red. Indian - Green s:v Terrane and . 

juxtaposes rocks (the Robert's A~ and Cu~ell Groups) wpich may not be greatly different in 

age. In eastern Notre Dame Bay, however, the Chan_ceport Fault bring:.. in much older rocks, 

which are apparently tectonostratigraphically unrel'ated to hangingwall rocks in the Green Bay 

area. This would appear to obviate the major rationale for correlating these faults to r>egin with . 
(I.e. the Inference that correlative r~ks were present to the north and south in both areas). The 

current vie~ of this fault as a single,_jSi~ou~ slructure ':;'hich traverses virtually all o~ Notre Dame 

Bay needs to be reexamined. The Lobster Cove Fault may equally well trend northeastwards out 
. . , 

·. . 
to sea from Triton Island, the Chanceport Fault being an altogether separate structure. 

A final possibility that might be entertained is that the Burlington P'!ninsula and the 

Moreton's Harbour-Twillingate area are part of a single large structural terrane, iso(opically related . 
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"to the Herrnitage' Explofts Terrane butseparated from it structurally. This is consistent with the 

lead isotopic data and would require that the Green Bay Fauti swings around to the southeast 

under Notre Dame Bay, Joining up with the Chanceport Fault on the Fortune Harbour Peninsula. · ... 

There are too few data te> further test this idea at the present time. 

It is clear from the above discussion that there are still major problems to be addressed in 

reconstructing the Ordovician geological history of the Newfoundland Central Mobile Belt. It is 

equally clear that detailed geoche!]lic~l and isotopic studies have the capability of both pointing 

~ut some of the problems and also.-suggesting some of the solutions. In particular. lead isotopes 

in volcanogenic sulphide deposits appear to provide good fingerprints of broad 

tectonostratigraphic environments in this area and lead to a broad, and undoubtedly still 

oversi!Tl>lified, subdivision of the Mobile Be_!Unto three contrasting regimes. If this subdivision is 

correct, the boundaries of these tectonostratigraphic terranes can be well defined on the 



( 

~ . ground. This provides a good opportunity for detailed structural studies along these boundaries 

aimed at determining whether the sense and timing of movements a) are compatible with the 

propOsals pre~ented Jn this thesis arid b) further constrain the timing of major structural events in 

• the Central Mobile Belt. 

6.6 Summary and Conclusions 

There are four volCanogenic mineral deposits in the Wild Bight Group. They occur 

exclusively in rocks associated with Stage 2 (arc rifting) of Wild Bight Group development and 

within this environment. are commonly associated_yvith depleted tholeiites and rhyolites. The 

mineralizi.ng event is interpreted to have been promoted by open fractures and ris ing geotherms 

related to the onset of arc ?ttting and. in this resP.ect. is similar to well documented mod~rn and 

ancient deposits elsewhere. 

The volcanogenic sulphide deposits in the Wild Bight Group can be correlated on the basis 

of their paleotectonic setting with deposits in the Exploits Group and the Victoria Mi,ne 

sequence. strengthening correlations previously suggested by geochemical data (Chapter 5). 
- ' 

~ead isot~pic studies of volcanogenic sulphide deposits in the Wild Bight Group and 23 

other volcanogenic sulphide deposits in Central Newfoundland. show that deposits in th~ 

Hermitage Flexure and those in Cambrian arc sequences in the Victoria "River and eastQrn Notre 

Dame Bay areas can also be correlated with" the Wild Bight Group deposits (as tentativt:~ly 

suggested in Chapter 5) . The relatively radiogenic isotopic composition of lead in these 

deposits contrasts sharply with less radiogenic lead in the Buchans - Robert's Arm Be~ and 

adjacent ophiolitic rocks and this iS interpreted to reflect the presence of two dist_inct 

tectonostratigraphic terranes in the Mobile BeH, termed the Hennitage - Exploi)s and Red Indian 

-;-:. 

-Green Bay Terranes. These terranes are interpreted to have forme.d over separate subduction 

complexes and to have been juxtapose? during the late Ordovician and/or early Silurian during 

tele~ng of the remnarts of Iapetus following the Taconian Orogeny. 



· CHAPTER 7 . 

SUMMARY AND~CONCLUSIONS OF THE ~ESIS 

7.1 Introduction 

This thesis presents the results of a detailed gt::ological, petrological, geochemical and 

isotopic study of Ordovician volcanic rocks and their associated mineral deposits if! the Wild Bight 

Group, Central Newfoundland. It is the first detailed study of the geological relationships in the 

Wild Bight Group as a whole but, perhaps ~re si9nificantly, it is the most de.tailed geochemical 
• "> . . 
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and isotopic study to date of_ any Ordovician volca?.f sequence in the Newfoundland Dunnage 

Zone. The 34 Nd isotope anal~ses presented in Chapter 4 probably are the largest data set of ,this 

kind for similar rocks in the whole Appalachian Orogen. ,. -

The thesis presents a body of precise, internally consistent. geochemical and isotopic data 

for a comprehensive, carefully chosen and prepared, sample suite. These data provide an 

opportunity to examine relationships between whole rock geochemistry and both whole rock Nd · 

and ore lead isotopes, and present a detailed picture ol the changing magmatic and 

paleotectonic conditions that accompanied continued volcanic activity r.rded by the Wild Bight . - . .~ 

Group . 

• The Insights into the geological evolution of the Wild Bight Group provided by these aata 

have Important wider implicalions with respect to the paleotectonic development of the 

Newfoundland Central Mobile Belt. Correlations with coeval volcanic rocks, for which there are 

fewer geochemical data. permit a tentative interpretation of the_ir significance with respect to 

paleotectonic events recorded by the Wild Bight Group. 

Tl)e study has important implications for economic geology, particularly regional 

metallogeny. It has identified a specific rock association with which volcanogenic mineral deposits 

are associated in the Wild Bight Group and an interpretation of the tectonic conditions which may 
. ' 

have favoured mineralization. It provides a basis for focussing further expl9ration for this deposit 

~pe both in the Wild Bight Group and in nearby stratigraphically equivalent volcanic rock units. 
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7.2 P_rinci~ Results and Conclusions 

1) The Wild Bight Group is a .thick (probably >8 km) sequence of dominantly epiclastic 
j • - . ~ " 

(-75%) and volcanic (-25%) r6cks . The base of the Group is not exposed. The top is overlain 

~nformably by fossiliferous Caradocian (Mid$ile Ordovician) s'hale . 

Epiclastic rocks show a broad facies change through the stratigraphic sequence. Basal 

units .are dominantly fine graine"d graywacke, siltstone and argillite. These pass upwards into-a 

thick central succession of inte~edded turbiditic gr~ywacke and coarse, polylithic. chaotic 
. ~ - .. 

; . 
conglomerates interpreted as debris flows . The top ot the succession· is characterized by a 

finer-grained facies, with argillite and fioe epiclastic greywacke, but gen'~Hall~ lacking 

Conglomerates. - · . '\ 

Volcanic rocks, dominantly pillow lava with lesser massive basa~ and minor rh~lite: .. occu)t 

all stratigraphic levels in the succession. All rocks are cut t>Y fine to coarse grained malic sills a 
. . . ' ~ 

dykes. Field, geochemical and isotopic data are all consistent with these intru'Sions eing 

cogeneHc with •the WHd Bight Gmup mat<: volcanK: mcks. \ 

2) Eleven sep13rate volcanic accumulations have been identified within the Wild Bight . - ; 

Group. Pillow lava dominates the mafic succession in ten of t~ese, massive basalt the other. 

Felsic volcanic rocks occur in live of these successions, generally forming smalrrhyolite domes 
. , . 

within the sequence. Volcanogenic sulphide mineralization. is present in four of the volcaniC" 

sequences. 

3) Mafic volcanic rocks now consist of a spilitic assemblage including some or all of chlorite · 

albite - quartz - epidote · sphene - amphibole - magnelite · calcite. indicating metamorphism in the 

Qfeenschist facies. The only preser-V~d primary mineral is clinopyroxene, Occurring most 
\ . . . 

commonly as phenocl'ysts and less commonly in the grouridmass. The metamorphism is 

interpreted as resulting from sub-seafloor. ·hydrothermal activity, generally Involving low (probably 

• .. 

.!r' 
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less than 3) water/rock ratios and tem~ratures in the range 200° to 300° C. It has caused 

considerable redfstribution of the alkali and alkaline earth elementt> in the mafic volcanic and - . 

subvotcanic rocks but has not significantly affected t~1e less ~bUe transrtion metals, HFSE, REE. 

or the Mg#, which can be used in most cases as an index of differentiation . 

4) The Wild Bight Group mafic volcanic rocks are geochemically heterogeneous. They 

t 

have undergone variable fractional crystallization and none are believed to represent primary 

liquids in equilibrium with mantle phases. Two broad paleotectoni8 environments. respectively of 

island arc and non-arc affinity, have been identified using HFSE and REE .relationships. Further 

subdivision can be accomplished, using incompatible element relationships, and five groups are 

recognized, two of island arc affinity and three of non-arc aifinity . 

. The five geoche;,ical groups show internally consistent Nd isotopic compositions and 

relat ionship,s, supporting the validity of the sulx!ivision . 
• 

The principal geochemical and isotopic characteristics of the geochemical groups, and the 

petrogenetic interpretations resulting from these characteristics, can be summarized as follows : 

1) Island An: Affinity 

i) lAD group: These rocks have severe depletion in all incompatible elements, low Cr and 

Ni contents. distinctive REE patterns with flat LREE at 1 to Slimes ohondritic and flat HREE at 6 to 

8 times chondriiic with a 'step' up between Nd and Eu. ---
Epsii-~nNd ranges from -1.2 to +4.8 and there is a good negative correlation between 

epsilonNd and both 147stn~t44.Jd and Mg#. 

These rocks are interpreted to result from a complex, muHi-stage partial melting history t~at 

involved hydrou~ partial melting of a very refractory source. The source may have been the 

residue Jrom partial melting oi depleted mantle to form the IAI group magmas (see below) . The 

~urces' contain components of botl'\ dOpleted r:!;Jantle and crustally-derived material from the 
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ii) IAI group: These rocks have incompatible element concentrations and relationships 

typical of island arc tholeiites . They include both l,..R E E depleted (low-K tholeiites) and 

LREE-enriched (medium- to high-K tholei~es) varieties. 

(] 

For the LREE-enriched varieties, low epsilonNd (slightly negative to slightly positive) 

. . . 
indicates mixing between depleted fDantle and slab-derived crustal sources. Petrogenetic 

modelling indicates moderate degrees,.of partial melting. For the LREE-depleted varieties, 

epsilonNd in the range +6 to + 7 indicates relatively lower proportions of crustal source. perhaps.. 

as a result of more complete partial melting of the depleted mantle source~ . Th~ are ~ypical 

low-K island arc tholeiites; 

2) Non-arc Affin#y 

iii) NAI group: These rocks are non-alkalic basalts with incompatible element 

concentrations similar to the IAI group but lacking the island arc geochemical signatu.re REE 

patterns are flat to moderately LREE-enriched. 

LREE-enriched varieties have epsilonNd in the range +6 to+ 7.5 indicating mixing 

between sources typical of some oceanic island basa lts and normal depleted mantle . The most 

LREE-enriched varieties have the lowest epsilonNd and may represent moderate amounts of 

partial melting of only the 018 source; ... 
iv) NAT group : These rod<s are LREE-enriched tholeiites which are transitional between 

tholeiitic and alkalic basalts. They have epsilonNd in the range +4.7 to +7.0 and can be modelled 

as limited partial melts 'of an oceanic island basa~ source 

v) NAE group: These rocks are alkalic basalts with epsilonNd in the range +4 .8 to +5. 7.· 

They can be modelled as the products of very smaU amounts of partial melting of an oceanic island 

' 
basalt source 

5) Felsic volcanic rocks are similar in oomposition to low-AI203 trondhjcmites They have 

• 
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.. 
slightly LREE-depleted patterns' at approximately 10 times chondritic, and may result from partial 

melting of plagioclase -pyroxene currulate rocks near the base of the arc crust. 'Felsic volcanic 

rocks are o~y associated with mafic volcanic rocks of island arc aHinity. Volcanogenic 

mineralization is confined to sequences with an lAD group/rhyolite association. 

6) As a general rule, volcanic rocks of island a~c affinity are 'interpreted to occur 

stratigraphically below rocks of non-arc affinity (atthough arc-related rock_y_9.Q.._occur locally at the 

top of the sequence) . Subvolcanic intrusives of arc aftmity cut only arc-related stratified rocks 

while those of non-"arc affinity cut all stratified roc~s. indicating that the two paleotectonic 

environments are stratigraphically linked and not merely structurally juxtaposed. 

7) Geochemical and isotopic data can be integrated in a developmental model for the Wild 

Bight .Grovp through comparisons wi.th modern oceanic environments. The geological history of 

the Fiji platform provides a particularly good modern <~nalogue . Medium- to high-K arc tholeiites at 

the base of the group probably record the final phase of island arc magmatic activity, which may 

have originally been more extensive. Fragmentation of the arc · is recorded in continued eruption 

of LREE-enriched arc tholeiites, joined by depleted tholeiites of the lAD group, LREE-depleted 

arc tholeiites and rhyolites. Following the fragmentation of the arc, volcanic activ~y in a back-arc 

region was established with the initiation of magmatic activity without the slab-related geochemical 

signature~ The broad environment was probably still in the supra-subduction zone setting, 

however. as arc tholeiites. interbedded-with non-arc basalts, continued to erupt until the 

cessation gf Wild Bight Group volcanic activity. .·- ..,-

8) The association of volcanogenic mineralization with lAD. group pillow lavas and rhyolites 

indicates that M occurred during, and was a resutt of, arc fragmentation. This is consistent with 

recent interpretations of similar mineralization In younger settings such as Japan and Fiji. The 

localization of mineralization to this s£Hing is probably reiJitd to anomalously high heat f~w 
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associated with eruption of the lAD group magmas. 

9) Lead isotope data for sulphide minerals in the Wild Bight Group and throughout the 

Newfoundland Central Mobile BeH provide a good complement to the whole rock geochemical 

data and suggest some correlations and patterns of tectonostratigraphic development across 

central Newfoundland. Lead isotope data suggest deposits in late Cambrian and Llanvimian to 

Caradocian deposits south and east of the base of the Buchans-Robert's Arm beH represent a 

broad tectonostratigraphic terrane which is different hom that to the north and west . Within the 

former terrane. lead isotope disiribution in the younger deposits can be interpre~d as resulting 

from mixing between lead from the Cambrian sequences artl a continental source that probably 

lay south and east of the Hermitage Flexure. The lead in the latter terrane contains a substantial 
., 

component of non-fadiogenic, lead which may have originated in the mantle or in the Grenvillian 

rocks of the North American continental margin. 

The two tectonostratigraphic terranes. id~ntified on the basis Of lead isotope. data, may 

reflect processes at two different subduction complexes. juxtaposed during the late Ordovician 

or early Silurian 

• 
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. APPENDIX 1 

PETROGRAPHIC TABLES FOR WILD BIGHT GROUP VOLCANIC AND SUBVOLCANIC ROCKS 

• 

Explanation of tables: Volcanic rocks are ordered by suite, subvo1canic rocks by fino grained and 

coarse graine9 rocks respect ively. Numbers refer to visually estimated modal perce""n_a ___ _ 

point counting was undertaken. 

Abbreviations: Ab- albtte; Am~ secondary amphibole; Bi- biotite; Ca- calcite; h- chlorite; crptx-

cryptOCrystalline material; Cpx- clinopyroxene; Ep- epidote ; glx- glomerocryst; Hm- hematite; II -

ilme'nite; Mag- magnetite; 01- olivine; Opq -opaque minerals; Opx- orthopyroxene; PI -

plaQioclase; Ser- sericite; Sp- sphene; Qz - quartz. 
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lrdoon eo.. 

21404112 15 . <1 15 70 
10 115 <boets H&rt>o ... (w.1) 

21~ 40 3 30 ~5 2 X 
100 20 45 20 

?1~ 5 15 g c 1 10 60 2 X c1 100 2Q 70 40 
21~ 15 7 5 c1 5 68 1.5 X X c1 50 50 2Q 70 10 20 
21~ eo 1-2 c 1 2Q 1-2 15 <0.5 • 15 20 5 75 

"21 40471 c1 <1 25 75 <1 X X 
10 60 10 30 

2140472 5 c1 e 5 5 I X 
15 40 60 

2 140473 40 <1 c 1 <2 40 2 X X 15 30 60 5 5 
21~7· 7 c 1 15 c1 78 1 . 

25 30 70 
21 40475 2 c1 15 80 5 X 

35 " ·~ 
2140478 40 <1 20 1~ X X 

20 1~ 

·~ 
21 404n 35 -' 30 1? 3~ c 1 X 

20 20 70 10 
21 4047'11 35 <2 5 <1 30 1-2 1 ~ 1 X X 

c5 65 36 
21«>4110 40 3 <1 15 1-2? 40 • X X 

25 60 35 Glow'W Howt>our Eat 
2 14044:1 10 3 10 72 20 X X 10 110 <0.5 115 5 
21~ c 1 <1 10 c 1 110 20 X 20 80 6 80 10 '10 
2 1<40467 20 1-2 <1 10 82-86 2 X X <1 20 10 70 21<10 4611 25 <1 10 65 2 X ., 214047'0 10 1 10 7~ 15 X c 1 100 

N.rY!yB.gtAioo 
2140529 5? 10 10 25 30-40 10 1 

80 3 30 
2140530 35 2 5 3 c 1 15 c 1 20 3 X 15 !15 5 
2140531 25 1 1 10 1 63 <2 X 

10 20 30 50 
21 ol0532 45 35 8 10 • X 

3 83 8 7 
2100533 15 20 62 214053-1 30 10 60 21405J9 

30 70 21ol0540 50 30 5 10 5 X 2140541 40 5 20 2 25 7 <1 
3 7S 25 21 40543 40 10 5 35 . 20 X X 5 60 5 35 

21~ 35 2 5 20 35 X 

' ' 



Sa11"4'1eNo. Gro'I'C]maas m1rera1ogy 
Ab CP•. Am Ep Sp Opq "Ch Ser 

Sodo H.rb<>u' 
21 oi0!>4S 10 8 ] 20 1·f>'l 2140546 45 25 B 15 
21~7 30 10 
zuor..a 15 10 7 <1 15 
21~ ~ 10 
21~550 7 8 20 "5 <1 15 
21~1 5 10 1 20 

SNis.yHMd 
2140433 8 3 5-P'! 20 
21 40484 35 3 2 15 

~ -s.y 
2140497 25 30 <1 20 
2 1404118 7 3-*" 10 

a.dge< s.y 
2140503 25 3 < 5 
214050!> 10 25 <.5 
2140506 3 

Bog u.- LMoo 
2, «J!)Og !>!> 13 2 3-f>'l 20 
2140510 3 5 3 
2140511 40 8 25 

NorlnomA"" 
214077:) 45 2 20 
2140774 40 5 25 

·-

\ 

PetrographK: tab8s for the mate volcat11C rocks (continued) 

Pherocryst m1reratogy 
Qz Ca apt• 

""' 
Ab Cp• ()p• glx 

""' 5 7 
7 2 

60 B X X 
40 8 X X 
50 4 X X 
45 5 X X 
6S X X 

55 X X 
35 <1 X X 

, . 
25 -2 X X X <1 

4 X X <1 

70 15 
65 30 X 
Q7 20 X 

7 5 X 
110 10 X X 
30 

30 
?8 

Vetnle! mneratogy 
Ch Ell Qz S.r c. 

""' 
<0.5 .to 00 <1 

10 
XI 70 

7 
10 
7 

10 

50 10 30 10 

100 
go 10 <1 

3 
2 

Ves.cio~ 
Ch Ell Qz 

100 
25 2 

110 
15 
5 

XI 

'10 20 
100 

go 10 

100 
~ 

7'> 10 
'10 

Ser c. 

70 

20 
80 
Q5 
70 

10 

10 
30 

., . 
0 
w 



I • 

/ 
Petrograptlic_!ables for mafic intrusive rocks 

Sample No. PI Cpx Opx 01 Am Ep Sp • 11/Mag Ch Ser Qz Bi Ca ~tx 
Diabase 

2140450 45 5 2(?) 5 '<2 6 30 3 5 2140454 30 10 2(?) 4 <2 6 20 29 
~ 

2140461 30 7 2 4 55 2 2140481 35 3 10 4 3 "s 35 5 2140486 55 10 1-2(?) 1-2 4 10 20 2140489 10 5 25 2 5 25 3 25 2140496 25 5 3 1-2 2 65 
Gabbro 

I 
2140457 60 15 5 4 10 6 --' 2140482; 75 10 2 5 <1 5 3 2140485 35 30 5 30 5 • 2140495 55 20 3(?) 3 · 15 5 2140499 30 5 2 2 5 10 45 2140500 45 40 4 3 6 5 2 ~ \ t .-'i 2140501 65 15 2 5 15 3 2140502 60 10 5 20 5 2140508 60 10 3(?) 5 20 2 2140512 " 45 15 5 <1 25 5 

0 
-~ 

• c 

,. 

·• -- . 



.. 
:., 

Pe!rogaphiC tables fOr felSIC volcaniC rocks •• 
Suite Sample No. Grnundmass mineralogy Phenoayst m1neratogy Veoniel m1nera1ogy Ab Ch Eo Oz Ser Ca Opq aotx % PI Qz % Ch Eo Q:z Ser Ca Hm GlOVer's Hbr. 2140452 10 1 40 1 1 46 <1 X X <1 10 90 Glovel'l H.br. 2140453 10 10 < 1 6() · 20 35 X X 3 8 ·90 2 Indian C<MI ~140466 5 10 8 35 <1 41 15 X X lndlatl Cow 2140487 10 4 15 10 <1 60 60 40 Indian Cove 2140488 5 10 10 3 1 71 10 2 75 20 3 Indian Cove 2140490 3 15 5 n 5 90 10 Indian Cow 2140493 ~ 10 85 ' 17 X X 5 3 10- 3 84 Long Pond 2140513 5 40 55 10 X X 7 60 40 Nanny Bag Lk. 2140525. 10 20 3 2 75 30 X X 2 85 15 Nannv Bag lk. 2140535 10 55 2 <1 33 10 X X 2 65 15 Nanny Bag lk. 2140537. "55 5 3 37 7 X X Nanny Bag lk. 2140538 5 25 7 3 60 7 X X 5 100 

... 

' 



APPENDIX 2 

ELECTRON MICROPROBE OPERATING CONDITIONS AND ANALYSES .OF STANDARDS 

. 
'· 

Clinopyroxene, plagioclase, chlorite and secondary amphibole were analysed a!oMern;rial 

University of Newfoundland using a JEOL JX-SA electron microprobe microanalyser with thre..:-

automated wavelength dispers(ye spectrometers. run by the Krisel control system. 

• All analyses were performed using a beam current of 0.220 rnA and an operating vohage of 

15 kv. Data reduction was carffild out by the Alpha program provided by Krisel using the Bence 

and Albee (1968) correction 111ethod. Pyroxene stal"'dards ACPX (Kakanui augite) and FCPX 

(FriSch pyroxene~ were used for calibration. 

Table A2.1 shows the resuhs of replica!~ analyse~-#le standards, including standard 

deviation of the oxides and the homogeneity iAdex. lhe laner index is a measure of the 

indicate a homogeneous distribution. Mino elements may show an inhomogeneous distribution 

because the calculation does not consider ackground counts. 

( 
' 

( 

.I 

406 
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Table A2.1 Replicate analyses of pyroxene standards 

ACPX ACPX FCPX 
Averge_3 Standard Homogeneity . Averge 4 Standard Homogeneity . Averge 4 Standard Homogeneity spots Deviation Index spots Deviation Index spots Deviation Index Si02 50.88 0.08 0.84 . 50.08 0.21 2.30 . 51 .53 0.27 1.43 Al203 8.18 0.07 0.98 . 8.10 O.o? 1.11 . "' 7.79 0.05 0.84 FeO 6.07 0.14 1.90 . 6 .17 0.05 0.75 . 5.82 . ;~ : 0.04 0.57 MgO 16.02 0.17 1.51 . 16.15 0.11 0.92 . 15.31 0.1 9 1.73 CaO 15.58 0.30 3.51 . 16.21 0.27 3.01 . 17.51 0.25 2.59 Na20 1.36 0.02 0.39 . 1.38 0.04 0.61 . 1.25 0.08 1.35 K20 0:01 0.00 3.71 . 0 .01 0.00 3.55 0.00 0.01 25.60 TI02 <>.82 0.02 1.40 . 0.85 0.03 2.71 . 

0.79 0.02 1.82 UnO 0.14 0.05 7.11 . 0 .15 . 0.02 2.60 . 0.13 0.02 2.51 , Cr203 0.16 0.03 8.00 0.18 0.09 6.40 0.02 0.01 14.22 Total 99.22 99.28 100.15 

Si 1.853 1.831 1.864 AI 0.350 0.349 0.331 Ftl 0.184 0.188 0.175 Mg 0.870 0.879 0.825 Ca 0.6<>8 0.635 0.678 • Na 0.096 oo9t 0.087 
K 0.000 0.000 0.000 n 0.022 0.022 0 .021 Mn 0.004 0.004 0.003 Cr 0.004 0.004 0 .000 Total 3.991 4.009 3.984 

• ... 
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APPENDIX 3 

ELECTRON MICROPROBE MINERAL ANALYSES 

" 

) 

• 

'· 
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Table .-.:3.1: Eledroo rniaoprobe analyses ol plagioclase in Wid Big/11 Group mafic YOicanic rod<& 

Sample No. ~0553 2140553 2140.(83 2140473 2140.73 2140473 2140477 2140.77 21404n Volcanic un~· !lbb sbh gh gh gh gh gh gh Analysis No. P177-1 P177-2 P78-1 P66-1 P66-2 1'66-3 P70-1 P70-2 P70 3 St02 71 .98 71.79 71 .71 73.81 71 .55 72.68 7306 68.71 72 59 At203 20 13 20.19 19.77 19.50 19.14 19.32 1967 20 25 19 78 FeO(Iol) 0 .04 0 .12 0.83 0.12 0.27 019 i .78 0.22 01 6 MgO 002 0.01 0.16 003 006 0.04 0.71 000 000 GaO 0 .30 0 .54 0.70 0.09 0.09 009 0.14 0 23 0 12 Na20 11.03 9 .95 7..59 11.16 11 .44 11.~ 8115 11.92 11 03 K20 0.05 009 0.13 0.03 0.07 005 0. 10 0 12 0 05 Ti02 0 .00 0 .02 0.00 0.02 0.00 0.00 000 0'03 0 00 MnO 0.01 0 .00 020 0.00 0.00 0.00 0.07 0.01 0 00 Cr203 0.00 0 .0. 0.01 0.01 0.00 000 000 000 0 0.1 Total 103.56 102.75 101.10 104.77 102.62 103.67 10..38 101.39 10J 76 
Si 3 .019 3.027 3.056 3054 3035 3.0.5 3040 2.968 3 OJ9 AI 0.995 1.003 0.993 0 .951 0957 0.9154 0.964 1.030 0 975 Fe 0 0.003 0.029 0003 0.008 0 006 0061 0 007 0 005 Mg 0 0 0.01 0.001 0002 0002 0.044 0 000 0 000 Ca 0.012 0 .024 0.031 0 .003 0003 0.003 0 .005 0010 0 005 Na 0.897 0 .812 ~ 0 .626 0 .~ 0.941 0917 0.714 0 .989 0.004 K 0001 0 .003 0.006 0 .001 0003 0002 0 005 0 006 0 002 Ti 0 0 0 0 .000 0.000 0.000 0 000 .,. 0000 0 000 Mn 0 0 0.006 0 .000 0.000 0.000 0 00 1 0.000 0 000 Cr 0 0 0 0 .000 0.000 0000 0 000 0 OOQ_ 0 000 TOiaJ (8 Ox.) 4.924 4.872 4 76 4 91 495 4.929 4 834 5 010 • 920 

Sample No. 2140~ 2140554 2140554 2140554 
Volcanic un~· gh gh gh gh 
Analysis No. P177-1 P177-2 P177-3 P177-4 
Si02 71 .19 70.76 70.50 70.68 
Al203 19 55 20.01 19.68 19.27 
FeO(tol) 0.18 0 .07 0.07 0.27 
MgO 000 0 .02 0.01 0.11 
Cao 0.36 0 .31 0.16 0.28 
Na20 10.74 9 .45 904 7.21 
K20 0.07 0 .16 0.08 1.30 
Ti02 0.00 0 .05 0.04 0.03 
MnO 0.01 0 .01 0.01 0 03 
Cr203 0.00 000 0.01 0.00 
Tota l 10220 100.Stl 9960 9918 

Si 3025 3.030 30.8 3.073 
AI 0 .984 1009 1.002 o.oes 
Fe 0 .006 0.002 0 .002 0.009 
Mg 0 .000 0.001 0 .000 0.006 
Ca '! .016 0.014 0 .006 0.013 
Na 0.8Stl 0.7Stl 0 .757 0.607 
K 0 .003 0.007 0.003 0.071 
Ti 0 .000 0.001 0 .001 0000 
Mn 0 .000 0.000 0 .000 0.000 ,_ Cr 0.000 0.000 0 .000 0.000 
Total (8 Ox.) 4.918 4 .85 4 .819 4.755 

• gh - Glove~s Harboix; sOb - Seal Bay Bon om: sbh · Seal Bay Head 
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r-.AJ.2: Electron miaopobe WllllyMe olleC:Clfldwy ~ from Wid ~ ~ mali<: volcanic rocks · 

~No. ,140473 2140473 2140477 2140477 2140477 2140532 2140532 2140532 2140532 2140532 Volcani<: IXll" ~ gh - · gh gh gh rbl nbl nbl rbl nbl ArwlyW. No. A66-1 A66-2 A70-1 A7fr-2 A7Q-3 A1S2-1 A152-2 A152-3 A152-4 A1 52-S Si02 ~2 .30 50.011 53.88 53.12 54.26 49.49 49.~ 47.15 48.74 50.20 Al203 2 .99 4.37 1.62 2.08 2 .36 5 .72 7 .65 7.52 4.59 5.58 FeO(Iot) 1430 15.88 16.71 18.07 16.29 16.33 19.99 19.66 18.14 16.70 MgO 13.15 12.26 12.81 13.08 11.!!8 10.96 11 .15 9.63 11.27 10.13 CaO 12.29 11 .35 11.75 10.99 10.65 11 .14 8.~ 11.1 1 11.42 11 .34 Na20 • 0.44 0.05 0.50 0 .26 1.32 0 .83 ~ .21 0.65 0.63 0.76 K20 004 0.01 0 .07 o.cie 0 .05 0 .13 0 .15 0 .25 0 .17 0.15 Ti02 0 .01 0~ 003 002 0 .00 0 .18 0 .27 0 .52 0 .16 0 12 MoO 0.39 0.35 020 0 .08 0 .14 0 .56 0 .54 0 .54 0 .64 0 .61 Cr203 002 ·D.OO 0 .00 0 .02 0 .02 O.rr!l 0 .03 0.04 002 0 .02 Tolaf 95.93 1115 .00 87.57 97.80 96.78 95.39 ge_g1 97.27 95.78 97.6 1 
Si 7 .739 7.527 7.893 7 .794 7.968 7.454 7250 7.107 7.408 7 .458 AJ 0 .~1 0 .771 0.279 0 .357 0 .405 1.012 1.320 1.331 0 .820 0 .976 re 1.767 1993 2.048 2 .217 2.000 2.056 2 .446 2.4n 2 .306 2 .323 Mg 2 .901 2 .743 2 .794 2 .BSe 2 .555 2.458 2 .434 2.158 2 .551 2 .240 Ca 1.e45 1.825 1.644 1-.m 1.6 76 1.795 ' 1.324 1.791 1.855 1.805 Na 0 125 0 .013 0 .137 0 .073 0.371 0.238 0 .339 0 .248 0 .183 0 2 18 K 0004 0 .000 0 .006 0.013 0.008 0.022 0 .025 0 .044 0 .031 0 .026 Tl 0 .000 0 .075 0 .000 0 .000 0.000 0.018 0 .025 0 .057 0 .018 0 .013 Mo 0 .047 0044 0.021 0008 0.013 0.070 0 .064 0 .066 0 .080 0 .074 Cr 0 .000 0 .000 0 .000 0 .000 0000 0.004 0.000 o.ooe 0 .000 0 .000 T olal (23 Ox.) 1!049 14.1191 1~ .02 15.05 15.00 15127 15 227 15279 15.252 . 15 .133 Mo/Mg+Fe 0621 0~79 0 .577 0 .563 0.561 0 .545 0 .499 0466 0 525 0 .49 1 

SampeNo. 2140540 2140540 2 140540 2140532 2140532 2140540 2140540 2140540 Volcanic unM" nbl nbl rbl nbl . nbl rbl nbl nbl Analysis No. A162-1 A162·2 · A162-3 A152-4 A152-5 A162-1 A162-2 A162-3 SI02 48.50 ~-73 50.58 48.74 50.20 48.50 46.73 50.58 Al203 1113 7.77 6 .34 4 .59 5.58 913 7.77 6 .34 FeO(IO() 1922 19.22 19.gjl 18.14 1!1.70 19.22 19.22 19.96 MoO 8.70 9 .17 9.35 .. 11.27 10 .13 8.7(} 9.17 9 .35 CaO 12.05, 10.80 11 .25 11 .42 11 .34 12.05 10.80 11.25 Na20 0 73 0 .1115 0 .72 0 .63 0.76 0.73 0.95 0 .72 1(20 0 .48 0 .11 0 .18 0 .17 0.15 0.48 0 .11 0 .18 

~~ 0 .12 0 .27 0 .16 0 .16 0.12 0.12 0.27 0 .16 0 .43 0 .58 0.58 0 .64 0.61 0.43 0.58 0 .58 Cr203 0 .04 0 .02 0.02 0 .02 0.02 0 .04 0 .02 0 .02 TOial 119.-40 1115.62 99.16 95.78 97.61 9940 95 62 99.16 

Sl 7 .118 ..-;-,50 7.432 7.408 7 .458 7.118 7 .150 7 .432 AI 1.576 1.3116 1.095 0 .820 0 .976 1.576 1.396 1.095 Fe 2 .~ 2.457 2.453 2.306 2 .323 2 .355 2 .457 2 .453 lAg 1.8QQ 2.088 2.043 2 .551 2.2-40 1.899 2 .088 2 .043 Ca 1.800 1.770 1.767 1.855 1110!5 1.890 1.770 1.767 Na 0 .207 0.278 0.202 0 .183 0 .218 0207 0 .278 0 2 02 K 0 .088 0.0111 0.030 0 .031 0 .026 0.086 O.G18 0 .030 ' Tl O.Ol3 0.021 0 .017 0 .018 0 .013 0 .013 0 .027 0 .0 17 ~ 0,051 0.072 Otl69 o.oao 0 .074 0.051 0 .072 0 .069 Cr 0.000 0.000 0.000 0 .000 0000 0000 0 .000 0 .000 TOiaf (23 Ox .) 1 ~.20 152 56.... 15.108 15252 15.133 15.20 15.256 15 .108 Mg/Mg+Fe 0.446 0.459 . 0.454 0 .525 0.491 0 .446 0 .459 0 .454 

• gh - Glovefs Ha rbol.or: rbl - Nanny Bag Lake 

, 
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Tabie A3.3: Eledr lf1 microprobe llf\l\lyse1 a chlorilt 1rom Wild sq. Gtt:x.c> malic YOicilnic rod<li 

~No .• 2140553 2140553 2140553 2140477 2140477 21~77 2140477 2140477 2140477 2140477 
Volcanic ~.n•• nbl nbl nbl ~ gh Oh gh gh Oh ~ '\ Analysis No. Ct52·1 C152·2- Ct52-3 C70-1 C7C>-2 C70-3 C70-4 C7<>-5 t:70-e C10-7 
Grain type•• ~ r. ~ IUTI em am em ~ gm gm 
Si02 26.06 26.34 25.89 29.77 27.85. 31 .30 29.64 28.43 29.40 30 311 
Al203 19.33 18.65 18.29 15.68 15.75 14.09 1502 15.59 15.19 15~1 

FeO(tot) 26.75 27.05 27.32 27.09 26.61 27.42 27.65 27 65 26 57 27 83 
MgO 14.14 13.09 13.72 16.3-4 15.18 14.79 14.69 13.87 14.52 14 41 
CaO 009 0.08 0 .08 0 .37 0.07 026 0 .27 0.20 024 0 30 
~0 0.09 0.00 0 .00 0.05 0.04 0 .07 0.02 0.11 000 0.06 .. 

K20 0 .14 0.07 0 .03 0.03 0.01 0.03 001 OOJ 0.04 001 
TI02 0 .04 0.06 0 .09 0.00 0.00 0.00 0.01 0 .00 000 0 02 
MnO 0.32 0.40 0 .41 0.18 0.13 0.02 0.18 0.20 0.18 0 18 
Cr203 0 .00 0.02 0 .02 0~ 0.00 0 .17 0.04 0.01 0 02 000 
Total 86.96 96.66 85.85 89.54 85.64 8905 87.53 86.09 8625 A9 13 

Si 5.596 5.704 5.664 6.175 6060 6.508 6 .316 6.182 6.340 6 .333 
AI 4.ll89 4.763 4.713 3.836 4.035 3.675 3 .771 3 1>93 3 848 3 91f> 
Fe 4 .801 5.062 4.996 4.701 4.840 4 768 4 .928 5.027 4776 4 852 
Mg 4 .523 4.229 4.476 5.054 4.923 4.585 4 .666 4.491 4.649 4 479 
Ca 0 .019 0.013 0.013 0.079 0.013 0.055 0 .056 0.044 0.050 0 061 . 
Na 0 .031 -o.ooo 0.000 o:ota 0.013 0.024 0 .006 0.038 0.000 0 018 
K 0 .038 0.019 0.006 0.006 0.000 0.006 ' 0 .000 0.006 0 006 0000 
Ti 0 .006 0.006 0.013 0.000 0.000 0.000 0 .000 0000. 0000 0 000 
Mn 0 .057 0.070 0.070 0.030 0.010 0 024 0 031 0.032 0.031 0030 
Cr 0 .000 0.000 0.000 0 .000 0.000 0.000 0 000 0000 0 000 oo6o 
T olal (28 Ox ) 19.959 19.866 19.95 19.90 19 90 19.645 19.774 19.813 19.700 19689 
Fei Fe•MQ <j,515 0.545 0.527 0 .482 0.496 0.510 0 .514 0.528 0.507 0 520 

Sample No. 2140477 2140553 . 2140553 2140553 2140553 2140553 2140553 2140553 2140553 2140458 
Volcanic unil• gh ltlb llbb ltlb llbb lbb !lbb ltlb llbb ~ 
Analysis No. C7C>-8 Ct77-1 Ct77-2 C!Tl-3 C177-4 Ct77-6 Ct77~ C177·7 I Ct77~ C52·1 
Grain type•• gm ~ gm gm gm gm gm gm gm gm 
Si02 28.60 26.54 28.29 28.38 28.23 28.18 2785 27.69 28.7 29.« 
Al203 15.96 1639 16~ -- . 16.92 17.55 16.09 16.84 17.17 16.93 15 84 
FeO(Iot) 28.41 27.48 28. 27.52 28.65 28.55 27.73 28.13 27 19 51 
MgO 15.09 13.40 li!. 9 13.48 14 . ..0 13.54 13.79 14.46 13 82 18.7 
CaO 0 .24 0.13 ,c- 0 .09 0.04 0 .06 0.0~ 009 0 07 01 005 
Na20 0 .00 0.10 ( 0 .11 0.09 O.OJ 0.07 011 0 15 0.12 0 15 
K20 0 .03 0.01 ' 0 .01 0.00 0.01 0.01 001 0.03 0 .03 0 
Ti02 0 .00 0.04 : 0 .02 0.00 0 .02 0 .01 002 0 .01 ' 002 0 
MnO 0 .14 0.61 0 .60 0.66 0 .61 0.65 0 .6 066 0 .64 0 17 
Cr203 0 .02 001 0 .00 0.02 0 .02. 0 O.OJ 0 0 .03 0 02 
Tolal 88.49 84.71 96.98 87.10 89.58 88.05 8707 88.37 87=\_9 83M 

Si 6 .060 5.908 6.109 6.085 5.917 6.017 5 098. 5.884 6119 6 287 
AI 3 .988 4.300 4.125 4.273 4.336 4.275 4 .272 4.209 4254 3.936 
Fe 5.03-4 5.117 5.102 4.934 5.019 5.096 4 .Q93 41Xl8 - 4 812 3 485 
Mg 4.766 4.444 - 4.3t0 4 .311 4.496 4.306 4 424 4 .58 4.392 5 055 
Ca 0 .040 0.026 0.019 0 .006 0 .012 0.006 0 .019 0.012 0.0111 0 .006 
Na 0 .000 0.039 0.044 0 .03.f 0.012 0.025 0 .044 'tl.056 0043 0056 
K 0 .006 0.000 . 0.000 0 .000 0 .000 0 0 0.006 0006 0 
n 0 .000 0.000 0.000 0.000 0.000 0 0 0 0 0 
Mn 0 .019 0.111 0.107 0 .113 0.104 0.113 0 .107 0.118 0 .112 0 025 
Cr 0 .000 0.000 0.000 0000 0.000 0 0 0 0 0 
T olal (28 Ox.) 19.912 19.1MS \8816 19.753 19.896 19.838 10.857 19.953 19.757 19 750 
Fe/Fe•Mg 0 .514 0.535 0.542 0.534 0.527 0.542 0 .530 0522 0 523 0 36Q 

\ 

"' 
' 9h • Gl011et's Hatbour. nbl · Namy Bao lake 
•• ~ . groundmass; am · amygdule 

" 
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( corcinued) 

~No. 2 140-08 21,40458 2140458 2140510 2140510 2140510 21 40510 2140510 2140510 2140478 Volcanic unl' gh gh gh bl bit bll bl bll bll gh Analyi!Ja No C52-2 C52-3 C52-4 Cl13-1 Cl13-2 C113-3 CII J-4 C 113-5 C1 1:H; C71-1 Grairlrype•· "" "" gm am am am "" "" gm gm Si02 28.58 2863 ~65 29.17 30.31 31.07 28.01 30.~ 31 .84 29.29 ' Al203 15.21 16.38 15.511 14.86 14.42 1904 ·20.43 17.93 16.48 17.7 FeO(Iol) 19.94 IIIII 20.13 16.8f' 15.64 16.97 16.48 14.112 15.38 26.32 MgO 17.73 11119 17.62 18.44 20.07 19.98 19.59 20.79 22.66 16.37 
·' 

CeO 0.05 0.07 0.09 0.02 0.07 0 .45 0.08 0.08 0 05 0.09 Na20 . 0.18 0.15 021 0.19 0.9e 0 .13 0.23 0.17 0.17 0.03 K20 O.ot 0.01 0.01 003 0.01 0 0.01 0.01 0 02 0 .01 Ti02 0 0 0 0 o.o1' 0 .64 0.02 0.01 0 \ 0 .02 MnO 0.22 0.14 0.18 0 .16 0.19 0.2 02 0.11 0.17 0 .41 Ct203 0 0.02 0 0.08 0.02 0 .01 0.01 0.01 0.14 0 .02 Toea! 81.112 84.49 83.48 79.00 81 .72 88.49 85.06 84 72 86.91 90.26 

"' Sj 6 .272 6.075 6.36 6.454 6.508 6.149 5.782 6.2n 6.363 5.992 AI 3 .935 4 093 3.942 3.87 3648 4.436 4.969 432 3.882 4.27 Fe 3.658 3.532 3 608 3.117 2.804 2.804 2 842 2.55 2.569 4 .503 Mo 5 .7915 6 075 5.636 6.078 6.42 5.888 6.03 6.331 6.75 4 .989 Ca 0 .008 0.012 0.019 0 0012 0.003 0.01 2 0.012 0.006 0 .01 4 Na 0.071 0056 0.082 0 .078 0.403 0.046 0.091 0.066 0.064 0 .019 I( 0 0 0 0.008 0 0 0 0 0.006 0 Ti 0 0 0 0 0 0.093 0 0 0 0 .005 Mn 0~039 0025 0.031 0026 0.031 0.029 003 . 0.018 0.023 0 ,051 Cr 0 0 0 0.0 13 0 0 0 0 0.01 8 0 Tolal (28 Ox.: 19.n6 19868 111678 19642 19 826 19.538 19.756 19.574 19.681 19.843 Feff'e+Mg 0 .387 0368 0.390 0339 0.304 0.32'3 0.320 0 .287 0.276 0.474 
• gh - Giove(a Hatbour, rb4 - Namy Bag lake 
"gm - groundmass ; am- amyo<~tH 

J ,, 
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Table AJ.c · Eleclron microprobe at1alyses or dinopYroxenes from 1he lAD gr04> 

Sample No. 2140458 2140458 21404$8 2140458 21.CO.C58 2140458 2140473 2140473 Volcanic unit" ghw fi:w< ghw gl:rw 'lPN 'T!w p ghw Analysis No. P52-1 P52-2 P52-3 PS2-4 PS2-5 P52~ P66-1 P66-2 Analysis type•• pc pc pc pc pc pc pc pr Rock Type vokanic vokanic volcanic volcanic volcanic volcanic volcanic vokat11C Si02 53.07 53.21 52.39 54.05 54.n 53.27. 53 63 5268 AJ203 2.02 1.96 1.80 2 .41 1.69 1.80 156 1 65 FeO(Iot) 6.66 5.99 6.88 7 .42 6.73 6 95 782 8.53 MgO 17.79 18.07 17.46 17.49 1766 17.26 16 71 17 54 CaO 19.0.C 20.57 2003 19.27 20.30 20.19 18 21 •;> 91 Na20 0 .26 010 0.12 0 .11 0.12 010 042 036 K20 0.03 0 .01 0.01 000 0 .01 000 0 11 0 13 Ti02 008 0 .13 0.11 0.11 0.11 009 01 0 0.11 MnO 0.14 0.16 0.18 023 0.11 0 19 024 026 Cr203 0.15 0 .24 0.10 0 .10 0.14 009 006 006 Total 99.24 10004 99.08 101 19 10164 99 94 98.86 98 23 
Si 1 .955 1.940 1.942 1 956 

. 
1.969 1.956 1 988 1 969 

~ ' 
AI 0 .083 0 .087 0078 0102 0 070 0.077 0067 0 072 Fe 0.205 0 .183 0.213 0.224 0 201 0.213 0~242 0.267 Mg 0977 0.982 0.965 0.943 0.946 0.944 0 923 0 977 Ca 0 .752 0 .804 0.795 0.747 0 781 0.794 0.723 0 677 Na 0 .019 0 .007 0.007 0.007 0008 0006 0030 0.026 K 0.001 0 .000 0.000 0.000 0000 0000 0.005 0.006 Ti I 0 002 0 004 0.002 0002 0002 0002 0003 0 003 Mn 0.004 0 .005 0.005 0006 0 003 0005 0.008 0 008 Cr 0.004 0 .007 0.002 0002 0 003 0.002 0.002 0 002 t Total (60x) 4002 4 .019 4009 3.989 3.983 3999 3.991 4 007 , 
Fe/Fe.Mg 0.159 0 .144 0.166 0 176 0 161 0 169 0.191 0.197. 

Sample No. 2140473 2140473 2140473 2140473 2140.C78 2140478 2140478 Volcanic unit' ghw ghw ghw ghw ghw ghw ghw Analysis No. P66-3 P66-4 P66-S P66-6 P71 -2 P71-J P71--4 Analysis type" pr pr pr pc pc pc pc Rock Type volcanic volcanic volcaniC volcanic volcanic volcanic volcanic 
l Si02 53.34 54.21 54.11 ~.54 53.69 5226 54.00 Al203 1.98 1.53 1.62 1.98 2 .24 2.57 1.99 FeO(tot) 8 .31 8.03 8.25 8.31 5.67 7.38 

~ '; 
7.54 • MgO 16.62 17.75 17.95 16.62 17.52 17.14 17 94 CaO 18.49 18.58 18.46 18.49 20.01 19.91 18.53 Na20 0 .39 0.09 0.13 0.39 . 0 .12 0.07 0.16 1<20 007 0 .02 0.00 0.07 0.00 000 000 TI02 0 .11 0.12 0.15 0.11 0 .09 0.13 009 MnO 0 .25 0 .21 0.30 0.25 0.14 0.28 020 Cr203 0 .08 0.05 0.08 0 .08 0.16 0.16 0.14 Total 99.64 100.59 101 .05 9983 99.64 99.90 100.59 

Si 1.971 1.973 1.965 1.971 1960 1.924 1 962 AJ 0.086 0.065 0068 0.085 0 .095 O.l11 0084 Fe 0.256 0.243 0250 0.256 0 .172 0.227 0 228 Mg 0.918 0.962 0.971 0.912 0 .954 0.940 0972 Ca 0 .729 0.724 0.718 0.729 0 782 0.786 0.721 Na 0.028 0.005 0008 0.028 0008 0.004 0.010 K 0 .003 0.000 0000 0.003 0 .000 0000 0000 \• n 0 .003 0.003 0.003 0.003 0002 0.003 0002 Mn 0 .008 0.005 0.008 0008 0.003 0.008 0 005 (A 0 .002 . 0.001 0.002 0002 0 .004 0.004 .0.003 Total (6 Ox.) 4.004 3.981 H93 3.997 3.960 4.007 3 987 

Fe/Fe.Mg 0.201 0.185 0.188 0.202 0 140 0 179 0 17.C 

• ghw - Glovers Ha.tx>u- West 
" pc - phenocryst·rim; pr - phenocryst oore ; gm - grollldmass 
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Table A3.6: Eleolron microprobe analyses of dinopyroxene from lhe NAJ group 

Sample No. 2140510 2140510 2140510 2140510 2140510 2140510 2140510 2140510 volcanic unit' bit bit bll bU bll bll bll bll Analysis No. P113-1 P113-2 P113-3 P113-4 P113-5 P113-7 P113-8 P113-ll Analysis type" pc pc pc ' pc pc pc pc pc Rock Type volcanic volcat1ic volcanic volcanic IIOicanic; volcanic I!Ok:anlc volcanic Si02 51.21 52.18 5089 48.68 52.56 5368 5328 50.55 Al203 3.72 3.1 1 3.59 5.66 4 .20 2.32 2 .00 330 FeO(tot) 5.41 509 5.85 6 .97 6 .68 6 73 6 .50 4 .78 MgO 16.05 16.97 15.59 15.60 15.75 17.11 17.10 16 45 CaO 20.84 20.21 21 .20 19.09 20.32 Hl .98 111.48 21 46 Na20 061 042 0.38 .0.27 . 0.27 0.17 0 .26 0 .18 1<20 005 0.03 0.02 000 0 .02 0.02 002 0 .0 1 Tt02 1.09 0.46 096 1.82 1.01 OSQ 0 .67 072 MnO 0.14 0.06 0 .09 0 .17 0 .22 0.17 015 011 Cr203 0.88 0.96 0.82 0.19 0 .68 0.46 043 088 Tc>tal 100.01 99.50 99.37 ' 98.45 101.71 101 .23 99 89 98 44 

Si 1.883 1.916 1.888 1.821 1.897 1.940 1 .951 1884 AJ 0 .161 0.134 0.157 0 .249 0 .178 0.099 0 .086 0 144 Fe 0 .166 0.156 0181 0.217 0 .201 0 .203 0 .199 0148 Mg 0 .879 0.929 0 .862 0 .869 0 .847 0.922 0 932 0 .913 Ca 0.821 ' 0 795 0842 0 .765 0 .786 0.773 0 .764 0 .856 Na 0 .043 0.030 0.025 0019, O.ot8 0.011 0 .018 0013 K 0.002 0 .001 0.000 0 .000 0 .001 0.000 0 .000 0 000 Ti 0.030 0.013 0 .026 0.050 0 .026 0.016 0018 ... 0 020 Mn 0.004 0.002 0.002 0 .004 0006 0 .004 0 .004 0003 Cr 0026 0 .028 0.024 0 .005 0 .0 19 0.013 0 012 0025 Total (6 Ox) 4 .015 4 .004 4.007 3 .999 3 .979 3.981 3 984 •• 4 006 r: 

Fe/Fe+Mg 0.145 0.131 0.159 0 .184 0 .176 0 165 0 .161 0127 

Sample No. 2140495 2140495 
volcanic unit' 

2140495 2140495 2140495 21~95 

Analysis No. P91-1 P91 -3 P91-4 P91 -5 P91 -6 P91 -7 
Analysis lype" pc pc pc pc pc pc 
Rock Type intrusive intrusive intrusive intrusive , inlrusiw intrusive 
Si02 51.10 52.37 53.45 53.52 51 .76 5130 
Al203 2 .02 281J_\ 3.03 1.98 3 .34 2 87 
FeO(tot) 8 .78 4.20 . 6.57 5 .94 5 .58 9.31 
MgO 15.09 15.86 16.16 17.23 16.89 14.02 
CaO 19.61 21 .58 21 .02 20.78 21.01 20.91 
Na20 0 .53 0.57 0.25 0 .19 0 .29 ·0 39 K20 0 .04 0.08 0.00 0 .00 0 .01 0 .01 
Ti02 094 0.53 0.78· 0 .56 0 .68 1.30 
MnO 0 .25 0.11 0.17 ' 0 .14 0 .12 0.15 
Cr203 0 .02 0.48 0.07 0 .05 0 .21 0 00 
Total 98.38 98.59 101 .50 100.39 9989 100 26 

Si 1.931 1.'939 1 930. 1 .949 1.898 1.007 
AJ 0 .088 0 .122 0 .128 0 .084 0144 0.125 
Fe 0 .277 0 .130 0 .198 0180 0 .171 0.289 _ 
Mg 0 .849 0 .875 0 .870 0 .935 0 923 0777 
Ca 0 .793 0 .856 0.813 0 .810 0 .825 0 832 

'Na 0 .038 .g~ 0 .017 0 .01 :(. 0 .019 0 028 
K 0.001 0 .000 0000 0000 0.000 n 0'026 0015 0 .020 0 .015 0 .018 0 036 
Mn 0007 0 .003 0 .004 0 .004 0 .003 0.004 
Cr 0 .000 0 .014 0 .001 0 .001 0005 0 000 
Total (6 Ox) 4 .010 3 .999 3 .981 3 .991 4 .006 3 998 

Fe/Fe+Mg 0 .227 0 .118 0 .170 0 .148 0 143 0 251 

' bl - Big LewiS Lake 
"rx: -phenocryst core ; pr . phenocryst rm; gm . grollldmass 
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T-'*' A.3.7 . Elec1ron.mlcroprobe analyses of cijnopyroxenes from !he NALroup 
Sample No. 2140497 2140546 2140546 2140546 2140549 2140549 2140549 ~ 2140549 
Volcanic unit' nb llh sh sh sh sh sh sh 
Analyll• No. PQ3-1 P168·1 P168·2 . P168-3 P171 · 1 P171 -2 P171 -3 P171 -4 
Ana lysis typlt .. pc pc pr 11'1 gm pc pr gm 
Rode type wlcanic volcanic volcanic volcanic YOicanic volcanic volcanic . volcanic 
Si02 -48 .82 52.1-4 52.03 51 .02 52.64 51 .43 50.42 52.70 
Al203 4.n 2.20 2.34 4.51 1.93 3.52 4.16 2.08 
FeO(to~ 10 .. 49 7.37 6.37 6.33 6 .22 602 6.70 7.03 
MgO 13.65 16.79 16.64 15.41 1728 15.« 15.34 17.55 
c.o . 19.29 1882 20.86 21.12 19.83 21.42 21 .00 18.52 '\ 
Na20 0.42 0.37 0.20 0 .38 0 .25 0.3-4 0 .25 0.13 
K20 0.01 0 .03 0.02 0 .01 0 .00 000 0.00 0.01 
TI02 1.57 0.66 0.71 0 .98 0 .62 0.75 1.31 0.51 
MnO 0 .28 0.18 0.14 0 .10 0 .18 0.13 0.16 0 .21 
Cr203 0.02 0 .06 0.04 0 .-44 0 .39 0.47 0.23 0 .31 
Total 9927 98.62 99.35 100.30 99.34 99.52 99.57 99.05 

Si 1.845 1.942 1.928 1.874 1.941 1.902 1.870 1.947 
AI 020Q 0.006 0.101 0.195 0 .083 0 .153 0.182 0.090 
Fe 0.330 0.230 0.197 0.194 0 .192 0 .186 0.208 0.217 
Mg 0.768 0.932 0.918 0.844 0 .950 0 .851 0.848 0.966 
Ca 0.780 0.751 · 0 .827 0.831 0.784 0 .849 0 .835 0 .733 
Na 0 .030 0.027 0.014 0~ 0.018 0 .024 0.018 0.009 
K 0.000 0.001 0.1)()1 0. 0 .000 0000 0000 0.000 
n 0044 0.018 0.020 0.027 0 .017 0 .021 0 .037 0.014 
Mn 0.009 0.006 0.004 0.003 0.006 0 .004 0.005 0.007 
Cr 0:000 0.002 o.oo1 · 0.013 0.011 0 .014 0.007 0 .009 
Total (6 0.) 4.015 4.005 4.009 4.008 4.002 4 .004 4010 3.992 

.. 

Fe/Fe+Mg 0.2711 0.182 0.162 0.171 0.154 0 .164 0 .181 0.168 

Sample No. 2140550 2140550 2140550 2140553 2140553 2140553 2140553 2140482 
Volcanic unit' sh sh sh sh sh sh sh 
AnalysiS No. P172-1 P172·2 P172-3 P177-1 P177-2 P177-3 P177-4 1007511 
Analysis type" pc pr gm 11'1 gm gm gm pc 
Rock type volcanic 110lcanic volcanic volcanic 110lcanic volcanic volcanic intrusive 
Si02 52.89 51.21 4950 51.29 51 .70 411.66 52.07 50.21 
Al203 2.15 4 .~ 4.71 2.80 2.70 4 .31 3.38 4.23 
FeO(to1) 6.57 5.57 6.07 7.99 8.37 807 9.20 8 .69 
MgO 16.64 15.91 15.01 16.11 15.37 15.54 15.75 14.26 
CaO 20.62 20.43 20.45 20.39 20.85 19.54 18~8 20.65 
Na20 0.15 0.29 0.31 0.27 0.35 0 .19 0. 1 0 .46 
K20 0.00 0.00 0.01 0.00 0 .00 0 .00 0.00 0 .03 
Ti02 0.85 . 0.87 1.12 0.70 0 .83 1.01 0.87 1.52 
MnO 0.12 0.10 0.13 0 .28 0.27 0 .21 0.24 0 .06 
Cr203 0.05 0.96 1.11 017 0 .05 0 .08 ··. 0 .04 0 .08 
Total • 100.04 99.58 11842 100.00 100.49 98 .61 100.04 100.19 

Si 1 .~ 1.885 1.855 1.902 1.911 1 .~ 1.920 1.8l>6 
Allv 0 Olil2 0 .184 0 .208 0.122 0 .117 0 .190 0.146 0 .184 
Fe 0.202 0 .171 0 .190 0.247 0.258 0 .253 0.283 0 .27Q' 
Mg 0.910 0.873 0 .838 0.890 0 .846 0 .869 0.865 0:790 
Ca 0.811 0 .806 0 .821 0.810 0.$25 0 .786 0.722 0 .822 
Na 0.011 0 .021 0 .023 0.018 0 .025 0 .013 0.014 0.033 
K · h~ 0.000 0.000 .0000 0.000 0000 0 .000 0.000 0 .001 
n - ...Y I 

0.023 0 .024 0.032 0~018 0 .022 0 .027 0.023 0.042 
'-An 0.004 0 .003 0 .004 0.008 0.007 0 .006 0.006 0.002 

· Cr 0.001 0 .028 0 .033 0.004 0.001 0 .002 0.001 0.002 
Tolal (6 Ox) 3.994 3.995 4 .004 4.019 4012 4010 3.980 4 .012 

Felfe+Mg 0.167 0 .150 0 .169 0.200 0.215 0 .208 0.227 0.235 

• sh - Side Harbour; nb · New Bay 
•• pc - phenocryst CO<!! pr- phenocryst rim gm · groundmass 
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Table A3.8: Electron microprobe analyws of cflnopyroxenes In 1he NAE gr(XC) 

'. Sample No. 21.0483 21.0483 2140483 214().183 2140483 2140483 2140483 2140483 Vok::anic unit' sbh sbh sbh sbh sbh sbh abh .tlh Analysis No. P78-1 P78-2 P78-3 P78·•. P78-5 P78-6 P78·7 P78-8 Analysis type'' pc pc pc pc pc pc pc pc Rock Type YOicanic wlcanic volcanic volcanic vok::anlc volcanic~ volcanic volcanic Si02 .9.43 51 .98 52.16 50.22 50.85 50.43 5180 51 .49 A{203 3.74 2 .08 1.41 4.11 326 3 .71 27~ 2 .45 FeO(tol) 12.11 10.10 11 .57 11 .86 10.96 11 .95 10.36 15.71 MgO 12 .• 3 13.86 1303 12.08 13.38 13.29 14•6 10 23 eao· 1H5 19.69 
~ 

20.08 20.48 19.41 19.19 20.14 19.73 Na20 o .•• 0 .19 0 .30 0.57 ~.~ 0.38 0.33 0 .32 1<20 0.00 000 0.00 0.02 0 .00 0.01 000 Tt02 1.74 1.05 0.75 2.12 1.73 1.58 136 103 MnO 0.34 0 .23 0 .31 0.38 0.34 0.36 0.21 0 .52 Cr203 0.00 0 .00 000 0.02 000 
~~~ 002 0 .01 Total 99.65 99.18 99.61 101 .86 100.34 101 48 101 <19 

Si 1.87<1 1.952 1.973 1.863 ··ega 1.881 1.908 1.9-40 N 0.167 0.091 0.062 0178 • 0.143 0 .163 0 120 0 108 Fe 0.384 0.317 0.366 0.368 0.341 ' 0372 0 319 0.94 Mg 0702 0176 0.735 0.667 0.744 0 .739 0 ]g3 0 S.74 Ca 0.790 0.792 0 .814 0813 on5 0 .766 0 .794 0 796 Na 0030 0 .014 0~ 00.0 0 .028 0027 0 022 .· 0 023 K 0000 0000 0 0.000 0 .000 0000 0000 0000 n 0.060 0 .030 0 .021 0.059 0 .048 0 .043 0 .037 0028 Mn 0.011 0.007 0 .010 0.011 0 .010 
~ 

0 .011 0 .006 0 .016 Cr 0.000 0 .000 0000 0000 0000 0 .000 0000 0 000 Total (6 Ox.) 4.008 3.979 <1 .003 3.9W 3.987 4002 3 990 3 970 .... 
Fejfe+Mg 0.330 0 .269 0 .309 0332 0292 0 312 0.266 0.436 ... 
Sample No. 2140484 2140484 2140484 2140450 2140450 2140450 2140486 21.0486 
Vok::a nic unit' sbh sbh sbh 
Analysis No. P71f.2 P79-3 P79~ P1 ·2 Pt -3 P1 ·4 1008 121 1008131 Analysis type" pc pc pc pc pc pc pc pc 
Rock Type volcanic wlcanic volcanic intruSive lntrusivv intrusive intrusive lntr~lve Si02 50.21 50.45 49.85 50.16 51.68 50.55 -52.14 51 16 Al203 3.18 3 .61 4.54 384 205 3 .61 2.24 3 21 FeO(Iol)',..... 11 .80 11 .30 1203 8.34 8.63 ' 9 .'32 9.89 9 37 MgO 12.88 13.00 11 .91 14.59 15.69 13.93 15.6.c 1<122 CaO 18.92 19.87 19.69 2116 20.05 20.19 18.66 21\8 Na20 0.38 0 .34 0.54 0.44 0.41 047 045 0 .42 1<20 0.02 0 .01 0.00 0.00 0.02 0 .00 002 002 Tt02 1.62 1.86 2.34 1.7. 1.04 1.84 1.14 134 
MnO 0.35 0.28 0.21 018 0.32 0 .31 0.34 0 .27 . 
Cr203 0.04 0 .02 0 .00 000 0.04 004 0.05 0 .03 Total 99.40 100.74 101 .11 100.45 99.93 10026 100.57 101 .22 

Si 1.900 1.882 1.857 1861 1922 1.881 1 .927 1.890 
N 0.141 0.157 0 .199 0.167 0089 0 157 0 006 0 139 Fe 0.373 0.353 0 .37. 0.259 0 .268 0290 0 .306 om Mg 0726 0.723 0661 0807 0 .870 o .n 3 0 862 0 783 
Ca 0.766 0.793 0 .781 0841 0 799 0 .805 0 .739 0838 
Na 0.027 0.024 0 .038 0032 0030 0034 0 032 0030 K 0.000 0.000 0 .000 0000 0 .001 0000 0 .001 0001 n 0.045 0 .051 0 .065 0.049 0029 0052 0 .032 0037 
Mn 0.011 0.008 0 .006 0.006 0 010 0.010 001 1 0008 
Cr 0.000 0 .000 0 .000 0000 0 .001 0 001 0001 0001 
Total (6 Ox) 3.989 3.991 3 .981 •o22 4 019 4 003 4 007 4 01 7 

Fe/Fe+Mg 0.316 0.305 0337 0.224 0 217 0 252 0 242 0.250 

• sbh - Seal Bay Head 
\" pc - phenocryst core; pr - phenocryst m.; gm - grot.ndmass 



APPENDIX 4 / 
DESCRIPTION OF SAMPLING AND SAMPLE PREPARATION METHODS 

Three to five kg. samples were oollected in the field wnh an 8 kg. sledge hammer and 

chisel. When sampling pillow lavas, sai'Tl'les were taken from as near the center of the interior of 

the pillow as possible. Pillow lava samples in all cases are taken fron4. single pilfow. W'hen 

sampling intrusive ro~samples were taken from the interiors of the intrusion, avoiding chilled 

margins. Samples were selected in the field so as to minimize veining and secondary alteration. 

In th91aboratory, samples were cut into 5 to 10 mm thick slab~ wnh a diamond saw and 

thoroughly washed. The slabs were then brokin into chips less than 2 mm in diameter with a rock 

hammer. discarding all weathered surfaces, veins, vesicles (as much as possible), areas showing 
. -

abnormal or unusual effects of secondary aheration and sawed surfaces. Approximately 200 

grams of material was hand picked from these chips for crushing and analysis. 

Before cru~hing, the chips were washed in distilled water and dried in an oven. The 

samples were then pulverized in a fused aluminosilicate disk grinder and the powders stored in 

clean medicine vials. The grinder was cleaned wnh spec.- pure silica sand between samples. 
•· ,.. .. 

418 



~ 

< 419 
APPENDIX 5 

UNIVERSAL TRANSVERSE MERCATOR GRID CO.OiDINATES OF 

\ 
GEOCHEMICAL SAMPLES 

.... 

Sarl)ple No. Zone N.T.S. Easting Northing Sample No. Zone N.T.S. Easting Northing ) 

2140450 21 2EI5 607900 · 5478390 . 2140511 21 2E~ 605420 5457950 
2140452 21 2E/6 608770 5478020 . 2140512 21 . 2EI!i . 607120 5459280 
2140453 21 2EIS 608710 5477720 . 2140513 21 2E~ 607960 5464430 
2140454 21 2EI5 607610 5479700 . 2140525 21 2E13 611750 5454460 
2140456 21 2E/6 608850 5479640 . 2140526 21 2E~ 599700 5458940 
2140457 21 2E/6 609050 5479820 . 2140528 21 2EI!i 599200 5459040 
2140458 21 2E/6 609140 5479830 . 2140530 21 2E/6 609530 5456450 
2140460 21 2E/6 609520 5479920 . 2140531 21 2E/6 60980()- 5456730 
2140461 21 2E/6 521430 5374010 . 21405'32. 21 ~~ 610180 5456950 
2140462 21 2E/6 609350 5479860 . 2140533 21 610320 5456960 
2140463 21 2E/6 610970 5480870 . 2140534 21 2EI6 610980 5456980 
2140464 21 2EI6 610700 5480710 . 2140535 21 2E/6 611310 5457070 
2140465 21 2EI5 518300 5375390 . 2140537 21 2E/6 612110 5457740 
2140466 21 2E15 602240 5471770 . 2140538 21 2E/6 612000 5458240 
2140467 21 2E/6 610930 5481030 . 2140540 21 2E/6 609770 5457790 
2140468 21 2E/6 610940 5480960 . 2140541 21 2E/6 609390 ) 5457680 
2140470 21 2E/6 610940 5481390 . 2140543 21 2E~ 608770 \ 5457590 
2140471 21 2E/6 6ga910 5479580 . 2140544$ 21 2E~ 608580 5457530 
2140472 21 2E/6 6 8990 5479590 . 2140545 21 2E~ 601370 5459920 
2140473 21 2E/6 609130 5479650 . 2140546 21 2~ 5990.10 5461780 
2140474 21 2E/6 609260 5479680 . 2140547 21 ~~ 599850 546~20 
2140475 21 2E16 609400 5479750 . 2140548 21 2E~ 5gg120 5464500 
2140476 21 2E!6 609540 5479750 . 2140549 21 2~ 599400 5464600 
2140477 21 2EI6 609690 5479710 . 214055()-· 21 2E~ 598940 5466920 
6140478 21 2E/6 609800 5479690 . 214Q551 21 2E~ 599950 5470740 
2140480 21 2E/6 609590 5479830 . 2140553 21 2~ 603010 5468170 
2140481 21 2EI5 601200 5473220 . 2140554 21 2EIS 604730 5469000. 
2140482 21 2EI5' ·602370 5475820 . 2140555 21 2E~ 604930 5468970 
2140483 21 2EI5 604520 5481290 . 2140556 21 2E~ 603270 5463370 
2140484 21 2EI5 605010 5482190 . 2140750 21 2E~ 604990 5468860 
2140485 21 2EI5 605710 5482100 . 2140751 21 2E~ 604990 5468860 
2140486 21 2E15 607690 5480890 . 2140752 21 2EI!i 604870 5468890 
2140487~ 21 2E15 602700 5473900 . 2140753 21 2EIS 604850 5467920 
2140488 21 2EI5 602840 5473570 . 2140754 21 2E~ 604940 5467960 - 2140489 21 2EI5 602880 5473290 . 2140755 21 2EIS 603590 5463970 
2~40490 21 2EJ!i 602970 5473320 . 2140756 21 2EIS 603670 5463970 
2140491 21 2EI5 602900 5471410 . 2140758 21 2EIS 603320 5463390 
2140492 21 2Ei!i 602820 5470770 . 2140761 21 2EIS 601710 5459270 
2140493 21 2E15. 602460 5469290 . 2140762 21 2EIS 6~1810 5459250 
2140496 21 2EI5 604930 5474390 . 2140763 21 2E~ 5 9650 5'460900 
2140497 21 2EI6 616350 5482650 . 21 40764 21 2E~ 601670 5459700 
2140498 21 2E/6 616560 5482490 . 2140765 21 2E~ . 599640 5458900 
2140501 21 2EI6 599680 5478200 . 2140767 21 2E~ 602280 5458900 
2140502 21 2E/6 597120 5473680 . 2140768 21 2~ 603190 5457100 
2140503 21 ·2EI5 597020 5471310 . 2140771 21 2E/3 616560 5452160 
2140505 21 2EJ!i . 595960 . 5470750 . 2140772 21 2E/3 616290 5451800 
2140506 21 2EI5 544770 5471410 . 2140773 21 2E13 615955 5451220 
2140508 21 2EI5 602699 5456720 . 2140774 21 2E/3 616810 5451310 
2140509 21 2EI5 603170 5457070 . 
2140510 21 2EI5 603810 5457180 . 
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APPENDIX6 

GEOCHEMICAL ANAL YnCAL METHODS WITH ESTIMATES OF ACCURACY AND PRECISION 

Table A6.1 summarizes the methods and laboratories used for the analysis of major and 

trace elements during this study. Analytical procedures are described in detail below. 
\ 

-----------,---------------------------------~--
Table M 1: Slmrnary of analytical methods and laboratories for major and trace element 

geochemistry 

·ELEMENTS METHOD LABORATORY 

Major element oxides; Atomic a~rption Nfld. Department of Cu, Zn, Ni spectromet Mines and Energy 

Rb, Sr, Y, Zr, Nb, Ba, X-Ray fluoresGence Memorial University of V, Cr, REE• 
Newfoundtand 

Hf, Sc, Ta, Th, Co, . lnst~mental neutron Univers~e~ leuven, REE•" activa ion (INAA) leuven, Belgium 

REE•- sample nos. 2140460, 2140506,2140510,21405262140551, 2140555,2140162, 
2140763,2140767,2140774. 

REE••- other samples for which REE were determined 

------------------------------------------------

i) Major element oxides: 

Major elements were determined in the laboratory of the Newfoundland Department of 

Mines and Energy (N.D.M.E.). The analytical procedures summarized below have been 

described In detail by Wagenbauer eta/. (1983). 
I \ 

Approximately 0.1 g of sample powder was fused with lithium metaborate in a graphite 

crucible and digested in HCI and HF. During digestion, boric acid was added tc:> complex excess 

HF. Following digestion, the solution was made up to volume and the oxides Si~. AI20J. total 
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spectrometry. ; 

P20s was detennined spectrophotometrically by reduction of the phospho- molybdate 

complex with hydrazine sulphate. Ferrous ir01t was de:2rmlrled by addition of vanadium and 

ferrous ammonium sulphate followed by titration with standard potassium dichromate using 

barium diphenylamine sulphonate.as al\indicator. 

Loss on ignition was determined weighing a sampleporti9n before and after heating to 

1000g C. 

Detection limits quoted by the analyst are 0.01 wt. %. Replicate analysis of standard 

~terials (Table A6.2) blind duplicates of rock samples. (Table A6.3) show good agreeme,nt with 

each other and, in the former case, with published recommended values for the materiat. 

Replicate analysis of standards MRG-1 anti SY-2 for FeO gave, respectively, 8 .59 (St. Dev.•0.39) 
0 

_..-/ 
and 3.63 (St. Dev. - .07) . .l 

ii) Cu. Zn, Ni: 

These trace elements were determined in the N D.M.E. laboratory. Analytical procedures 

have been d~s'cribed in detail by Wagenbauer eta/. ( 1983). 

Approximately 1 g of sample was dissolved in HF, HCI and f,-ICI04. Following dissolution, 

the sample was evaporated and taken up in HCI and Cu . Zn and Ni determined d irectly by atomic 

. absorption spectrometry. · 
( 

. Detection limits are quoted as 1 ppm for each element. Analytical uncertainties are quoted 

as better than ±5% although these may be markedly greater near the detection limits. Replicate 

analysis of standard materials and blind duplicates. listed in Table A6.4 , are within these quoted 

' 
error limits. 
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Table A6.2: Analyses of standard rodl materials for major element oxides in the N.D.M.E 
';moratory compared to recommended values 

' 
.. . Standard No. at Mean St. Dev. Ai:Dey ( 1983) Standard No. of Mean St. Oev. ~(1983) Determinations 

Determinations S.C2 RGM-1 5 73.26 0.58 - 73.47 BCA-1 5 54.12 0.29 54.53 AI203 RGM-1 5 13.87 0.16 13.8 BCA-1 5 13.66 0.25 13.72 
Fe203 RGM-1 5 1.78 0.03 1.89 BCA,1 5 13.56 0.15 13.41 . MgO RGM-1 5 0.29 0.01 0.28 BCR-1 5 3.52 0.02 3.48 CaO RGM-1 5 1.19 0.01 1.15 BCR-1 5 7.00 0.09 6.97 
Na20 RGM-1 5 4.15 0.03 4.12 BCR-1 5 3.25 0.04 3.30 K20 RGM-1 5 4._42- 0.05 4.35 BCR-1 5 1.72 0.04 1.70 T02 RGM-1 5 0.29 0.03 0.27 BCR-1 5 2.27 0.03 2.26 
MnO RGM-1 5 0.04 0.01 0.04 BCA-1 5 0.18 0.00 0.17 P205 RGM-1 5 0.05 o.o-1" 0.05 BCR-1 5 0.06 0.01 0.06 

Standard No. at Mean St. Dev. Ai:Dey (1983) Standard No. of Mean St. Dev. Abbey (1983) Determinations 
Determinations Si02 BHV0-1 & 49.63 0.29 49.9 MGA-1 6 39 0.24 39.32 AI203 BHVO-1 6 13.93 0.16 13.85 - MGA-1 6 8.72 0.06 8.5 Fe203 BHV0-1 6 12.35 0.02 12.24 MGA-1 6 17.71 0.26 17.82 

MgO BHV0-1 6 7.41 0.12 7.31 MGR-1 6 13.73 0.23 13.49 CaO BHV0-1 6 11.6 0.07 .11.33 MGR-1 6 14.79 0.17 14.77 Na20 BHV0-1 6 2.22 0.02 2.29 MGR-1 6 0.71 . 0.01 0.71• K20 BHV0-1 6 0.51 0.02 0.54 MGR-1 6 0.16 0.01 0.18 TI02 BHV0-1 6 2.76 0.04 2.69 MGR-1 6 3.76 0.09 3.69 t..ne BHV0-1 6 0.18 0.01 0.17 MGRc1 6 0.18 0 0.1 7 P205 BHV0-1 6 0.27 0.01 0.28 MGA-1 6 0.06 0.01 0.06 • \, ' ( 

\ 

-
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,. 
Table A6.3: Comparison of blind duplicate analyses of major element oxides. 

... recalculated to 1 OPJ" anhydrous 

Sample 2140468 2140468 2140512 2140512 2140546 2140546 Si02 55.79 55.71 52.34 52.72 50.31 50.10 Al203 15.90 15.57 17.29 17.00~. 14.10 14.12 Fe203 4.14 4.28 1.98 2.04 3.35 3.54 FeO 5.28 5.21 5.98 6.01 8.11 8.16 MgO 2.47 2.50 7.35 7.35 :7.07 7.03 CaO 7.71 7.92 10.15 10.00 9.37 9.32 Na20 6.49 6.47 2.31 2.30 4.50 4.52 K20 {).54 0.54 1.34 1.33 0.60 0.61 Ti02 1.36 1.51 1.00, 0.99 2.1 2 2.1 1 MnO 0.13 0.12 0.14 0.14 0.17 0.18 P205 0.17 0.17 0.12 0.12 0.30 0.31 LOI 1.60 1.60 2.97 2.90 . 2.93 282 

Sample 2140463 2140463 2140585 2140585 2140607 2140607 Si02 41 .06 41 .35 51 .95 52.99 54.82 54.93 , Al203 19.15 19.06 15.52 16.05 16.55 16.72 Fe203 1.84 1.73 0.79 0.35 3.61 3.48 FeO 12.00 12.05 7.61 780 4.n 4.76 MgO 4.76 4.n 7.82 7.99 6.18 609 CaO 14.98 14.77 10.85 9.17 8.79 8.79 Na20 4.29 4.31 4.39 4.51 3.03 3.00 K20 0.15 0.15 <.01 <.01 0.98 0.97 Tt02 1.29 1.33 0.81 0.87 - 0.93 0.94 MnO 0.29 0.29 0.21 0.22 0.18 0.17 P205 0.20 0.18 0.06 0.06 0.15 0.15 LOI 15.26 15.35 12.45 1302 1.73 1.63 

..... 
Sample 2140619 2140619 
Si02 76.10 75.87 
Al203 13.71 14.00 
Fe203 0.56 0.55 
FeO 0 29 0.30 
MgO 0.33 0.34 
CaO 0.73 0.69 
Na20 3.82 3.85 
K20 4.1 8 4.13 
Tr02 0.19 0.17 
MnO 0.07 0.07 
P205 0.02 0.02 
LOI 1.4() 1.43 

I 
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MAG·1 
Cu 114 
Zn 194 
Nl' 154 

• 2140468 
Cu 26 
Zn 81 
Nl i 

2140530 
Cu 88 
Zn '113 
Nl 15 

2,)0585 
Cu 32 
Zn 61 
Nl 52 

../ 

Table A6.4: Replicate analysee olatandard materials and blind duplicates for Cu. Zn and Ni. 
Recommended values after Abbey (1983) 

Number St. Dov. 
6 3.7 
6 7.6 
6 2.9 

2140468 
27 
eo 
3 

2140530 
90 
113 
17 

2140585 
33 
60 
53 

STANDARDS 

Recommended 
Value SY·2 

135 
190 
195 

' 
BLIND DUPLICATES 

2140491 
76 
65 
35 

2140546 
85 
96 
62 

2140607 
27 
87 
60 

' 

214049 1 
80 
69 
37 

2140546 
81 
97 
62 

2140607 
27 
87 
61 

/ 
I 

4.8 
255 
4.7 

/ 
/ 

/ 

Recommended 
Number Sl Dev. Value 

5 1.9 5 
5 7 250 
5 0.06 10 

2140512 2140512 
61 60 
66 65 

106 106 

2140563 2140563 
13 11 

111 109 
5 6 

I 
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iii) Rb, Sr. Y, Zr, Nb, Ba. V. Cr. 

These trace elements were analysed with a Phillips 1450 X-Ray fluorescenc.e 

spectrometer. Samples of approximately 10 grams were thoroughly mixed with approximately 1.5 ' 

grams of bakelite binder and then pressed into a pellet . The pellets were baked in an oven at 
,• 

200gC for twenty minutes. 

A Rh tube was used for all analyses. Ba, V and Cr were analysed using the LiF 200 crystal 

and 40 second counting times A monitor spiked with trace elements was r..alibrated against 

standards al'ld the elements ratioed to it to correct for instrument drift . The Compton peak was 

' used for matrix corrections. The de\ection limit of Ba is .35 pPm, •lf V, 20 ppm and of Cf. 5 ppm. 

Analyses are quoted by the laboratory as accurate to ±5%. Blind duplicate analyses tabulated In 

Table A6,5 are all within this limit except for one Ba duplicate (2 ~40491 ). Comparison of analysis 

of standard materials with recommended values (Table A6.5) confirm similar lin,its for accuracy. 

Rb, Sr. Y, Zr and Nb were analysed by a modified X-Ray fluorescence technique designed 

. 
to provided lower detection limits and improved precision at low concentrations. This was 

necessary because of the very low concentrations of these elements In many samples and their 

importance in the petrogenetic interpretations. Analysis was carried out using a Rh tube and the 

UF 200 crystal. The pellets were cycled 5 to 10 times during the run and the abundances 

calculated from the total counts (200 to 4~0 seconds of counting per element) . The use ot the 
., 

UF 200 crystal provides better discrimination_ of the peaks against background a~d the extended 

count times provided rruch improved counting statistics. In each run. the standards PCC-1 and 

BCR-1 were included. PCC-1 has negligible concentrations of these elements (Table A6.6) and 

was used to provide a zero baseline for abundance calculations. The data were zeroed and then 

calibrated to the most recent estimates of the composition of BCR-1 (Table A6.6). Note that the 

calibration value for BCR-1 of 34 ppm is probably low and shOuld be in the range 36-38 pprn (B.J. 

Fryer, pers. comm. 1987). However. in the present study, this value has not been adjusted from ,, 

Taylor's value. 

: I 
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Table A6.5: Replicate analyses olslandard mdttjrials and blind ~plicates lOt" Ba. V and Cr. 
Reoommllnded values aher Abbey (1983) 

STANDARDS 

Recommended Recommended MRG-1 Number St. Oev. Value SY-2 Number St. Dev. Value Ba 78.5 15 49.6 50? 449 17 29.1 470 v 554 15 22.4 520 44.5 17 2.6 59 Cr 38-4•. 1 15 6 9 450 4.7 17 2.8 7.1 

' 
\ BLIND DUPLICATES 
\ 

2140468 2140468 2140491 214049 1 2140512) 2140512 Ba 138 161 110 69 . 
II 222 225 v 282 284 227 215 190 185 Cr 34 35 69 59 299 299 

2140530 2140530 2140546 2'140546 2140568 214056~ Ba 51 56 162 166 53 50 v 446 442 288 285 390 394 Cr 65 57 104 106 . 29 28 

2140585 2140585 2140607 2140607 2140619 2140619 Ba 42 26 175 161 945 955 v 313 311 202 205 15 12 Cr 267 268 184 182 n.d n.d. 

.... , 



/ 

--------·------------ ----------------
' 

Table A6.6: Compositions of international standards BCR-1 and PCC-1 used to calculate 
element abundances from data for Rb, Sr, Y, Zr, and Nb. Abundances CO"lliled by Dr. B.J. Fryer 
from Flanagar1 (1976) and rei::ent data from spar1< source m¢s spectrometry at Australian National 
University by Drs. S.R. Taylor and S.M. Mclennan (writtercomrrunication, 1985). 

ELEMENT 

Rb 
Sr 
y 
Zr 
Nb 

BCR-1 PCC·1 

46.6 0.063 
330 0.41 

34 0.05 
195 7 

13.5 0.09 

------------------------------. --------------------

Detection limits for this technique are quoted as 0.5 ppm for all elements. Because this is a 

new tect"nio-Je if" ihe M.U.N. laboratory, a large number of duplicate analyses were carried out to 

provide estimates of the precision and confirmation of the detection limits for the elements. 

These duplicate analyses are tabulated in Table A6.7. For each determination, the error is 
' 

expressed both as a percentage of the mean concentration and in ppm. Examination of the 

duplicates shows that Rb, Sr and Nb are generally repeatable at a precision of ±5% or 0. 75 ppm 

(whichever is greater). This is true for Rb in more than 90% of duplicates and of Sr and Nb in more 

than 94% of the duplicates. Zr and Y show slightly less precision at low and intermediate 

concentrat~ns and are precise to ±5% or 1.3 ppm. in more than 92% of the analyses 

Analysis of international standards reported in Table 6.8 confirm the accuracy of the 

technique a~hough slightly lower Y values than recommended reflect the slightly low values for 

BCR-1 used inothe calibration .. 

iv) REE (INM) 

These analyses were carried out by J. Hertogen at Universiteit Leuven, Fy~ico-chemische 

' geologie, Leuven. Belgium. Approximately 800 grams of whole rod< powder were irradiated for 7 

hours in the Thetis reactor. Ghent University, Belgium. in a thermal.neutron flux of approximately 

2 X 1012 neutrons cm·1 sec·1. The gamma-ray intehsities,were measured in a large volume 

. 427 
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Table A6.7: Quplicate anal)"es of Rb, &, Y, Zr and Nb by X-Ray ftuorescence. 

±(%) - dill ~Hence in analyses expressea as a percentage of their mean 
±(ppm) · 1/2 the dtference in the analyses 

2140452 Anal. 1 Anal . 2 ±(%) ±(ppm) 2140481 Anal . 1 Anal. 2 ± (%) ~(ppm) Rb 6.3 6.5 1.56 0.1 n.d . 3.24 Sr 37 37.4 0.54 0.2 153.5 152.2 0 .43 0 .65 y 33.9 33.2 1.04 0.35 28.3 26.8 2 .72 0.75 Zr 81.6 82.5 0.6'1 0.5 . \ 

94.5 94.2 0 .16 0.15 Nb n.d. n.d. 6.71 6.7 0.07 0.005 

2140473 Ana1.1 Anal. 2 ±(%) ±(ppm) 2140544 Anal. 1 Anal. 2 ±(%) ±(ppm) Rb 2.6 0.99 44.85 0.805 n.d. n.d. Sr 22.4 19 8.21 1.7 ?1.8 70.9 0.63 0.45 y 8.2 7.23 6.29 0.485 29.8 31.2 2 .30 0.7 Zr 6.7 4.45 20.18 1.125 79.3 79.7 0.25 0.2 Nb n .d. n.d. 1.45 2.9 33.33 0.725 

2140480 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140563 Anal. 1 Anal. 2 ±(%) ±(ppm) Ab 1.6 n.d. 4.8 o.34 B6.n 2.23 Sr 55.8 52.7 2.86 1.55 144.1 135.1 3 .22 4 .5 y 5.5 6.1 5.17 0.3 24.2 25.3 2.22 0.55 Zr 6.2 5.7 4.20 0.25 60.1 59.2 0 .75 0.45 Nb · ·n.d. n.d. 0.77 .2..67 55.23 0.95 

2140539 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140574 Anal. 1 Anal. 2 ±(%) ±(ppcn) 
...... _ 

Rb 43 43.5 0.58 0.25 43.4 43.2 0.23 0.1 I Sr 68.9 69.7 0.58 0.4 36.4 36.1 0.41 0.15 y 71 .2 68.7 1.79 1.25 1?:4 17.2 0 .58 0.1 Zr 243 239.2'0.79 1.9 93.8 88.3 3.02 2.75 -Nb 4.55 5.32 7.80 0.385 2.12 2.25 2.97 0.065 

"' 2140562 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140463 Anal. 1 . Anal. 2 ±(%) ±(ppm) Rb 22 20.8 2.80 0.6 14.8 14 2.78 0.4 Sr 147.8 145.9 0.65 0.95 111.9 103.9 3.71 4 y' 20.9 23.1 5.00 1.1 16.6 . l3.7 9 .57 1.45 Zr 52.8 53.1 0.28 0.15 63.2- i>f..5 1.36 0.85 Nb 0.85 1.71 33.59 0.43 2.18 . 2.8 12.45 0.31 

2140571 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140475 Anal. 1 Anal. 2 ±(%) ±(ppm) Rb 18.9 18.9 0.00 0 .. 14.6 14.4 0.69 0.1 Sr 135.6 133.1 0.93 1.25 40.1 37.6 3 .22 1.25 y 26.9 26.6 0.56 0.15 6·.9 4 .3 23.21 "1 .3 Zr 92.7 90~ 1.42 1.3 5.3 3.6 19.10 0.85 Nb 1.75 2.44 16.47 0.345 1.67 n.d. 

2140453 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140495 Anal. 1 Anal. 2 ±('Yo) ±(ppm) Rb 2.8 0.17 88.55 1.315 14.8 15.7 2.95 0.45 Sr 38.4 38.4 0.00 0 288.5 287.3 0.21 0.6 y 31 .1 31.5 0.64 0.2 15.2 14 4 .11 0.6 Zr 90.3 85.4 2.79 2.45 78.1 79.1 0.64 0.5 Nb n.d . n.d. 8.2 7.9 1.86 0.15 

2140474 Anal. 1 Anal. 2 ±(%) . ±(ppm) 2140558 Anal. 1 Ana(. 2 ±('Yo) ±(ppm) Rb 2.4 2 9.09 0.2 8.2 6.7 10.07 0.75 Sr 13.3 12 5.14 0.65 165.8 163~ 0.64 1.05 y 8.7 7.2 9.43 0.75 8.9 10. 9.64 0.95 Zr 5.6 4.2 14.29 0.7 11.7 13.1 5 .65 0.7 Nb, n.d . n.d. n.d. n.d . 

( 

/&I 
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Table A6.7 (continued) 

2140567 Anal. 1 Anal . 2 ±(%) ±(ppm) 2140472 Anal. 1 Anal. 2 i(%) ±(ppm) Rb 12.4 11.5 3.n 0.45 1.4 1.28 4.48 0.06 Sr 264 262.8 6.23 0.6 38.8 36.3 3.33 us y 23.8 22.1 :po 0.85' 6.7 5.'3 11.67 0.7 Zr 60.8 62 0.98 0.6 6.1 5 9.91 0.55 Nb 0 .66 2 .04 51.11 0.69 0.93 1.41 20.51 024 

'2140579 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140478 Anal. 1 Anal. 2 1(%) ±(ppm) Rb 50.4 52.9 2.42 1.25 1.4 n.d. Sr 53.9 52.8 1.03 0.55 65.1 63.6 1.17 0.75 y 16.5 16 1.54 0.25 4.5 5.9 13.46 0.7 Zr 51te 52.5 1.16 0.6 2.25 2.8 10.89 0.275 Nb 1:4 2.33 24.93 0.465 n.d. n.d. 

2140466 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140538 Anal. 1 Anal. 2 :t(%) f (ppm) Rb 0 .67 1.28 62.56 0.305 21.7 21 .8 0.23 0.05 Sr 44.3 43 2.98 0.65 37.9 38,1 0.26 0.1 y 39.9 37.1 7.27 1.4 44.8 42.6 2.52 1.1 I · Zr 43.8 41.3 5.88 1.25 ~ 74.6 73.2 0.95 0.7 Nb n.d. n.d. n.d. n.d. 

2140477 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140561 Anal. 1 Anal. 2 :1: (%) ±~ppm) Rb n .d. n .d. 30.7 31.8 1.76 0.55 Sr 31 29.9 3.61 0.55 123.3 1.27.1 1.52 1.9 y 9 .2 9 .5 3.21 0.15 19.1 20.4 3.29 0.65 Zr 8 .9 9.2 3.31 0.15 51 .9 53.6 1.61 0.85 Nb n.d. n.d. n.d. 1.71 

2140512 Anal. Anal. 2 ±(%) ±(ppm) 2140570 Anal. 1 Anal. 2 :t (%) :t(ppm) Rb 32.9 33.1 0.61 0.1 n.d. 1.24 Sr 269.7 273.7 1.47 2 171 .8 166.5 1.57 2.65 y 20 19.3 3.56 0.35 21 .9 21 .8 0.23 0.05 Zr 93.6 94.5 0.96 0.45 62.7 60.3 1.95 1.2 Nb 5 .44 5.42 0.37 0.01 2.54 1.28 32.98 0.63 

2140560 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140584 Anal. 1 Anal. 2 :1:(%) ±(ppm) . Rb 16.5 16.7 1.20 0.1 22.6 23.8 2.59 0.6 Sr 108.6 108.8 0.18 0.1 93 92.8 0.11 0.1 y 31 .5 29.7 5.88 0.9 23.8 23.4 0.85 0.2 Zr 83.3 82.7 0.72 0.3 58.8 58 0.68 0.4 Nb 1.14 1.59 32.97 0.225 2.76 2.14 12.65 0.31 

2140569 Anal. Anal. 2 ±(%) ±(ppm) 2140587 Anal. 1 Anal. 2 · :!:(%) ±(ppm) Rb 27.7 28.4 2.50 0.35 10.7 10.7 0.00 0 Sr 118.3 120.8 2.09 • 1.25 141 .5 142.9 0.49 0.7 y 17.3 17.3 0.00 0 12.1 12.8 2.61 0.35 Zr 43.7 46.1 5.35 1.2 26.1 27.7 2.97 0.8 Nb n.d. 1.22 0.87 1.48 25.96 0.305 

) 2140580 Anal. 1 Anal. 2 ±(%) ±(ppm) 2140592 Anal. 1 Anal. 2 :1:(%) ±(ppm) Rb 0 .61 o.n 23.19 0.08 39.8 38.2 2.05 0.8 
Sr 115.4 112.1 2.90 1.65 40.8 40.8 0.00 0 y 22.8 21.4 6.33 0.7 8.4 10.9 12.95 1.25 
Zr 50.6 49.7 1.79 0.45 . 27.8 28.5 1.24 0.35 
Nb 1.33 1.01 27.35 0.16 0.94 1.14 9.62 0.1 
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T abl1t A6. 7 (continultd) 

2140503 Anal. 1 
Rb 28.8 
Sr " 94.4 
y 19 
Zr 66.4 
Nb 3.98 

( .... \ 
Anal. 2 1(%) ±(ppm) ·· 21 40503 Anal.· 1 Anal. 2 1(%) i (pp'rn) . 

27.3 2.67 0.75 28.8 27 3.23 0.9 
91.9 1.34 1.25 94.4 91 1.83 1.7 
15.7 9 .51 1.65 19 17.2 4.97 0.9 61 4.24 2.7 66.4 59.9 5.15 3.25 3 .47 6.85 0.255 3 .98 2 .98 14.37 0.5 

2140503 Anal. 1 
Rb 27.3 
Sr 91 .9 
y 15.7 
Zr 61 
Nb 3.47 

Anal. 2 ±(%) i (ppm) 2140566 
27 0.55 0.15 24 23.2 1.69 0.4 91 0.49 0.45 202.4 201.6 0.20 0.4 

17.2 4 .56 0.75 20.1 20.7 1.47 0.3 59.9 0 .91 . 0.55 52.4 53.4 0.95 0.5 2.98 7.60 0.24~ n.d . 2.18 

.. 
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Table A6.8: Analyses of standard materials for Rb, Sr. Y, Zr and Nb compared to 
with reC:ommended values~ Recommended values from B.J. Fryer (pers. comm. 1987) 

from literature and recent results of spark source spectrometry at Australian National 
University. DTS -1 is included as an indicator of zero. 

SY-2 G - 2 
Measured Accepted Measured Accept8d 

Rb(ppm) 208 220 Rb (ppm) 158 170 Sr (ppm) 256 275 Sr (ppm) 455 480 Y(ppm) . 118 130 y (ppm) 5 ? Zr (ppm) 257 280 Zr (ppm) 289 300 
Nb(ppm) 29 23 Nb (ppm) 11 13 

W-1 AGV-1 
Measured Accepted Measured Accepted 

Rb (ppm) 22 21 Rb (ppm) 68 67 Sr(ppm) 180 190 Sr (ppm) 658 660 
Y(ppm) 19 26 Y (ppm) 14 20 lfZr (ppm) 86 95 Zr (ppm) 224 230 Nb (ppm) 7.5 9 Nb (ppm) 12.5 14.5 

BHV0-1 DTS - 1 
Measured Accepted Measured Accepted 

Rb(ppm) 10 10 Rb (ppm) 0.7 
Sr (ppm) 378 396 Sr (ppm) 1 
Y(ppm) 23 28 Y(ppm) n.d. , Zr (ppm) 160 170 Zr (ppm) 0.5 
Nb (ppm) 18 19.5 Nb (ppm) n.d. 



Ge(LI)-detector and a hyperpure Ge Low energy photon detector at Leuven University at 

Intervals of 7 and 20-30 days after irradiation. Element concentrations are calculated relative to a 

secondary basah standard which has been repeatedly calibrated against BCR-1 . Details of the 

analyticaLP.rocedure can be found in Hertogen and Gijbels (1971). 

Analytical precision was monitored continuously by the analyst from counting statistics and 

the observed dispersion of resutts from different countings and/or different gamma rays. Errors 

were repo~ by Hertogen et al. (1985) and Rautenschlein eta/. (1985) for safll)les run at about 

the same time as the present samples. They quoted the analyses as precise to better than 2% for 
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Sc, Co, Sm and Eu; 6% for HI, Tb and Yb and 12% forCe and Lu. The errors for Nd, Ta and Th are · 

quite large at low concentrations and may be greater than 20% for the most LREE-depleted 

samples. 

~ agreement of an analysis of the international standard MRG-1 and recommended 

values of Abbey ( 1983) is illustrated in Figure A6.1 . Likewise, good correspondance between 

INAA analyses of rock powders at Leuven and at Universite de Montreal are illustrated on this 

figure (from the •.mpublished data of Dr. D.F. Strong). 

v) REE (X-Ray fiJorescence) 

I 

An additional group of samples were analysed for REE using techniques modified after 
. . 

Robinson eta/. (1986). These analyses were all done after the INAA analyses were in hand and 

were used to check conclusions based on the INAA data and to provide additional information in 

areas not adequately represented by the INM data. 

2.5 ml of Tm spike is weighed into aNi crucible and evaporated to dryness, approximately 1 

gram of sample powder is weighed into the crucible and 4 times the sample weight of sodium 

peroxide is added. This mixture Is stirred a~ a thin layer of Na202 is sprinkled over the top. 

The sa~le mixture is heated in a rnJffle furnace at 480gC. for 1 hour, the sinter cake · 

placed in a beaker of 15 to 20 ml H2o. the solution centrifuged and the liquid discarded. The 
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Figure A6.J : Comparison of INAA AEE analyses with International standards and 
with results from other laboratories. In A, analyses from this study on international 
standard MAG-1, compared to Abbey's (1983) recommended values and 1983 INAA 
analyses at Nuclear Activation Services ltd. (MacMaster, University). In B. C , 0, 
replicate analyses of rock powders by INAA at Leuven aM at University de Montreal 
(A.P. Taylor, analyst, 1983) show good agreement. Nuclear Activation Services and 
U .de Montreal data from Dr. D.F. Strong (unpublished). 
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T abloo A611: INM analyaea ol rod! samples and inte~ ional standard MRG-1 from Unoversileit Leuven. compared wRh alher 
INAA. 111\alytocal taboraloroee and reoomm::~d values ol Abboy ( 1963) . " 
Oala cour1~sy ol Or. O.F. Slrong (unpublished) 

~JP-28 Safll'Jie TC 362 San-pia TC-351 HTGN HPT HTGN APT HTGN HPT la 1 .7 16 La 5.6 5.5 La 0.24 0 .29 c .. 10.2 97 Ce 15 .3 12.96 Ce 0.92 1.58 Nd 2 .8 3 .~ Nd 11 .9 11 .2 Nd nd 2 .44 Srn 0 97 0.9 Sm \ 3 61 • 3.23 Sm 0.39 0 .36 Eu 0 .13 0.12 Eu 1.31 106 Eu 0.19 0 .14 Tb 0.38 0.37 Tb 0.77 0.75 Tb 0.13 0 .14 Yb 2 .96 2.99 Yb' 2.64 2.44 Yb 0.6 0 .67 Lu 0.49 0.58 Lu 0.42 0.35 Lu 0.1 0 .09 Th 2 .3 2.5 Th 0.47 0.4 Th nd nd Ta 1.4 1.1 Ta 0 .3 0.4 Ta nd nd 

S.:mlplt. M.JN-1 Sample MRC-1 
HlGN APT HIGN NAS Abbey (1983) 

La 42.2 37.5 La 89 9.7 10? 
Ce 82 70 Ce 26.5 25 25? 
Nd 32.8 29.1 Nd 17.7 16 19? 
Srn 6.4 5.6 Sm 4.45 4.14 5? 
Eu 0 .69 0.74 Eu 1.45 1.32 - 1 .4? 
lb ·089 0.67 lb 0 58 0.6 1? 
Yb 3.2 2.5 Yb 0.84 092 1? 
Lu 0 48. 0.49 lu 0.14 0.12 0.2? Th 34.9 29.4 Th 0.9 1 0.7 O.f? 
Ta 11 .7 3.1 Ta 0.26 

HTGN - INAA analysos at Unillersitelt Leuven. J. Hertogen, analyst 
RTP · INAA analysia at Universile de Mon1real, R.P. Taylor, analys1 
NAS . INAA analysis by Nucl11ar Acrivallon Services ltd., MacMas1er Unillersity 

r 
\ 
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residue is rinsed with H20, centrifuged twice and dissolved in 40 to 60 ml of 1N HCI. · 

The REE are then concentrated by standard ion exchange techniques In two stages. In 

the first stage, the salfllles are loaded on 30 em quartz columns with 15 em of Amberfite CG-120 

chromatographic grade ion exchange resin and the major elements .eluted with 40 ml of 2 .SN HCI. 

The REE and Ba are then collected with 120 ml of 6N HCI, the solution evaporat~d to dryness, 

and the residue converted to nitrate. Ba is then removed in 12 em pyre~ columns using 3 em of 

ion exchange resin. The Ba is eluted with 26 ml of 1.5N HN03 and the REE collected with 15 ml 
I 

of 8N HN03. 

~fter~aporation, the REE are transferred to ion exchange paper for analysis by thin film 

X-Ray fluore~ence. . 

Fig~re' A6.2 shows replicate analyses of four samples, representing the full range of REE 

concentrations in the Wild Bight Group, by_XRF and INAA. In samples 2140532, 2140498 and 

2140484, the duplicates are mostly within ±1 0% although there is a tendency for the HREE 

(particularly Yb) to fall off in samples 2140532 and 21404S4. Because of ~is problem in the 

HREE, values for Yb by XRF were not used in the thesis. Plotting La to Erin all cases produce! a 

pattern which closely parallels the INAA pattern and is generally within ± 10% in absolute 

abundances. 

The correspondence fer sample 2140476 is not as good, hardly surprising considering 

the low abundances. Although the precision is not good at these levels, and Ca. Eu and Yb are 

not useable because of interferences, the data do suggest that an approximation to the true 

pattern can be achieved by plotting La, Nd, Sm, Dy and Er. This pattern cannot be used 

quantitatively but should provide an approximation lo the shape of the true pattern and a rough · 

idea of the true abundanc~s 

\ 
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Figure A6.2: Comparison of samples analysed by INAA at 
Universiteit Leuven, Leuven, Belgium (open squares) and by 
X-Ray fluorescence at M.U:N. (closed squares). 
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APPENDIX 7 

PRIMITIVE MANTLE NORMALIZING VALUES USED IN EXTENDED REE PLOTS 

Normalizing values to pnmitive mantle were provided to the writer by Dr. G.A. Jenner. 

These are values that are in use at Max Planck lnstitutl fuer Chemie. They represent the current 
. ·~ 

best estimate for prim~ive mantle composition at that institute but have not been published to 

date! They are generally in the range of 2 x chondr~ic but have been adjusted for some elements 
I 

to bring them all into agreement. Normalizing to these values gives extended REE patterns that 

' are essentially parallel to those resuhing from chondrite normalization. 

ELEMENT PRIMITIVE 
MANTLE 

La 063 
Ce 1.59 
Nd 1.21 
Sm 0.399 
Eu 0.15 
Tb 0.0974 
Yb 0.432 
Lu 0.066 
Ti 1134 
y 3.9 
Nb 0.65 
Zr 9.8 
Hf 0.28 
Ta 0.04 
Th 0.088 
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APPENDIX8 
"\ 

DISCRIMINANT FUNCTION ANALYSIS: DESCRIPTION AND RESULTS 

Discriminant function analysis Is the technique most commonly used to identify variables 

that are i~rtant in distinguishing among known groups, the cases of which have a number of 

~own independent variables. It is also useful in predicting group membership for other cases, of 

unknown group membership. The procedure involves calculating linear combinations of the 

independent variables to serve as the basis for classifying cases into o e f the known groups. 

In the present study, functions were computed tor the mafic vol rocks, which were 

grouped according to the geochemical criteria set out in Chapter 3. Usi 

for the variables Ti02, P205. Y, Zr, Nb and:Y. and sample groups ·lA • IAI, NAI, NAT and NAE .. 

defined in Chapter 3, four functions were calculated using the Statistical Package for the Social 

Sciences modified for personal computer use (SPSS-PC) which together explain 1 00% of the 

variance between groups. For statistical rigour, there should be a laJge number of cases in each 

group compared to the number of variables. Because this criterion does not hold for the Wild 

Bight Group samples, calculated probabilities may overestimate the actual probabilites associated 

with classifying the samples. However, two factors lend confidence in the resu~s for the Wild 

Bight Group safl'llles. Firstly, carrying out the calculation using only three variables (Ti02, Zr and 

Y) produces a similar separation of the groups at similar probabilities. Secohdly, the calculated 

functions successfully classify more than 95% of the known samples (Table A8.1, see also 

discussion in Section 3.3.4) suggesting a high degree of reliability in the results. 

Discriminant scores were calculated for each function for each sample (Tab I~ AS.1) and 

each sample was assigned a statistical probability of belonging to any particular group. The 

highest and second highest probabilities for each sample are listed in Table A8.1. 

The resuhs have been used in two ways in this thesis. Fi~t. they provide a test of the 

statistical validity of the empirically-derived grouping by assessing the quality of separation of the 
. . 

groups and the success rate of sample classification using the derived functions. Secondly, they 

have been used to assign the mafic subvolcanic tocks to the appropriate geochemical groups. 
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Table A8.1 : DisaVninanl scores for mafoc volcanic and Slbvolcanic rod<s 
/ 

SAMPLE NO. ACTUAL GROUP HIGHEST PROBABILITY PROBABILITY SECOND HIGHEST PROBABILITY DISCRIMINANT SCORES 
GROUP PROBABILITY GROUP 

Malic Volcanic~ FUNCTION 1 FUNCTION 2 FUNCTION 3 FUNCTION 4 
214{)432 2 3 0.7591 2 0.2341 1.2363 0 .1715 .{) .7320 0.1830 
2140456 1 1 10000 2 0.0000 ~.0538 0.4686 -1.8318 3.5827 
2140458 1 1 1.0000 2 0.0000 -8.3497 1.0633 1.5347 0.0502 

~ 214{)400 1 1 1.0000 2 0.0000 -7.0366 .{).4019 0.6662 -1.1116 
214{)462 1 1 1.0000 2 0.0000 -91234 1.6490 -3 .9043 3.7528 
2140463 2 2 0.9967 3 0.0033 0.4605 -2.7349 .{).0869 -2.0750 
214{)-464 2 2 0.9935 3 0.0065 .{).0166 -1.8915 -1.8915 -1 .1557 
214{)467 2 2 0 .9577 3 0.0382 2.5089 -1 .8065 0.2254 0.5949 
2140468 2 2 0.9966 3 0 .0033 2.2274 -2.5304 -0.37n· 0.6466 
2140470 2 ·-2 0.9999 3 0.0001 .{).•4110 -2.3235 2.4721 16617 
2140471 1.0000 2 0.0000 ~.8529 0.8551 0.7011 .{) .8«6 
2140472 1.0000 2 0.0000 -8.7058 3.7478 0.7747 0.7059 
2140473 1.0000 2 . - 0 .0000 -6.1663 22578 -0 .6075 .{).4.217 
214{)474 1 1.0000 2 0 .0000 -6.8691 1.8016 .{)SS7'9 -0.0162 
214{)475 1 1.0000 2 0 .0000 -9.6862 0.7728 .{).3720 ·1.4304 
2140476 1 1.0000 2 0.0000 1.0000 1.0419 .{).4351 -12584 
2140477 1 1 1.0000 2 0.0000 ~2837 -02 371 0.4450 0.6161 
2140478 1 1 1.0000 2 0 .0000 -9.0707 32035 -1.6845 -12180 
214{)48() 1 1 1.0000 2 0.0000 -7.9576 0 .5640 0.1743 -1.0657 
21~ 5 5 1.0000 4 0 .0000 8.0438 2.1966 -12042 0.0685 
2140484 5 5 1.0000 4 0.0000 82718 2 .8055 .{).4587 0.157'9 
214{)492 1 1.0000 2 0.0000 -7.6034 0 .1150 -12333 .{) .6419 
2140497 4 4 0 .98..'\5 3 -0.1600 4.0110 02761 1.3202 1.6605 
2140498 4 4 0 .9949 3 0.0051 3.9853 0 .8050 2.6278 1.1942 

. 2140503 3 3 0.9504 2 0.0474 1.6159 0 .1638 -1.0822 -1.5752 
2140505 3 3 0.6898 4 0.3100 22316 1.7388 12004 -0.9262 
2140506 3 4 0.5668 3 0.4323 32851 0 .874.2 0.7047 -0.4759 
2140509 5 5 1.0000 4 00000 8.8418 22190 -2 .1558 1.1004 
214{)510 3 3 0.7061 4 02938 2.6915 2 .0633 0.4868 -1.1636 
2140511 3 3 0.9314 2 00620 2.0074 0 .0678 -1.1103 -1.0620 
2140526 1 1 1.0000 2 0.0000 -6.0068 0 .3833 1.7'994 0.0666 
214{)530 2 2 0 .9967 3 0.0013 -2.5584 -0 .8395 0.0962 0.1793 
2140531 2 2 0 .9975 3 0.0025 .{).0012 -1 .7850 -0 .5001 0.1154 
2140533 2 2 0.9995 3 0 .0005 0.4595 ·2.5014 1.1141 0.5700 
214{)534 2 2 10000 3 0 .0000 .{)_3294 -3 .7590 02151 1.0600 
214{)540 2 2 0.9983 3 0.0017 0.6501 ·1.9276 0.8941 1.1691 



.. Table A8 1 (Conmt.ed) 

SAMPlfNO. ACTUAL GROUP HIGHEST PROBABLITY PROBABILITY SECOND HIGHEST PAOBA81U1Y DISCRIMINANT SCORES GROUP PAOBABIUTY GROUP 

~TION3 MafiC Volanc Aod<a 
R.WCTION 1 fUNCTION2 ~· 2140541 2 2 0 .9999 3 0.0001 .{)2761 ·2.7150 '0.6381 0.5171 2140543 2 2 09925 3 0.007• 0 .1191 ·1.2755 .{)2190 0.5876 2140544 2 2 0 .8941 3 0.1005 1.<1352 -0.8515 0 .3047 08005 2140545 4 • 0.9464 3 0.0536 4.1160 1.3357 0 .9936 O.OMJ 2140546 4 4 0 8.oi80 3 01520 •2001 1.3942 03600 -0 .5369 2140547 4 4 0.9641 3 '()l590 4.1867 1.4246 1.1725 08205 2140548 4 4 0.9271 3 -0.7290 31530 2.0070 1.617.-....J 0.1272 ~ ' 21405411 4 4 0.7492 ,a 02507 32237 1.7927 0 .6709 . .{)2396 2140550 4 • 0 .8007 3 01993 3.5488 2 .3800 0 .<4849 .{) .~73 2140561 • 4 0.91196 3 0 .0012 52837 2.7.12 1.9372 00366 2140563 2 2 0 .9000 3 0 .0184 2.1434 ·1 .8306. 0 .3179 0 .8249 21<405&4 2 2 0.9996 3 0.00().4 0.9576 ·2 .9345 .0 .~43 0.0189 2140565 2 2 0 .9597 " 3 0.0400 . 3.2467 ·2 .5003 ·1.3741 .{)_85119 2140750 2 2 0 .9885 3 0.o11• 1.5021 ·1 .9427 0.1106 0.1707 2140751 2 2 0 .9975 3 00025 1.0360 ·2 .3098 .0.3893 .0.0013 2140752 2 2 0 .9971 3 0 .0029 12~9 ·2.4875 -1.0397 .{).4558 2140753 2 2 0 .9544 3 . 0 .~ 1.6101 ·1 .6179 .0.5093 .0.3213 2140754 2 2 0.9989 3 0 .0011 0.9313 ·2.6285 .{)2978 -0.1571 21'.0755 2 2 0 .9995 3 0 .0005 .0.622. ·2.5174 -0 .• 100 ·1.0136 2140756 2 2 0 .~11 3 0.0568 2.1127 · 1.544• -0 .1262 0.3343 2140758 2 2 0 .8228 3 0.1769 0.1281 · 1.0207 -0.9647 -0.6927 2140761 4 4 0 .8640 3 0 .1360 3.7829 2.1005 0.5868 .o•903 2140762 .. • 0.5585 3 0 .4398 2.9024 0.99&4 0.6292 0.0160 2140763 5 5 1.0000 4 0.0000 9.2412 1.9367 -3.2482 .0.1579 21407&4 4 4 0 .8161 3 0 .1837 2.9558 1.51« 1.0008 0.3589 2140765 1 1 1.0000 2 .0.0000 .a.1852 1.1487 1.4842 1.3548 2140767 3 3 0.7667 2 02239 1.1917 -0 .0061 0.3149 .0.5951 2140768 5 5 1.0000 4 -~--~ 9.~ 3.9948 -1.-4435 .{) .1049 2140n1 2 2 0 .9908 3 0.0092 0.5607 ·1.7078 -02656 -02355 21.an2 2 2 0 .91l97 3 0.0003 06273 ·2.9675 .0 .5420 -0 .3052 21.an3 2 4 0.6555 3 0.3441 2.5905 1.7231 0.7105 0.2623 2140n4 2 2 0 .993. 3 0.0066 0.9827 -2 .1410 -0.6370 -0 .~ 

- ' .•. 
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-... Table AB. 1: (Continued) 

SAMPLE NO. ACTUAL GROUP HIGHEST PROBABILITY PROBABILITy SECOND HIGHEST 
GROUP PROBABILITY GROUp 

Mafic Volcanic Rocl<s 
2140450 5 0.6057 4 
2140454 5 0.9964 4 
2140457 4 0 .8253 5 
2140461 0 .9997 2 
2140465 1 1.0000 2 
2140481 4 o .69n 3 
2140482. 4 0.9420 3 
2140485 4 0 .9966 3 
2140486 5 0.9620 4 
2140489 4 0.8909 5 
2140491 3 0.6748 2 
2140495 3 0 .9505 4 
2140496 2 0 .9979 3 
2140501 4 0.97'98 5 
2140502 4 0.9983 3 
2140508 4 0.8519 3 
2140512 2 0.9989 3 

! • 

PROBABILITY 

FUNCTION 1 
0 .3941 6 .5360 
0.0016 7.5345 
0.1747 6.3975 
0 .0003 ..C .0968 
0.0000 · 10.4«6 
02702 1.8463 
0058Q 3.5979 
0 .0014 4.7046 
0 .0300 7.0784 
0 .1091 6.5343 
0 .3110 2.0847 
0 .0344 1.7868 
0 .0021 122~ 
0.01!17 5.97 
0 .0017 3.8595 
0 .1470 5.1990 
0 .0011 1.1299 

DISCRIMINANT SCORES 

FUNCTION 2 FUNCTION 3 
2 .9098 0 .3899 
3.7209 0 .3043 
5.3157 1.7586 
0 .7275 0.6112 
3.5929 1.4550 
0 .7549 1.4035 
1.1962 l .5020 
3 .2627 2 .3399 
3 .8542 0 .6965 
4.7597 1.9837 
~.8470 0.6643 
o .76n ~. 1010 

·2.3296 0 .0789 
3.5721 1.1982 
5 .0799 32375 
~.0422 ~.3434 

·2 .7386 -<1 .6367 

FUNCTION 4 
0.6174 
0.6159 
0.1908 
1.4191 
1.1208 
1.5625 
~. 1125 
~.0028 
0.3348 
0.5748 

·12232 
~.6999 

0.4539 
~ . 1949 

~.941 7 
~ .3405 

-<1.2782 

· ~ 

. ~ 
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APPENDIX9 

. DISTRIBUTION COEFFICIENTS USED IN PETROGENETIC CALCULATIONS I 
~ 

Two sets of distribution coefficients were used for fractional crystallizaHon and partial --- melting calculations in Chapters 3 and 4. Both have been COill>iled from the literature by Dr. G.A. 

Jenner. The coefficients used for fractional crystallization calculations are identified on the tables 

in which the calculationS are reported. All partial melting calculations are done using the 'primitive 

basalt' coefficients. Mineral abbreviations as for Appendix 1. 

PRIMITIVE BASALT · 

DistrbJtlon CoeffiCients 
Element a ~ QJx PI Gl 

. ·(a 0.0005 0.0005 0 0200 0.1800 0 .0010 
Ce 0.0008 0.0009 0.0400 0.1200 0 .0033 
Nd 0.0013 0.0019 0.0900 0.0810 0 .0184 
Sm 0.0019 . 0.0028 0.1400 0.0670 0.0823 Eu 0.00,9 0.0036 0.1600 0.3400 0 .1333 Er 0.0022 0.1300 0.2000 0.0630 1.6000 . 
Yb 0.0040 0.0286 0.2000 0.0670 4 .0000 
Ti 0.0020 0.0040 0.2000 0.0450 0.2000 ' l y 0.0050 0.0300 0.2000 0.0250 2 .0000 
Nb 0.0004 0.0004 0.0150 0.0100 0.0150 · Zr 0.0020 0.0030 0.1 200 0.0100 . 0 .0450 v 0.0300 0.5000 1.5000 0.0800 0 .2700 
Cr 2.1000 10.0000 8.4000 .0.400 0.1000 
Ni 14.0000 4.0000 3 .0000 0.0400 0.8000 

FRACTIONATED BASALT 

Dislrbutlon CoeffiCients 
E16ment a Qlx' QlK PI Gl 

La 0.0089 0.0260 0.2880 0.1800 0.1210 
Ce 0.0090 0.0325 0 .3030 0.1200 0 .1440 
Nd 0.0100 0.0508 0 .3790 0.0810 0 .2320 
Sm O.Q105 0.0790 0.4760 0.0670 6 .5410 Eu 0.0110 0.0990 0 .3540 0.3400 0 .6230 
Er 0.0190 0.3550 0 .7060 0.0630 4 .2400 
Yb 0.0230 0.4700 0 .7190 . 0.0670 5 .7300 
Ti 0.0100 0.1000 0 .5000 0.0450 0 .6900 y 0.0200 0.4000 0.8000 0.0250 5 .0000 
Nb. 0.0080 0.0150 0 .2160 0.0100 0 .1000 
Zr 0.0100 0.0200 0.4200 0.0100 0 .6000 v 0.0300 0.5000 1.0000 0.0800 0 .2700 
Cr 3.1000 10.0000 20 .0000 0.0400 0 .8000 
Ni 19.0000 5.0000 4.4000 0.0400 0 .8000 
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APPENOIX 10 

Nd ISOTOPIC ANALYTICAL PROCEDURES AND DATA RELATING TO ACCU,RACY AND 

PRECISION OF Nd ISOTOPE ANALYSES 

Chemical Procedures 

Chemical separation of the REE was carried out under controlled, clean lab, condit ions, at 

Max Planck lnstitutt fuer Chemie on samples analyse.d there (see Table A10.1) and at Memorial 

University of Newfoundland for all remaining samples. Chemical procedures at the former have 

recently been described by White and Patchett (1984) . Procedures at the latter are described 

below. 
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Reagents were doubly distilled in quartz in a two-bottle teflon still. Approximately 0.15 to \ 
0 .35 g of sample (depending on Nd abundance) was d issolved in 2 ml HF and 2 mi 8N HN0

3 
in 

closed teflon bombs. Following dissolution, samples were evaporated to dryness, taken up in 6N 

HCI, and split for NdiC and Nd and Sm 10 analyses. Approximately 1/3 was taken ott tor tO analysis. 

Twenty 111 of a mixed 150Nd, 147sm spike (M.U.N. spike #1) was added to samples to b-e 

analysed by 10. The isotopic composition of the spike has been determined by Dr. B.J . Fryer at 

M .U.N. 

The REE were then separated using standard ion exchange procedures in three stages as 

follows : 

i) Stage 1: To separate the major elements from Ba and the REE, samples were passed in 

HCithrough 18 em of Amberlite CG-120 chromatographic grade ion exchan~e ,resin in 30 em 

quartz columns. Major elements w ere eluted using approximately 40 ml of 2.5N HCI. Following 

this, the REE and Ba were collected in approximately 60 ml of 6N HCI in teflon beakers . Columns 

were cleaned with 6N HCI, backwashed in H20 andre-equilibrated with 2.5N HCI. 

ii) Stage 2: To separate Ba from the REE, samples were passed in HN03 through 7.5 em of 

resin as above in 12 em pyrex columns. Samples were loaded a(ld Ba eluted in approx imately 28 

' 



Table A10.1 Analytical history for Nd IC and Sm/Nd analyses. 

Sample No. NO IC analysis Sm/Nd an_iflysis 

2140453 
2140454 
2140456 
2140457 . 
2140458 
2140463 
2140465 
2140467 
2140473 
2,_140476 
2140481 
2140483 
2140491 
2140492 
2140496 
2140497 
2140502 
2140503 
2140506 
2140509 
2140511 
2140512 
2140526 
2140532 
2140538 
2140544 
2140546 
2.140549 
2140553 
2140756 
2140762 
2140763 
2140773 
2140774 

G. S.C. 
M.U.N. 
G. S.C. 
G. S.C. 
G.S.C. 
G.S.C. 
G. S.C. 
Max Planck 
G. S.C. 
Max Planck 
M.U.N. 
G. S.C. 
G.S.C. 
Max Planck 
M.U.N. 
Max Planck 
G. S.C. 
G.S.C. 
G. S.C. 
M.U.N. 
Max Planck 
G.S.C. 
G. S.C. 
Max Planck 
G. S.C. 
G.S.C. 
Max Planck 
G. S.C. 
Max Planck 
G. S.C. 
G. S.C. 
G. S.C. 
G. S.C. 
G. S.C. 

G.S.C. (IO) 
G .S.C. (10) 
G.S.C. (10) 
G.S.C. (10) 
G.S.C. (IO) 
M.U.N. (ICP-MS) 
G .S.C. (10) 
Max Planck (10) 
G .S.C. (IO) 
Max Planck (10) 
G.S.C. (IO) 
G.S.C. (10) 
G .S.C. (10) 
Max Planck (10) 
G .S.C. (IO) 
Max Planck (10) 
G .S.C. (10) 
G .S.C. (10) 
G.S.C. (10) 
G.S.C. (10) 
Max Planck (10) 
G .S.C. (10) 
M.U.N. (ICP-MS) 
Max Planck (10) 
M.U.N. (ICP-MS) 
M .U.N. (ICP-MS) 
Max Planck (10) 
G.S.C. (10) 
Max Planck (10) 
G.S.C. (10) 
G.S.C.(IO) 
G.S.C. (10) 
M.U.N. (ICP-MS) 
G.S.C. (10) 

Max-Planck- samples run on a Finnigan-MAT, multi-<:OIIector mass spectrometer 
analyst, G.A. Jenner. 

G. S.C. - samples run on a Finnigan-MA T, multi-collector mass spectrometer 
· analyJit, H.S. Swinden 

M.U.N. - samples run on a VG MM-30 single collector mass spectrometer. 
analyst, H.S. Swinden 

10 - Isotope dilution 
ICP-MS - inductively coupled plasma mass spectrometry 
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ml of 1.5N HN03. The REE were then collected with 12 ml of 8N HN03 in teflon beakers. 

Columns were cleaned in 8N HN03 , backwashed in H20 and re-equilibrated in 1.5N HN0
3
. 

Stage 3: Rare earth fr'!ctions were further separated using 10 em of teflon powder, coated 

with di-2-ethylhexyl orthophosphoric acid in 12 em quartz columns. Following collection after 

stage 2, samples were dried, dissolved in 4 ml 8N HN03 and 2 drops of HCI04 to destroy organic 

material, and converted to chlorides. 

For Nd IC samples, the samples were loaded and the REE lighter than Nd eluted in 5.5 ml 

0.15 ml and 2 to 3 ml 0.18N HCI. Nd was then collected in 2 to 4 ml of 0.18N HCI and 3 to 5 ml of 

0.30N HCI in teflon beakers, dried and stored in dilute HCI. 

For Nd ID samples, the samples were loaded in 0 .15N HCI, and the REE's lighter than Nd 

eluted in 3 ml of 0.18N HCI. Nd was then collected with 6 ml of 0.25N HCI and Sm with 5 ml of 

0.50N HCI. 

Mass Spectrometry 

Samples were analysed on three mass spectrometers as detailed in Table A1 0.1. 

At Max Planck lnstitutt fuer Chemie and the Geological Survey of Canada (G.S.C ), 

measurements were made on a Finnigan-MAT 261 mass spectrometer. The analyses at the 

former were done first, before the chemical procedures were developed in the M.U.N. laboratory. 

A range of samples was analysed based on preliminary geochemical interpretations so as to get 

an idea of the range of values present and aJiow a more informed decision as to which samples to 

analyse subsequently. 

Af,ter Nd and Sm separations were begun atM . U.N , several of these samples were run on 

the MM 30 mass spectrometer at M.U.N. It quickly became apparent that this instrument could 

provide sufficiently precise determinations of the NdiC only on the most Nd-rich samples (e.g. 

those from the NAT and NAE groups). Running times fctr these samples were on the order of 12 

to. 14 hours per sample. Sample loads of less than approximately 500 ng of Nd wo~ld generally 
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not run long enough to provide a precise determinat ion. Because more than half of the samples 

from the Wild Bight Group would have been at or below this limit on the MM-30, work was 

discontinued on this instrument and the remaining analyses (as well as all Nd and Sm separates 

for isotope dilution) were carried out on the MAT 261 multi-collector machine at the G.S.C. The 

opportun~y to do this and much assistance in carrying out the analyses was kindly provided by 0. 

N 

van Breeman, C. Roddick and D. Loveridge of the G S.C. Isotope Laboratory. 

Analytical procedures at Max Planck are detailed by White and Patchett (1985) and were 

carried out by Dr. G.A. Jenner. 

At the Geological Survey of Canada, Nd and Sm were loaded ~ith H3P04 O!l,double Re 

filaments and measured as metal in multi-collector static mode. Backgrounds and interfering 

species were measured between blocks of 12 scans and baseline values after every third block . . 

Typically, 80 to 120 ratios of Nd were collected for Nd IC and 70 to 100 ratios for Nd and Sm ID to 

achieve adequate precision. During Nd IC ar.alyses, 150Nd/144Nd was also measured as a 

m6nitor of data quality. For Nd ID measurements, the 150Nd/1 44Nd ratio was measured and 

normalized to 146NdJ144Nd = 0.7219. For Sm ID measurements, 152smJ14?sm was measured 

and normalized to the first 147srn~149sm in the run. 

At Memorial University of Newfoundland, Nd isotopic ratios were measured on a VG 

Micromass-30, single collector mass spectrometer. Samples were loaded in dilute HCI and 

H3Po4 on Re triple filaments. Backgrounds and interfering species were measured between 

blocks of 10 scans. Typically, 1200 to 1800 ratios of Nd were collected to achieve the desired 

precision. During Nd IC analyses. 150Ndf144Nd was also measured as a monitor of data quality. 

Analytical accuracy was monitored with the La Jolla standard and data corrected to 

143Nd144Nd(La Jolla) • 0.51 185. A further check was made by analysing the BCR-1 

international standard, for which accepted 143Ncf'144Nd ratio is 0 .51265. 

White and Patchett (1984) gave analytical data for multiple analyses of La Jolla during 

1982·83, shortly before the present analyses were done there. Little change was recorded in 



later analyses done during the time of the present analyses (G.A . Jenner, pers. comm., 1987). 

The values cluster at 0.51185 within analytical error (0.51.1847±21) and analyses of BCR·1 at this 

laboratory ~eported by White and Patchett (1984) and Rautenschlein et al. (1985) are 

143Ndi144Nd .. 0.512647±22 and 0.512653±16 respectively. Thes~ demand no further 

correction to the present data. 

Repeated measurement of the 143Ndf144Nd ratio of the La Jolla standard at M.U.N. 

during the time that these measurements we_re done are shown in Figure A 10.1 A. They cluster in 

the range of 0.51185 within analytical error (0.511859 ±.29 where the uncertainty is twice the 

standard deviation of the mean) and demand no further correction of the present data. 

Repeated measurements of the 143Ndt144Nd ratio on the La Jolla standard at the 

Geological Survey of Canada during the time of the present measurements are plotted on Figure 

A 10.1 B. At 0.511828±14, they are generally lower than the accepted value for La Jolla. A similar 

result was obtained from measurements of BCR-1 (two measurements, 143Ndt144Nd • 

0.512613±11 and 0.512610±13 respectively). Accordingly, 143Nd/144Nd ratios measured on 

this instrument were standardized by addition of +0.00003. 
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Analytical precision is reported in the above descriptions and in Table 4.1 as twice the 

standard error on the mean, calculated on in-run statistics. This accurately estimates the 

instrumental precision of each analysis but may overestimate the overall precision considering 

imprecisions introduced during laboratory procedures and instrumental variation with time. 

Duplicate analyses of 8 samples are reported in Table A10.2. Two of these are samples prepared 

from separate splits of powder from the same sample. The others are replicate analyses of 

different splits of the _same Nd concentrate . It is clear that tor very clean runs, where the··standard 

error is very low, this statistic may underestimate the true precision of the analysis. In all duplicates 

analysed, the worst analytical precision is ±11 and most are bet1er than this . In the use of analytical 

data in the text, therefore, analytical precision is conservatively reported to be. at best, ±15 and 

this is considered to more than account for i!ll>recision above and beyond that imroduced by the 

instrumental analysis. 
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Figure A 10.1: Results forthe La Jolla Nd standard run at the Geological 
SuJVey of Canada and Memorial University of Newfoundland during the 
periods that analyses for this study were carried out. The former are 
multi-collector data. the laner single collector data, fractionation corrected to 
146Nd /144Nd • 0.7219. Error bars are twice the standard error on the mean 
for individual runs. Mean indicated by solid line and 2 sigma for the · 
population by dotted lines. 
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Table A10.2: Duplicate Nd isotopic analyses. Asterisk indicates samples 
prepared separately from powder. Others are duplicate analyses of separate 
aliquots of the same Nd concentrate. Quoted analytical uncertainties are twice 
the standard error on the mean based on in-run statistics · 

Sample No. Analysis 1 Analysis 2 Difference 

2140456" 0.512942 ±13 0.512925 ±15 0.000017 
2140544" 0.512907 ±1 1 0.512928 ±11 0.000021 
2140491 0.512718 ±7 0.512740 ±7 0.000022 2140483 0.512737 ±3 0.512728 ±7 0.000009 
2140571 0.512425 ±9 0.512419 ±10 0.000006 
2140506 0.512813 ±6 0.512795 ±8 0.000018 
2140512 o.5124n ±9 0.512475 ±10 0.000002 
2140756 0.512520 ±8 0 .512537 ±12 0.000017 

I 
/ 

. ' 
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Nd and Sm blanks processed in the M.U.N. clean lab at the same time as the present 

samples are reported in Table A10.3 . All are negligible with respect to the amounts in the samples 

during analysis. 

Sm!Nd ratios for most samples were measured by isotope dilution. Nd a0d Sm separates 

were prepared from spiked aliquots of the samples dissolved for Nd IC analysis and 

concentrations of Nd and Sm were calculated from measured 150Ndi1'44Nd and 152sm~149sm 

ratios respectively. Analytical errors in SrntNd are too small to be r!' resented by error bars on 

Figures 4.2 and 4.3 and recalculation of epsilonNd for all samples b sed on maximum analytical 

errors produced no change in the calculated epsilonNd· For six sa les, the SrntNd ratio was 
I 
I 

measured by ICP-MS at Memorial University of Newfoundland. Ana~tical uncertainty quoted by 

the anaiyst based on count statistics and repeated measurement of standard materials is ±2% for 

concentrations above 5 x chondritic although errors may be much higher near the detection 

limits. These errors are large enough to be shown on Figures 4.2 and 4.3 and are represented by 

horizontal error bars. As a check on accuracy and precision, 6 samples were measured for '>'{hich 

ID data are also available. These are reported in Table A 10.4 and are consistent with quoted 

accuracy. Note that the most depleted samples have uncertainties in the ±5% range. This is the 

error bar used for depleted unknown sample 2140526 and the uncertainty in epsilonNd is 

calculated from this error. 
I 
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Table A10.3 : Analyses of Nd and Sm blanks prepared,atthe same time as the whole rocks 
for ~d isotope analysis reported in Chapter 4 . 

Sample No. 

BJF-BI-10 

HSS-BI-1 

total Nd 
(picograms) 

230 

97 

total Sm 
(picograms) 

107 

64 

The blanks were overspiked which particularly affects the precision of the Sm resu~s. The 
reported absolute values for Sm should, therefore, be regarded as approximate. 
Irrespective of this, total Nd and Sm in the blanks is negligible COrfllared to amounts 
analysed in the whole rock powders. 

\ 
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Table A10.4: Comparison of analyses of Sm I Nd ratios by isotope dilution and ICP-MS 

Sample. No. 
2140457 
2,140467 
2140473 
2140476 
2140503 
2140512 

Nd (ppm) 
31 .1 
18.8 
0.9 
1.3 
7.4 

12.4 

147Sm / 144Nd 
10 ICP-MS 

0 .132 0.136 
0.151 0.150 
0 .242 0.265 
0 .266 0.272 
0 .184 0.192 
(}. 151 0. 151 
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