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) o ABSTRACT * .

The Wild Bight Group, part of the Newfoundland Dunnabe Zone or Central Mobilg Belt, is

a thick (probably more than 8 km.) séquence of dominantly epiclastic (~75%]) and lesser vOlcanic' )

[~ 3

(~25%) rocks \yhich outcrops in and to the sough of centtal Notre Dame Bay. The base of the
group is not exposed. It passes conformably upward into fossiliterous shale with a Cara,doclan

(Middle Ordovician) grapjslite fauna. On this basis, it is considered as Earl{ to Middle Ordovician
AN

Volcanic rocks occur throughout the stratigraphic section of the Wild Bight Group. Eleven

separate volcanic sequences are identified and sampled, most of whnch comprise domlnantly or ./

wholly mafic pillow 1ava. Less commonly, massive basalt or pillow breccna and assomated mahc
A ]

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

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

.

assemblage is intruded by fine 10 medium grairied matic sills and, Ieés commonly, dykes.'which
are interpreted on field and geochemical eQidence to be subvolcanic. |

+ The matic volcanic rocks exhibit a greenschist facies metar‘norphlc assemblage of chlorite-
- albite - quanz epidote + (actmolne sphene, magnetite and caicite). The oniy pnmary mineral
remaining is c!mopyroxene Comparison of secondary mineral chemnstry w:th ancuent and moéiern
oceanic rocks and with experimental results are consistent with métamorphism at tempe(alures in
the range 200° C to 280° C and low water / rock ratios. The local presenée of secondary - N
amphibole is interpreted to reflect slightly higher temperatures.

Maijor and trace elemen! wﬁole rock analyses of volcanic and subvolcanic rocks. as well as

clinopyroxene mineral chemistry, reveal a complex geochemical association. Two broad

‘paleotectonic environments can be identified using high field strength elements; volcanic rocks

in the lower and middle paris of the group have a clear island arc geochemical signature {negative
Ta and Nb and positive Th with respect 1o La on a chondrite-normalized basis) whereas those in.
] .

the upper parts of the group generally do not. However; basalts of both affinities occur together

ii
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i these two envirohrne’ms. furth.er variations can be recognizeq. Roclfs Wi'th an
island arc geochemical ;ighature include both LREE-depleted énd LREE-enriched island arc
tholeiites as well as a grdup of very incompatible element-depleted tholeiites which are-
interpreted to represem.panial melting of refractory sources. Rocks lacking the island arc

-_qeochemlcal signature range from s;ightly LREE-enriched basalts to akalic basalts and RIUde a
group of basalts that have geochemical characteristics transitional between the two end

" members. Mafic subvoicanic rocks represent all of these eruptive types.
Felsic volcanic rocks are Low - K, high - SiO2 rhyolite. .They occur only in the central
straligraphicApans of the group and are assbciated with mafic rocks of island arc affinity.
Petrogenetic modelling of the Wild Bight Group volcanic roclé, using a comprehensive

- sulte of Nd Isotbpe ‘analyses on selected whole rocks, allo&s further interpretation of their origin.
Rocks of island arc affinity, for the most part, have epsilonpng in the range -1.2 to 48, indicating "

AT the involvément of enriched-mamle sources in the magmas. Negative Nb and Ta and positive Th ‘
| ————mmalles with-respect to the LREE indicate that this component was most tk . _ ely acontinental =~ T~
‘ cu:ustql source from the subducting slab. The island arc tholeiites can be modelled as resulting
frqm mixing of this crustal source and normal depleted mantle folldwed by varying amounts ofr

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

suggested by a strong negative correlation between epsik_mNd and both Sm/Nd and atomic

Mg?(Mg«Fe) (Mg#). Al rocks that lack the island arc geochemical signature have epsilonpng in the

ranQo +4 to +7 and are interpreted to have resulted from varying degrees of partial rpelting of an

9ceén Island bas.an - type source, locally mixed with normal bepleted mantle. ,
;I'he geochemical and isotopic data, and comparisons with medem oceanic environments

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

development of the Wild Bight Group. Stage 1, the bottom of the group, records the last phases




——
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of vuléanic, activity in wh‘;at may have been an originally more extensive island arc terrane. Stage .
two records the tréémentation of the arc, wlth attenuant hydrous partiat rpeltlng of both r'etrﬁétoti
mantle sagrces and basal arc crust. Stage ttmrae records an éarly stage of back-arc magm;tlsm with
the eruptnon of alkalic and transmonal alkahdtholeutnc basalls, respectively tormod by lncreaslng
amounls of partial melting of an ocsanic island basalt-type source. Stage four records a more
mature stade of back-arc volcanism with advanced pamal meling of oceanlc island basait sources
and possibly mlxmg with normal depleted mantle sources. The continued eruption of arc
tholeiites at this stage mdncates that the back-arc basin was not very wide, and even in the latter -
stagés was still broadly in a "supra-subduction zone’ environment. _ |

The four volcanogenic sulphide‘deposits tnthe Wild Bight Group include both massive
sulphides and stockworklfdeposits formed dUring Stage.z probably as a result of increased .
fracturing, heat flow and hydrothemal circulation accompanying breakup of the arc. e

Companson of geochemlcal data from the Wild Bight group with nearb< approximately
coeval, volcanic sequences suggests that the environments can be recognized throughout

central and eastem Notre Dame Bay and in south-central Newfoundland; Lead isotope studies of -

mlcanoganicusulphidideposiis‘thmugmutcemral Newfoundland suggest that deposits in the

Wild Bight Group arc had similar Igad sources 1o those in an eartier island‘arc of late Cambrian age
that is represénted throughout south central Newfoundland and Notre l')'amé Bay. This suggests
a tectonostratigraphic relationship between them arid it is possible that the earlier arc was the ’
basement upon which the later arc was buikt. Lead isotopes It) these sequences are .rglatively

radiogenie and contrast sharpli'vivith those in most of the western Dunnage Zone deposits, where

relatively non-radiogenic lead is prevaient. This oontrast‘suggests that a m;[or structural boundary
may ue present along the eastern side of the Buchans - Roben's Arm belt.Sgg‘u;er'\ces on ether -

side of this bouhdary may represent different te?onostratigraphic terranes, pxtaposeJ during

the late Ordovician or earty 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 Bay, nonl'w-central
Newfoundiand. It forms pant of an extensive tract of dominantly pre-middle Ordovician, oceanic,
stratified (dominantly volcanic and volcaniclastic) rocké that outcrops throughout Central
Newfoundland and defines the "Ce?tral Mobile (or Volcanic) Belt” (Figure 1.1). The thick
" sequences of volcanic >and volcaniclastic rocks in this tract have been widely interpreted as the

products of island arc volcanism and sedimentation accompanying the closure of the lapetus
Ocean (e.g. Wilson, 1966; Bird and Dewey, 1970; Williams ot al, 1974; Strong, 1977; Williams,
1979; Dewey ot al,, 1983).

The broad outlines of the stratigraphy of the Wild Bight Group were first described by Heyl
(1938) and further r"efined by later reconnaissance studies (Williams. 1964; Horne and Helwig,
1969; Dean and Slro;mg; 1976, Dean, 1878, among olr;ers). Howasver, few detailed data
regarding the distribulion and stratigraphic setting of the volcanic rocks have been published.
Likewise, there are no geoche‘mical or isotopic data on which to interpret the magmatic and
paleotectonic history of volcanic rocks in the group and the interpretation of this—;;que}wce as
products of island arc tectonism remains unsubstantiated.

This lack is particularly significant in view of-the fact that the Wild'Bight Cmup 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,‘lhave historically been a major
source of base aod'precious metals and continue to be 3 major target for exploration etforts.

Despite tMs, there is little documentation of the specific types of volcanic rocks associated with

mineralization or the paleotectonic enyironmenis in which they formed.




Figure 1.1: Tectonostratigraphic subdivision of Newfoundiand. Wild Bight Grbup indicated by

dark stipple. Other Cambrian to Ordovician volcanic and volcaniciastic rocks indicated by light

stippie, ophialites by black sha{ﬁg
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This thesis presents the results of a getailed geological, petrological, g‘eochemical,,and
isotopic study of volcanic and subvolcanic rock; in the Wild Bight Group. The aims and principal
objectives of the sftidy are:

1) to document the geological settings and petrological characteristics of volcanic and
subvolcanic rocks in the Wild Bight Group;

2) to identify and document the geochemical variation in volcanic and subvolcanic-rocks in
the Wiid Bight Group, and 1o interpret thesg characteristics in terms of the petrogenetic history of ]
the magmatic rocks and the paleotectonic environments in which they might have 1ormed‘.

3) to define the geological setting of vo'lcanogenic mineralization in the Wild Bight Group,
to ir\lerprel this setting In terms of possible paleotectonic environments and to refine genetic

modals for the minerafization 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 Newloundland, in order 1o futther our understanding of the pre-Middle hd

(49

Ordovician geological development of the Central Mobile Belt.

The Wil%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 ot Dean and Strong (1976); )

2) vokeanic rocks are wideépre;\d 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 lndented coastline, providing excelient acpes.s to the complete stratigraphy and good -
exposuras of many critical stratigraphic and structural relationships; ' -

&Y To geochemical or whole rock isotopic data were previously available;

5) like many other volcanic units in north-central Newfoundland, it is overlainby a

widesprea'd fossiliterous unit, the “Caradocian shale” (Dean, 1978), which provides a compeliing
7]

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




broad area; ‘

6) the Wild Bight Group cont‘ains four vplcanogehic sulphide deposits, and, tharelors,
provides an excellent opportunit); to investigate the relationship between genesis of the volcanic
rocks.and the presence (or ‘absence) of mineralization.

Chapter 2 presents detailed descriptions of the geological settings of the voicanic and
subvolcanic rocks from ﬁeld'data collected by detailed traversing of all volcanic sequences
including examination of ali contact and internal stratigraphic relationships where exposed,
detailed traversing of all coaslal exposures to examine regional lithological and stratigraphic
relationships, and systematic i'nland traverses 0 examing regional relationships not exposed on
the coastline. These data are supplimented by petrographic studies of the volcanic and
sut‘)volcanic rocks and electron microprobe analyses of selected secondary mineral phases.

Whole rock samples 'weré analysed for major and trace elements and selected samplas
were analysed for addilional highfield strength elements (HFSE) and rare earth elements {(REE).
These analyses are presented in Chapter 3 with preliminary inte'rpretations of the nature of the
magmatism and the possible teclonic environment(s) that the rocks represent. Electron
microprobe analyses of clinopyroxene in mafic rocks futher contribute to the discussion.

Whoie rock Nd isotopic studies. presentedin Chapter 4, allow further comparison q! the

magmatic history of the Wild Bight Group, by ﬁelping fo constrain the nature of the magmatic ~

source area(s). Isotopic and ge@emical data are integrated in a synthesis and interpretation of

the petrogenesis(es) of the various magmatic rocks at the ;and of this chapter. §
In Chepter 5, the geological, pétrological, geocharniical and isotopic data are compared
with modem oceanic environments that are interpreted as good anélogues for the Wild Bight
Group. These form the basis for a model of the paleotectonic development of the Wild Bight . '
* Group.
Volcanogenic sulphide deposits in the Wild Bight Group are .described ir; Chapter 6 and
Ihe\ir genesis interpreted in Yerms of the paleotectonic setting o! the hos!? fOCk"S. Lead isotopic
data from these and other deposits in Central Newfoundland are used to constrain lur-thgr the

-~




) 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 conclusions.

»1.2 Location and Access

-

The Wild Bight Group is centered at approximately 49° 20'N., 55°, 30‘ W. and occupi.es
parts of 1:50,000 map sheets 2E/3 (Botwood), 2E/4 (Hodges Hill), 2E/5 (Robert's Arm) and 2E/6
(Point Leamington). Most of the northern par of the Wild Bight Group is easily accessible by small
boat from fhe shores of Badger Bay, Seal Bay and Osmonton Arm-and from all weather gravel
roads linking Point Leamington with Leading Tickles (Figure 2.1). The southeastern corner of the
Wﬁd 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 abaﬁdonedj bush roads ‘and trails (now
passable only to fc;ur-wheel drive and all-terraln vehicles) whicvh connect with major highways at
Point Leamington, Botwood and Grand Falls. Inland oujcrops in the western ban of the gl;oup are
locally accessible via all-weather forest access roads which link with Highway 380 between South

. o .

~ ' [y
Brook and Robert’'s Arm. Access 1o remote areas throughout tha southern part 'of the group is

gained by canoe on the numerous lakes and rivers and b'y fixed and rotary winged aircraft.

1.3 Reglonal Setting of Pre-Middle Ordovician Stratitied Rocks In the Central
‘Mobllo Bett '

\The island of Newio{.mdland is the northeastern termination of the Appalachian Orogen
(Williams et al., 1974; Williams, 1978). The orog'en in Newfoundland is generally regarded as a
'two-sided. symmetrical system" (Williams, 1964). Precambrian continentali plattorms (fhe Humber
and Avalon Zones o‘f Williams, 1978, or the Humber and Avalon Temanes of Williams and Hatcher,

1983) occur to the west and east, reépeci'ively (Figure 1.1). These are separated by an earij

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

Hatcher, 1983) which records the formation, development and subsequent destruction of pan of

\ .
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an early Paleozoic oceanic terrane, comméhly termed the 'Pro!b Atlantic™ o "lapetus” 6cean
{(Wilson, 1966; Harland and Gayer, 1972). The Dupnage Zone forms the Qeslern and northern pan
of the Mobile Belt and #ts pre—Silurian rocks record mostly intra-oceanic events. In thg Gander
Zone to the south and east, the pre-Silurian record contains quartzose clastic and fel?olcanic
rocks which are interpreted to havq been deposited at or near a sialic continental margin
(Colman-Sadd, 1980; Colman-Sadd and Swinden, 1984).

A summary of stratigraphic refationships in the nonhern/éa} of the Central Mobile Bett tan
be foundin Dean (1978), to which the reader is referred for a comprehensive reference to
previous work and the development of ideas concer'm‘ng the geologital history of this pant of the
oroge;n. .

The analogy between pre-Middle Ordovician volcanic se’quences of central Newtoundland

' 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
moderm volcanic islands and Heyl (1936) alsc considered that volcanic and volcaniclastic.rocks in
central Notre Dame Bay (now a;s,signed to the Exploits and Wild Bight Groups) probably represent

&
integral pan of gegsynclinal theory applied o the Appalachians by, among others, Kay (1951).

ancieggolcanic-isl-ands. The conéept of an Drdovician chain of volcanic islands was also an
Wilson‘(1966) pointed out that madern volcanic chains adjacent to continental margins

were. protably analogous to Ordovician volcanic-volcaniclastic sequences in the Appalachians

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

between the pre-Middle Ordovician sequences of central Newfoundiand 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, far example, Bird and Dewey (1970), Mitchell and Reading

(1971), Williams etal (1972,1974), Kay, (1973), Kennedy (1875), Strong (1977), Dean (1978)

and Dewey et al., (1983) and figured strongly in moreketailed studies of individual sequences by -

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

DeGrace 6t al. (1976, Snooks Arm Group) and Tuach and Kennedy (1978, Pacquet Harbour

-
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Group) among others.
These and other early models for Central Newfoundland geological and tectonic

devélopmem assumed a simple stratigraphic succession from bagal ophiolites to overlying island

arc sequences interpreted as recording the Cambrian to early Ordovician opening of lapetus
{ophioiitic rocks) followed by its early to middle brdovician closing (volcanic/volcaniclastic
‘ /

sequences interpreted as island arc-related). In each case, istand arc volcanism was postulated on
the basis of some or all of the following obser\}ations:
\./ (1) the substantial thickness of some sequences {up to ten km), believeq to be more
characteristic of island arc than oéeanic settings;

{2) the association of volcanic rocks with volumin;)us, volcanically - derived, clastic
sedimentary rocks; Y

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

(4) the stratigraphic setting of these sequences above ophiolitic rocks v_vhich; following

’

. . Church and Stevens (1971), were generally inte}preted as ocean floor;
{5 geo?:hem'ical data suggesting a broad calc alkalic affinity lo‘r mahy of the volcanic
~ . products. ' ’

However, more recent detailed geochemical and isotopic studies, and particufady
geoéhronological work, hc;lve shown that such a simplified model is unfenabie. Geochronological
studies have shéwn. for example, that t}1ere are at least two generations of ophiolites (Dunning
N and Krogh, 1985). each of which kocally contains evidance for magrriatism in a supra subduction\
zone environment (the Pipestone Pond Complex at ~495 Ma, Swinden, in‘press: the Betts Cove
Complex at ~ 488 Ma, Coish 6t al., 1982). Furthermore, at least three generations of island arc
volcanic rocks have been identified (Dunning et al, 1986 ; 1987) spanning the time period from
late Cambrian to middle Ordovician and geochemical studies have shown that within some of the
thick vokanic-volcaniclastic sequences previously interpretgd aé arc-related, there ére magmatic

rocks that appear 1o be products of within-plate rather than island arc activity (e.g.,. Jenner and

Fryer, 1980; Jacobi and Wasowskj, 1985; Wasowski and Jacobi. 1985; see Section 1.4).

(n?




It is now clear that the Central Mobile Belt records a long and complex history, the detalls of
which are equivocal. The present geological, geochemical and Qeochrgn-ological data base,
however, suggests the general sequence of events =summariz'ed below (lime scale according to
van Eysinga, 1975): ‘

1) ~505to 520 Ma, late Cémbrian: 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 feisic volcanic rocks) is
indicative of an islanq arc origin (Kean and Jayasinghe, 1980)1 A somawhat younger U/Pb (zircon)
date of 510(;17/-1 6) Ma has tgen obtained from the Twillingate trondhjemite (Winiams‘efal,,
1976), likewise interpreted as formed in an island arc environment (Payne and Slrbng, 1979). ltis
not known whether there is any direct relationship between these two old islarid érc terranes, but
together they apparently constitute the earliest voicanic a‘ctivity inthe Dunnage Zone. .

Most récently, 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 p;m of this sequence may be approximately coeval
with the late Cambrian arc.

2) ~495 Ma, Tremadociam: ophiolitic focks of the Gander River Ultrabasic Belt (GRUB)
represent the earliest period of ophiolile generation. Geochemical studies of theA'Coy Pond '
(Colman-Sadd, 1985) and Pipestone Pond (Swinden, in press) ophiolites suggest that they
ware, at least in pant, supra-subduction zone ophiolites. There are no geolbgical links between
these and the slightly younger ophiolies of‘the western Dunnaga Zone.

- 3) ~475 to 488 Ma, Arenigian: During this period, most of the western Newfoundland
.Ophiolites (e.g. Betts Cove, Anniecpsquotch, Bay of |sla.nds) were generated (Dunning and
Krogh, 1985). These mainly appéar to r;epresent oceanic crust generated in back arc basins (e.g.
Upadhyay and Neale, 1979; Dunning and Chorlton, 1'985) although geochemical and isotopic

A .

evidence suggests that the Betts Cove cownplex may represent the 1atter stagés of an arc rifting

aevent (Coish et al., 1982).

9
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These ophiolites are locally conformably overlain by volcaniclastic and malic volcanic rocks
of oceanic island affinity (Jenner and Fryer, 1980).

4) ~475 Ma, la;e Aren;‘gian: The Buchans and Robert's Arm groups were formed at this
time (Dunning et al., 1987) as were nearby volkcanic rocks of the Cutwell Group (G.R. Dunning,
pers. comm. '1.987). The extensive deve!opm;a_nt 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 atthough Bostock
(1978) sdggested on the basis of TiO2 and P20g 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 Ma.at a number of localities in central and
southern Newfoundland (Dunning et al., 1986). Volcanic sequences that have yiel.ded these

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

4
geochemical arguments (e.g.-volcanic rocks in the northwestern pan of the Victoria Lake Group,

here termed the 'Vlcto_rla Mine sequence'.v Kean and Jayasinghe, 1980; the Bay du Nord Group,

Chorlton, 1980). However, recent work has also identified volcanic rocks with geochemical
signatures of oceanic within plate envlronmen1§ in some of these seque}\ces (e.g. Reuch.
1983; Jaoo!,ai and Wasowskl, 1985; Wasow§ki and Jacobi, 1985). Locally, the vokanic rocks are
interbedded with fossiliferous sedimentary‘rocks containing a Llanvirnian fauna (e.g. the Tulks Hifl
volkcanics, Kean and Jayasinghe, 1982) and at several locations, are conformably overlain by
fossiliferous Caradocian shale (Dean, 1978). <

~4) Caradocian to Silurian, Carbonaceous argillite, grey‘ and red chert and local
aocumu!at‘ions of cdlcareous argillite and siltstone overlie the volcaniclastic and volc'anic
sequences of Notre Dame an and south-Central Newfoundland (Kay, 1975; Dean and Strong,
1976; Dean, 1978; Dean and Meyer, 1982). This pelagic facies is overain in most areas, by Late

Ordovician to Silurian turbidites, consisting of greywacke and fing-grained conglomerate,

assigned lo the Sansom Formation, the Point Leamington greywacke and the Goldson
A {
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conglomerate. These were derived from a volcanic terrane to the north and northwest (Herwid,

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 exceptfon is found in the
Cutwell Group on Long Island where Caradocian argillites are overlain by intarmediate volcanic
rocks of the Parson's Point Formation (Kéan and Strong, 1975).

Volcanic activity resumed in the early-Siiurian with the widespread sruption ot terrestrial
volcanic rocks accompanied by the deposition of fluviatile clastic sediments. Detailed studies of *
the Springdale Group and volcanic sequences on the Burlington Peninsula (Kontak and Strong,
1586; Coyle and Strong, 1987) indicate that these rocks were enspted in an epicontinental
environment and are not related to subduction.

The post-Si_lurian 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 fluviatile sedimentation

(Belt, 1969, Bradley, 1982).

L3
.

1.4 Previous Geochemical Studies of Pre-Siturian Volcanic Rocks In Ceﬁtml

Newfounéland

There are a number of published and unpublished geochemical studies of pre-Silurian
volcanic rocks in the Central Mobile Belt. These d‘ata have liguréd prominently in sagne
paleotectonic models for the Central™obile Belt and are particularly relevant to the results of the
present study. A compilation of previous gaochemical 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 relied heavily on interpretation of major element «

v
relationships ( including alkali #d alkaline earth ‘elements without regard to possible effects of

alteration) and a limited number of trace elements, usuatly including Ti, 2r,Y, Crand Ni,

-
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Table 1:1: Summary of previous ical studies of \
pre-Silurian voicanic rocks in the tral Mobile Bait.
DATA- INTERPRETATIONS
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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 Cutwell, Robert's, Arm and
Buchans Groups. However, they alsc led some workers 1o ‘suggest that the chemistry of man)} of
the volcanic rocks in the thick volcanicivolcaniclastic sequences 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 andQC‘ann diagrams. Bostock (1978)
made a similar case for tholeiitic rocks at the base of the Robert's Arm Group (although without
pubiishing his data) and suggested that this group was bipartite, with a lower volcanic sequence
of oceanic island origin and an upper sequence formed in an island arc.

Jenner and Fryer (1981) wére the first to present rare earth elemc;nt (REE) data for any of
these volcanic rpcks in their analysis of the petrochemistry of the Snool-[s Arm Group. They
showed that these volcanic rocks are dominantly large ion lithophile element (LILE) enriched
tholeiites unlikely to have been generated in an island arc environment, supporting previous
conclusions of Upadhyay (1973) and Strong (1977).

Geoc‘hemicai studies in central and eastem Nolre Dame Bay r;ave not yielded much
evidence of island arc vplcanic activity. Both the Summerford Gr;up (Reusch, 1983; Jacobi and
Wasowski, 1985) and-the upper par of the Exploits Group (Wasowski,1984; Wasowski and Jacobi,
1985) have been found to cor{tain mainly light rare earth element {LREE) enriched tholeiites
indicative of ocearjic island volganics although incompatable-element depleted b.asalts in the
lower Exploits Group were interpreted by Wasowski (1985) as possibly representing a torearc
setting. The geochemical similarity of volcanic blocks in the Dunnage Melang? to those in

volcanic units in the nearby Summerfordand Exploits groups (Wasowski and Jacobi, 1985)

“supponts the contentions of Hibbard (1876) and Hibbard and Williams (1979) that the blocks are

derived from the adjacent units. ;- .

i

In summary, although geochemicat studies of volcanic rocks in the Central Mobile Belt

have been carried out sporadically for over fifteen years, there are still few -volcanic sequences




\]

. that have been adequately characterised geochemically. In p(anicular, REE data are only availabie
for three units (Snooks Arm, Exploits and Summerford group:s) and fhe trace element data for
many rocks whic=h was galhereq in the eary to mid 1970's is of variable quality and in many cases
does not include pracise analyses for critical elements (in pani;:ular Nb and Y). There are no
published data for the high tield strength elements (HF SE) Ta or Ht. Clearly, the paleotectonic
enviropments of most vofcanic rocks in the Central Mo!ile 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 of 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, semantic te?ms

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

regard to the units being discussed and are defined as follows: -,
' Suites: Sample combinations referred to as "suites” are groups of volcanic and
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 "Ti-poor group”). They may

include samples from more than one suite.

14
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CHAPTER 2
GEOLOGY AND PETROLOGY OF THE WILD BIGHT GROUP VOLCANIC AND

SUBVOLCANIC ROCKS

21 Introduciion-
The Wild Bight Gro.up underlies approximately 1000 km2 and has been estimated by Dean

(1978) to comprise a stratfgrabhic thickness in excesg of 10 km. Approximately 75 percent of the

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

rocks. Mafic dykes and,sﬂ!s%\erpre!ed to be subvolcanic occur througﬁout the sequence. v
Volcanic rocks occur only in the eastern and central-parts of the Wild Bight Group. The

2 distribution of lithologies and regional setting of the Wild Bight Group ; illustrated in Figure 2.1
while the geological relationships in the eastern part of the group, 9anieularly with respect to the

\ -0 sefting of the valcanic members, are depicted in more detail in Figure 2.

2.2 Previous Work and Nomenclature .
Early workers in Notre Dame Bay recognized the widespread outcropof volcanic and
epiclastic rocks (e.g. urr and Howley, 1881; Wadswor{h, 1884; Sampson, 1923, Snelgrove,
1928). :owever, Espenshade (1937) was the ;irst to publish detalled descriptions 9! rocks
‘ presently assigned to the Wild Bight Group. Mapping in what is now considered as the western

agiger Bay, which

-]

REhJorm the base of a
ot

——

w;est-facing stratigraphic sequence (the "Badger Bay Series”) that incl.uded }ocks now assigned
to the Wild Bight Group, Shoal Arm formation‘(Caradocian shale), Sansoﬁ Greywacke abd the
Robert's Arm Group. ‘ :

| Previous 1o Espénshade's work, Heyl (1936) had described t'he geology of the Bay of

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

N ‘ westwards in a reconnaissance fashion 1o the area between New Bay and Badger Bay (Hey!, ,

Iy




Figure 2.1: Generalized geological map of the Wild Bight Group (light and dark stipple) illustrating
the regional setting, contact relationships and distribution of lithologies . Volcanic 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

indig;ate probable Acadian plutonic rocks, wavy lines are Caradocian shale and broken pattern the

- South Lake Igﬁeous Complex. Geology is shown in more detail in Figure 2.2.
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1938). In the process he examined much of the Wild Bight Group coastal exposure, assigning it
to the Explolts Serles which he had previously defined in the Bay ot Exploits area.%Unfohunately.
much of Heyl's (1936) stratigraphy in the Bay of Exploils area was erroneous (See review in Dean,
1978) and these emors were propagated across the central part of the Notre Dame Bay area

! during his later work. Athough most of Hey!'s nomenclature has been discarded by later workers,
it is of interest with respect to the present study that he was the first to assign a formal name to
volcanic rocks inthe western part of the Wild Bight Group (again, the "Badger Bay basalt” of this
thesis) which he termed the "Wild Bight Formation”.
] Hayes (1951) mapped roughly the western third of the pre\sent Wild Bight Group,
extending Espenshada’s work'inland te the southwest. However, he adopted Heyl's {1936)

nomanclature, retaining the name "Wild Bight Formation” for volcanic rocks in Wild Bight, Badger

Bay. : .
Wimamsl‘(1963) was the first to define the Wild Bight Group in its present form. Recognizing
the significanca of the Shoal Arm Formation as a regional s(ratigraphic marker in western and
central Notre Dame Bay, he included only rocks below this unit in the Wil'd Bight Group. He
assigned an Onrdovician age to the Wild Bight Group, corLrelating it with vok‘:anic rocks on New
World lsland’(now the Summertord Group) and the Fortune Harbour Peninsula (now the
Moreton's Harbour and Cottrell’'s Cove groups). |
Horne 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} with the basal unit of the Exploits Group ( Tea Am volcanics) implying
that most of the Wid Bight Group is stratigraphically lower than the exposed base of t.he Exploits
Group. |
The 1:50,000 scale geological compilations of Dean and Strong (1976) were the first

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

. from previously cited workers, and from unpublished maps prepared by. Noranda Mines Limited at
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1"=1/4 mi., supplemented by tield checking of critical localities. A stratigraphic synthésis_ based
on these map compilations was later prepared Sy Dean (1978) who retained¥Villiams' (1963)
definition of the Wild Bight Group and further subdivided it into five formations (Figure 2.3). He
showed that thé group is disposed in a major anticline which he terﬁed the "Seal Bay anticling”,
outlined the distribution of volcanic and epiclastic rocks throughout the group, and provided the
first published account of rocks in the centraf®and southem 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,, 1981), emphasizing the correlation of the Wild
Bight Group vlvith other pre-Caradocian volcanic and sedimentary sequences in central and
southern Newfoundiand. |

Swinden (1984) published brief descriptions of the vokanic rocks and mineral deposits of
the Wild Bight Group, reporting on lield work that forms the basis ol‘this thesis.

Geological ma;;ping carried out during the present sludy, athough not sufficiently |
comprehensive 10 attempt revision of Dean's (1978) nomenclature of the Wild Bight Group, does
indicate thét revision is necessary. The basal Omega Point F&rmaiion forms a distinctive and
easily mappa;le unit. However, the overlying Sparrow Co've Point Formation, a thin basah unit,
does not outcrop on the pqint after which it is named, its place being taken by coarsejcrained -
gabbro and epiclastic rocks (Figure 2.2). The Side Harbour For;fnaﬁon appears to be an ¢
appropriately named and subdivided unit but the Seal Bay Brook and Penny’s Brook formations
include a great variety of rock types, not all of which are stratigraphicatly or lithologically correlative;
They are probably not useful subdivisions. . »

For descriptive purposes in this theéis. Dean's (1978) nomenclature is discarded in favour )
of‘a purely i gical subdivision of: a) sedimentary (epiclastic), b) volcanic and c) subvolcanic
rocks. The epiclastic rocks"are no\ subdivided but variations in sedimentary {acies in ditfarent

’

parts of the group are commented upon in Section 2.4. Eleven separate volcanic units are .

recognized and designated with informal namas for ease of description in Section 2.5 (not all the
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Figure 2.3: Distribution of formations 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 evidenc® for the stratigraphic

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

2.3 Geologlcal Setting and Contact Relationships
The Wild Bight Group is generally considered to occupy a broad antictinal structure (the

Seal Bay anticline, Figure 2.1), the axis of which trends apbro;zimately noﬁh-south through the
center of Seal Bay. This is t;ndoubted an oversimplification of the actual case, particularly in the
sotthwestern pén bf the groupr(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 Seal Béy Bottom in tﬁe core of this anticline. The stratigraphic succession
on either side of the anticline faces generally outward, although in detail, there are many k;cal
facing reversals resultiong from minor folds. Despite these minor folds, the successionyoungs .
more or less continuously Eo the east and west of the Sa&?a‘y anticlinal axis and is interpreted to
pass cenformably :)n 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 Nemagraptus gracilis zone
(Llandello - Cafadoc) age (Espenshade, 1937; Horme and ﬂetwig, 1969; Dean, 1978) providing
the only diraci constraint on the age of the Wild Bight Group\

Dean's (1978) estimate of a stratigraphic thickness of more than 10 km. assumed an
almost continuous, uninterrupted, more or{ess continuously younging, ;ection from the core of
the Seal Bay anticline to the Caradocian shala in Badger Bay. In view of the man; minor !olds and
strike slip faults of indeterminate displacement in the area, this estimate-should 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 digtated
by folds shown on existing maps, ylekds an estimat\e 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) anémese faults locally modity the upper
contact of the Wild Bight Group. For example, the @mnlon Am Fault juxtaposes the upper Wild
Bight Group with the PointvLeamington grsywacke southwest of Osmonton Arm. Further south,
the Long Ponc! Fautt 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 Am C;‘-roup aiof)g the Tommy's Arm fault north of North Twin Lake (Figure 2.2). The
eastern part of the Wild Bight Group is in part fautted against and in pant intruded by grancdioritic

plutonic rocks of the South\Pond igneous Suite (Figure 2.2).
. L4

The southemn contagts of the Wild Bight Group, are intruded by intermediate to mafic *
plutonic rocks of the TwirY Lakes Complex and by leucecratic graﬁitoid rocks of the Hodges Hill
granite. These i ive rocks have not been studied in detail but display complex intrusive
relationships with each other and probably are part of a single_intrusive suite. Mafic and
intermediate rocks which are probably re]:led to the Tv;in 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 fhis study, several attempts were made to date different
' parts of the sequence directly. Five different 150 kg samples of felsic volkcanic rock, representing
all felsic volcanic units, weare collected in an attempt to produce a U/Pi) (zircon)' age. None yielded
sufficient zircon of suitable quality for dating (G.R. Dunning, ‘pers. comm., 1986), although
sampling was directed by early geochemical results to outcrops with the highest Zr
concentrations. A single, 10 ¢cm thick, fimestone bed in the upper pant of the Group was sampled

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

1985). Likewise, several attempts to recover graptolites from grey and blatk argitlites in Seal Bay

Bottom were unsuccessful.

( ' g
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COLOUR PROTOGRAPHS SHOULD NOT BE
USED. THEY WILL APPEAR AS GREY
OR BLACK, WE RECOMMEND THAT THE
COPY OF THE THESIS SUBMITTED FOR
MICROFILMING INCLUDE BLACK AND
WHITE PHOTOGRAPHS REPRINTED FROM
THE COLOUR PHQOQTOGRAPHS BY A
PHOTOGRAPHER IF NECESSARY. °

s

LORSQUE MICROFILMEES, LES
PHOTOGRAPHIES EN COULEUR PARAISSENT
GRISES OU ROIRES. NOUS RECOMMANDONS
QUE L'EXEMPLAIRE DE LA THESE A
MICROFILMER SOIT ACCOMPAGNE PLUTOT
DE PHOTOGRAPHIES EN NOIR ET BLANC
PRODUITES A PARTIR DES PHOTOGRAPHIES
EN COULEURS PAR UN PHOTOGRAPHE, SI
NECESSAIRE.
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24 Epiclastic Rocks T
Epiclastic rocks are the dominant lithology in the Wild Bight Groub, 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 hature and variations within the
stratigraphic succession. For descriptive purposes, these rocks can be considered in terms of a
tripartite subdivis'ion: ‘(1) abasal, fine graine& clastic unit; (2) a central succession characterised
by sandstone turbidites and debris flow conglomerates; and (3) an upper séduence of fine

« grained sandstone, siltstone and argiliite. .

The basal unit of the Wild Bight Group, at its present level of exposure, comprises up to
500 m of red and green argiliite, chert and siltstone with lessér pebbly sandstone and minor
fine-grained conglomerate which was assigned by Dean (1378) to the Omega Point Formation.
This unit includes a single, six meter thick member of carbonaceous black argillite exposedon a
small Island in Seal Bay Bottom. Both the red argillite and the carbonaceous shale are unique to
this unkt in the Wild Bight Group. '

The transition from the basal fine grained clastic unit to the overlying, coarser grained,
epiclastic rocks is gradational. Dean (1978) placed the upper contact of the Omega Point
formation at the bas(o? a thin basatt flow which he termed the Spamrow 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,
cycli‘c pairs of laminated sgndst;ne/siltstone/chen and fine 1o medium grained, matrix-suppoﬂeh
conglomerate (Plate 2.2). The sandstone/chert units are laminated to finely bedded, locally
axhibit cross beds, current ripples, scour and fill 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 'fO% are sedimentary 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 little or no preferred orientation, stratification or
imbﬁcation and the rocks are interpreted as debris flows.
The thickness and abundance of the debris flow units and the maximum and average size
of the clasts increases steadily northeastwards (i.e. up section) along the east sho;e of Seal Bay.
In the area north of Locks Harbour, 110 10 m intervals of fine grained, laminated siltstone and N
sandstone are typically separated by as much as 60 m of conglomerate. The conglomeraes are  *
typncally 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 cm to greater than 40 cm, and consist mainly of locally-derived sedimentary and volcanic

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

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

interbedded medgium to coarse grained terbidites and debris flows lorr;r1 a major parnt of the-

sequence in exposures along thg east shore of Seal B/ay and are locally present although less

atfindant on the western shore of Seal Bay immediately north of Side Harbour. ) :
The upper, fing g_rainéd, c!as'}ic facies of the Wild Bight Group is well exposed a)onqﬂ;e

shores of Bgdger Bay, Le}ding Tickies and Wild Bight, New Bay. The transition with the

underlying turbidite-debris flow unit is gradational. Epiclastic rocks in th}s upBer sequence are

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

Badgér Bay, the dominant lithology is bedded, green greywacke and lesser siltstone, locally . .

- \
containing isolated pebble-sized elasts and more rarely, pebbly conglomerate beds. Simitar

‘ Iithologies dominate in Leading Tickles and New Bay but here, the section also contains a

substantial amount of chert and siliceous argillite and a single 40 cm thick limestone bed was

observed in thg bottom of Wild Bight, New Bay.

2.5 Volcanic Rocks

<

2.5.1 Description and Field Relationships

Volcanic rocks occur mainly in the eastem and-central parts of the Wild Bight Group. They
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occur in eleven separate geographic areas and exhibit é considerable range-in thickness,
stratigraphic setting (summarized in Section 2.5.2) and lateral extent. The geological setting of
these units is iltustrated 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

L}
volcanic units are summarized in Table 2.1, Volcanogenic sulphide deposits are briefly

mentiened in the context of the volcanic units in which they occur but detailed descriptions are

presented in Chapter 6. : P

2.5.1.1 Seal Bay Bottom basalt
The Seal Bay Bottom basalt is best exposed on the coast near the mouth of Seal Bay -
' Brook whera contact relationships are well displayed. It can be traced in inland outcrops around
the core of the Seal Bay an}ic!ine. although it is slightly oftset by several northeast-trending faults
* (Figure 2.2).
The Seal Bay Botitom basalt attains a maximum thickness of approximately 600 mon the
east imb of the Seal Bay anticline south of the Cramp Crazy Fault. However, it thins dramatically to

both north and south to a minimum 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 istand on the west side of Seal Bay Bottom
\ (Plate 2.3) and in inland outcrops southe:st of Seal Bay Botitom where pitlow lava is chilled and
the underlying sediments ére baked at the contact. The upper contact is not gxposed but is
-interpreted as conforma.ble.
- ‘ N\
2.5.1.2 Indian Cove volcanic unit R

The Indian Cove volcanic 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 brectia with minor pillow lava, and -
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JTable 2.1: Summary of field relationships of volcanic rocks in the Wik Bight Group
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an upper, laminated, commonly ferruginous, argillite. These unit;c. are disposed in a moderately
open, nortﬁ- to nottheast-trending anticline, although'in detail the distribution of lithologies is
complicated 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 stratigraphically lowest rocks inthe Indian Cove unit consist of massive, buff to green
rhyolite dsme outcropping in and immediately.west of Indian Cove. The rhyolite is extansively
hydrothermally altered, locally exhibiting gas breccias and clossly spaced fraciures 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 basalt fragments ranging in size from less than 1
cm to several 10's of centimetérs set in abutfto aaﬁ( green, felsic to intermediate matrix (Plate
2..4). The depq{s are poorly stratified, exhibit very rapid lateral variations and are intarpreted as
pyroclastic fall deposits resulting from explosive volcanism at a neaby vent. Hydrothérrﬁal
alteration, locally irdn and/or base metal sulphide-bearing, is extensively developed in both the
rhyolite dome and the overlying pyroclastic rocks.

The pyroclastic rocks are overlain by and grade laterally into spectacular ;hegabreccias as
much as 40 meters thick that contain unsorted, mgtrix'supponed fragments and blocks ranging
from 2 cmto 10 meters in diameter (Plate 25). These lragments and blocks consist of red chen,
green silistone and minor carbonate, which locally have the form of disrupted and plastically
deformed, sémi-ooherent béds, and are chaotically distributed in a; greento slighily reddish
chioritic matrix. The megabreccias are interpré'tevd as debris flows formed onthe flanks of the
voicaﬁic complex.

The top of the Indian Cove unit consists of finely laminated red chert and argillite
interbedded wifh green epiclastic sittstone and sandstor;e. A few dark grey lo black argillite be&s.
up to 1.5 m thick and locally containing minor qon(onnable massive pyrite beds as much as 10 mm

thick, are locally interbedded with green and red aryiliite. The lowest bedded red chert is

apparently stratigraphically equivalent to the debris flow megabreccias.

30




Figure 2.4: Geology of the Indian Cova volcanic unit. Star marks the location of the Indian Cove

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

Legend: 1 - hyolite flows; 2- felsic to intermediate, coarse- grained pyroclastic rocks;

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

ferruginous cher, minor carbonaceous, pyritic argilite; 6 - mafic intrusive rocks.
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A single pillowed mafic flow, exposed on the coast south of Cbrner Point (Plate 2.7),

‘contains the only mafic volcanic rocks in the Indian Cové unit. It is generally amygdaloidavi'and

strongly cleaved; pillow top determinations and oulcrop distribution suggest that it occupies the
AY . .

core of é minor anticline and is stratigraphically equivalent either to rhyolitic rocks that form the
base of the unit or the lower pért of the overlying pyroclaéthu!ﬁ_f;

Neither uppar, nor lower contacts of the Indlan Co;e \;olcanic unit are exposed and rocks
along sirike to the north and south cannot be lithologically correlated with it. This may be a
strat‘ngraphic feature resulting from rapid facies chéng'es along strike or non-deposition because
of synvolcanic faulting. However, it 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 re;/eal any evidence of stratigraphic disruption and
in this area, at least, a conformable stratigraphic succession from volc,;anic 1o overlying epiclastic

rocks can reasonably be inferred.

2.5.1.3 Glovers Harbour volganic unit

The Glover's Harbour volcanic unit, outcropping in and around Glover's Harbour (Figure
25), corr:prises dominantly mafic volcanI:: flows, consisting of 0.7 to 1":5 m lbng, butbous to
moderately flattened and highly amygdaloidal pillows. Most pillows have well developed rims, and
minor hyaloéla_stic maftqrial occurs in the pﬂlgw interstices; amygdules are generally filled with
_ ctilorite. calcite and minor quanz (see also Section 2.7). Both basalts and andesites are prgsent
(Chapter 3) although the two rock types cannot be distinguished in the field. Pillow breccia and
fine-grained hyaloclastites are common, particularly west of Glover's Harbour.

The pillow lava unit is bisected by up to 200 m of mahc pyroclastic and epiclastic rocks
which outcrop onislands and headlands in the central and eastern parts of Glovers Harbour. The
pillow ldvas to the west and east of this epiclastic/pyroclastic interval are geochemically distinct

and the relationship between the two types is further investigated in Chapters 3 and 4.

l
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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

N .

lava; 3 - mafic pyroclastic rocks; may include pillow breccia, local hyaloclastite; 4 - rhyolite;

5 - ferruginous chent







. A single felsic volcanic member, consisting of grey to bluish, quartz-feldspar crystal tuff,

outcrops on several rocky hills about 1500 m west of Glover's Harbour village. It appears to
&presem an single ash flow'near the exposed base of thé'vaérs Harbour vol(‘:anic unit.
Pillow lavaé waest of Glover's Harbour host a volcanogenic sulphide depééii, the old
Lockport deposit. '
' The northwest boundary of the Glover's Harbour volcanic unit is faulted against well
/ bedded chgn. argiliite-and sandstone along the Winterhousd Cove Fault, a dextral slril{e slip fault
which Is exposed on the coast northeast of Glover's Harbour Head and along the east shore of
' Winterhouse Cove (Plate 2.1). Adjacent to this fault, the basalts are intensely cleaved and
hematized and face northwest. The eastem boundary, exposed on the coast between Glover's
Harbour and‘Leadjng Tickles, is a conformable succession from voicanic rocks upward into coarse
epiclastic conglomerate.
Pitlow facing directions in the volcanic rocks suggest that they are disposed‘in a
north-nontheast trending anticline, the axis of which lies west of Glover's Harbour (Figure 2.5). A
maximumpf approximately 1300 m of voicanic and epiclastic rocks occupies the east limb of this

fold betwaen its axis and the conformable contact with overlying epiclastic rocks.

2.5.1.4 Nanny Bag Lake volcanic unit

The eastem part of this unit cc;nsists 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 quantz and feldspar microphenocrysts. Scattered outcrops of médjum grained, intrusive,
quartz-feldspar porphyry, interpreted as subvolcanic, occur within this felsic complex.

The falsic volcanics péss 1o the south and west into massive, sparsely- to
non-amygdaloidal i)asan. A few pillow lava outcrops were observed near the westem contact but
most of the sequence is composed of massive sheet flows. The basalt s ;eparated from the felsic
complex by a thin (less than 50 m) untt of epiclastic greywacke and ponglomerate.

As aresult ofihe present mapping, the revised map pattem 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 have intrusive contacts.
Although previously mapped as volcanic, they are herg interpegted as Intrusive, probably related
to the Acadian mafic pluton centered ﬁortheast of New Bay Pond.

' '2) there are no mafic volkcanic rocks immediately east of Nanny Bag L;ke.

3) mafic (volcanic) rocks north of the Four Mile Lake Faun and east of Big Lewis Lake are
reinterpreted as intrusive based on. their medium-grained nature and lack of volcanic textures.
They are believed to be part of the South Laka Intrusive Complex (Dean, 1978; Lorenz and
Fountain, 1982').

There are no exposed straligraphic contacts between this volcanic unit and the adjacent
stratified rocks although clear intrusive contacts with younger mafic rocks are exposed southwast
of Nanny Bag Lake. Scattéred outcrops of epiclastic rocks within the unit provide the only
bedding attitudes and these are generally approximately parallel to those in epiclastic rocks to the
west and east. Scattered east-facing top determinations In sedimentary rocks adjacent to the
volcanic complex provide the only evidence of facing directions and suggest that the falsic

volcanic rocks occupy the stratigraphic top of the unit.

2.5.1.5 Long Pond rhyolite
The Long Pond rhyolite, outcropping in a narrow, north trending belt north of Lewis Lake,
~ comprises dominantly white to buff quantiz-feldspar crystal tuff and lesser silicic volcanic breccla.
There is a thin (30 to 40 m) unit of highly altered basattic pillow lava and pillow breccia in the middle
of the unit that carries minor disseminated pyrite (the I:ong Pond prospect). The volcanic rocks
are in contact to the west with faminated green chert and pebbly qudstone)with minor reddish

< and black argillite. A prominent red argillite unit is exposed along the east shora of Long Pond

and is succeeded to the west by epiclastic sandstona 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 alf sides; to the west against epiclastid rocks along the Long Pond 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 moderately amygdaloidal,
bulbous pillows 30 to 50 cm across are well exposed in isolated outcrops throughout this beh.
Pfllows are commonly.west-facing and the unit attains a maximum thickness of more than 2000 m
at the southem end of the cutcrop area.

A small }e‘!sic 90[canic unil consisting of quartz-feldspar crystal tutf and felsic volcanic
breccia oytttops at the western side of the unit northwest of Big Lewis Lake. It is associated wi;h a
large volcanogenic massive sulphide deposit, the Point Leami?igton deposit, and has been
traced in drill core for more than 1500 m along strike.

The Side Harbour volcanic unit is bounded above and below by epiclastic rocks. The
oorﬁact between volcanic rocks and the overlying epictastic rocks has been observed in drill core
near the Point Leamington massive sulphide deposit and is confomlable. Elsewhere, the
contacts are inferred to be conformable based on parallelism of adjacent strata. The northem 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']uxtaposed 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 unk comprises a thin lens of spectacular (up to'3 m in diameter) pillows' and lava tubes
in clitf 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 detorM. 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 »







exposures of pillows and lava tubes allow confident determination of westward facing directions.
Conformable contacts with underlying and overlying epiclastic rocks are exposed on the

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

2.5.1.8 New Bay basalt

The New Bay basalt consists of two thin flows in the bottom of Gull Cove, Wild Bight, New
Bay. Rocks in this cove were assigned to the Penny's Brook Formalio; by Dean (1978) although
his map does not show any volcanic rocks in this area.

The upper (westernmost) flow is._approximately 3 m thick and in conformable contact above
and below with well bedded epiclastic greywacke. The lower flow, roughly 150 mto the _
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 3Q to 50 cm in diameter.

2.5.1.9 Badger Bay basalt

This unit, outcrbpping on lhe_ bottom and eastern shores of Wild Bight, Badger Bay,
comprises dominantly basaltic, highty ;mygdaloidal, pillow breccia in which pillow fragments range
from 5to 30 ¢cm across and 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 from clast-supported (>70% fragments) to matrix-supported (as little as
»2 % fragmaents) (Plate 2.7). Groundmass material consists of a fine (:hloritic (probably hyaloclastic)
matrix with abundant small (2-20 mm), angular, basalt fragments. These rocks are inlerpreted as
autobreccias formed on the tops and sides of moving tlows, as slump deposits in which pillow
debris was transported laterally from the flows into adjacent hyaloclastite and mud and perhaps, in
the case of clast-supporfed facies, as talus on vok.:anic 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 chiorite-filled amygdules. Locally pillow lava can be seen
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to grade upward into pillow breccia. )
Contacts with adjacent epiclastic strela are not exposed. West of Wild Bight, contacts are
imérpreléd to be oonlormable based.on parallslism of strata; the vokanic rocks in thjs areaare
less thgn 300 m stratigraphigally belov; the Caradocian shale (Shoal Arm Formation).

Existing maps of this area (e.g. Espenshade, 1937; Dean, 1978) show these vbl,canic
rboks as extending up the east side of Badger Bay to the area of Little Cove. The present
map;ping has shown that this area i\s in fact underlain by massi\}e to slightly pe‘bbly_. dark green
epiclastie sandstone locally cut by thin matic sills. No volcanic rocks were encbuntered in

shoreline traverses of the eastern side of Badger Bay. °

2.5.1.10 Northern Arm basalt

This unit outcrops in a nonhwest-trendingzggpd 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 moderatety amygdaloidal pillow fava interbedeéd with minor epiclastic
matenial. The bésaits-are locally vp)eakly plagiéclase-phyric and’'green chert is locally preserved in
the pillow interstices. .‘

The Northern Arm basalt is approximately 1000 m thick and forms an overturned,
\'Nesl-dlpplng, seque}\ce which is interpreted to be o; erlain conformably to the northeast by the
Caradocian shalei(Shoal Arm Fommnation) and underiain to the southeast by epiclastic rocl;s of the

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

25.1.11 Big Lewis Lake basat

The Big Lewis Lake basalt forms an exler;sive but very poorly exposed unit in the
south-central part of the Wild Bight Graup. It is juxtaposed with the Side Harbour volcanic u;wit
across the Frozen Ocean Lake Fault but is disti.nguished from the Side Harbour unit in two . M |

N
respacts: -
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1) it consists ﬁnainly of pitiow breccia énd basalt-bearing volcanic breccia with relatively little
- pillow lava; |
2) It passes conformably up into Caradocian shale and phen of the Shoal Arm Formation -
and, therefore, occupies a higher stratigraphic position than the Side Harbour unit; y
The Big Lewis Lake basalt has a maximum ihickness of 1500 m and inciudes a
considerable amount of interbedded epiclastic rocks; an accurate estimation of the proportions is
hampered by poor exposuré. The inferred distrif)ution of the unit south of the Four Mile Lake
Fauit on Figure 2.2 citfers considerably from that depicled by Dean (1978). Although éonstralned

’ X !
by only a few scattered outcrops, this distribdtion is consistant with both airborne magnetic and

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

The uppér contact of this unit with the Shoal Arm Formation is exposed on the shores of
Big Lewis Lake.and is conformabile. Th'e lower contact is not exposed but ié inferred to be
conformable with adjacent epiclastic fdcks.

-t

2.5.2 Stratigraphic Rglationsh-Ips

Field relationships aliow the stratigrabhic position of some of the vdlcanié rocks in the Wild
Bight Group 1o be (fnferred with reasonable confidence. In other cases, howaever, structural ’
disruption and the paucity of outcrops in critical areas render such inte;pretations upcenain.
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 in}erpretgd to fie in
stratigraphic continuity between them and either the Caradocian shale or the exposed base of
the group jn Seal Bay Bottom. These relationships, particularly with regard 10 correlation of units
in light stipple, should be viewed with caution. Structural disruption of the sequence is not
understood well enough to correlate stratigraphic u;mils precisely and it is possible that there are
major gaps ;n the straligraphy between some units and the Caradocian shale; in particular, it is

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

by nonheasf—trending faults, the movement on which is not well constrained (see Section 2.7).

»
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Figure 2.6: Schematic illustration of stratigraphic relationships of volcanic
rocks in the Wild Bight Group interred from fieid relationships. Observed
and inferred stratigraphic ranges are indicated by heavy and light stipple;
respactively. Thicknesses are inferred maxima. Stratigraphic positions are
Interpreted from relationships with Caradocian shale and/or the exposed
bass of the-sequence in Seal Bay Bottom. Dotted lines indicate which
datum applies to sach volcanic unit. Arrows indicate uncenainty in
stratigraphic placement. _

Exposed base of
sequence
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Atthough it is clear that most light stippled units occur in the intermediate part of the stratigraphy,

the precise comelation of these units with each other, particularly across the Seal Bay Anticline or

major faults, is by no means unequivocal. Furthermorae, stratigraphic equivalence in this Figure

should not be oonstruédfs time équivélence; deposition rates and facies may ditfer in difterent
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 c‘;the group in the core of the Seal Bay Anticliné. K is the
stratigraphically lowest volcanic unit in the group.

2) The Northern Arm and Big Lewis Lake basalts are apparently conformably overtain by
the Shoal Arm Formation and so are interpreted to occur at the top of the Wild Bight Group.
Although the contacts are not éxposed. there is no evidence for structural breaks or stratigraphic
unconformity. Elsewhere in the group, this stratigraphic position is occupied by epiclastic rocks
which are interpreted as lateral equivalents of these uppermost volcanic members.v ;

"3} The Badger Bay basalt is overlain by approximately 800 m of typical Wild Bight Group
epiclastic rocks (in an area of good exposured and these pass upwarq into Caradocian shale of the
) Shoal Arm Formation. Thesq volcanic rocks, therefore, occur close to the top of the Wild Bight
Group. A correlation with at least part of the Big Lewis Lake basalt is suggested by stratigraphic
position and supported by the lithological similarity between t‘hese units, both oontaining large
amounts of bas;'-xltic hyaloclastite, volcanic breccia and py}oclastic rocks. \

4) The Side Harbour volcanic unit is %ntermediale in the vokanic stratigraphy. There may be
as much as 4 km of underlying epiclastic (and perhaps volcanic) rocks between it and the top of
the Seal Bay Bottom basalt and it is probably over 1000 m below the base of the Badger Bay
basalts. The top of this gnit appears to be along strike with the Seal Bay Bottom basah\;

5) The Nanny Bag L ake volcanic unit is inter'preted to bein stratigrabhic cominuity‘with the
overlying Shoal Arm Forkation and separated from it by up to 2000 m of epiclastic rocks. A similar
thickness of epiclastic separates the top of the Glover's Hamour volcanic unit from the

Caradocian shale on Osmonton Arm,




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 strétigraphic pasition of the Long Pond volcanic unit cannot be inferred from fieid
evidencé as ftIs faull 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 western contact is confo.rmable
(suggested by the continuity of planar features across the contact) then the top of the Indian

Cove volcanic unit is slightly lower in the section than the Side Harbour Formation.

In summary, although it is clear that volcanic activity is represented at several siratigraphic -

levels in the Wild Bight Group, the various volcanic%can not generally be precisely cor{elated

»

on stratigraphic evidence. The position of the Seal qu Boﬂom basalt near the bottom of the
sequencs and the Big Lewis Lake, Northern Ams and Badger Bay basalts near the top are well
supponied by field évideme. Other sequences occur at intermediate parts of tile succession but
their stratigraphic relationships to each other are less v‘/ell deﬁnéd. Geochemica! data presented

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

253 Petr!?gmphy of the Mafic Volcanic Rocks

Petrographic data for &N thin sections are summarized in Appendix 1. Further details of the
mineralogy, including etectron microprobe data for amphibole, albite and chlorite, are presented
in Section 2.8 and in Chapter 3.

Based on primary groundmass features, the matfic volcanic rocks can be subdivided into-
_two classes: 1) rocks with a hyalocrysta[line groundrﬁass of r_andomly-oriented plagioclase laths,
locally in subophitic inlerﬁrowth with clinopyroxene mic_rocrysts. in an altered, glassy mesostasis;
depending on the proportion of cryptocrystalline material, textures vary from interseral o
hyalopilitic, and 2) rocks w‘ith a holohyaline groundmass. The proportion of optically resolvable

groundmass crystals in the hyalocrystalline mafic voicanic rocks generally varies from less than 5%




to as much as 90%.

_ e
> The dominant crystalline phasg\ is usually plagioclase, now completely altered to albite

(Figure 2.7). The albite commonly occurs as lath-shaped, locally saussuritized, microlitas from
0.25 mm to 1.5 mm long (Plates 2.8, 2.9).

Groundmass clinopyroxene (shown by electron microprobe analyses to compr‘ise
dominantly caleic augite'with lesser endiopside, see Table 3.13) ocgurs in approximately 30% of
the san}:Ies and is the only primary mineral phase preserved in the groundmass. It occurs as .;.mall
(generally less than 0.5 mm in diameter) euhedral to subhedral crystals which commonly have
reaction rims and are locally completely psuedomorphed by chlorite énd/or amphibgle.

The remainder of the grou.ndmass consists of secondary alteration minerals. Chiarite

(dominantly diabantite, pycnochlorite and brunsvigite, Figure 2.8) Is the rhost abundénl,

' commonly occurring as irregular plates and microcrystalline aggregates. Epidote is #common,

afthough usually minor, grouhdmass constituent, occurring as euhedral, isolated crystals up to
L]

0.25 mm in diameter, as slightly larger crystal aggregates and as microcrystalline aggregates.
Secondary green arﬁphibole is locally present, mainly in the Glover's Harbour and Nanny Bag
Lake suiteé. occurring as isolated fibrous crystals apd sheaves up to 4 mm long. Electron
microprobe analyses show a range of compositions from ferro-hornblende to actinoiite (Figure
2.8). Amphibole, where present, is generally a relatively late mineral, overgrowing' both albite and
chiorite but locally being overgrown by late chiorite. Calcite is less common as a groun&mass
phase; where present, it forms euhedral rhombic crystals and cryétal 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 quantz.

T.hin sections reveal no regional penetrative‘labric and both platy and fibrous secondary
minerals are commonly randomly oriented in the rock. The exceptions to this occur in samples
lakeln near major ductile shear zones where all minerals have been realigned paraliel tq the
shearing (Plate 2.10). Thqre was appérently no static mineral growth postdat‘ing these shear

zohes. . -
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Figure 2.7: Ab-An-Or ternary diagram showing compositions of
feldspars in mafic volcanic rocks.
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Figure 2.8: Comparison of secondary mineral compositions in
Wild Bight Group mafic volcanic rocks with those formed by
seatloor 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 classitication
diagram after Hey (1954). Squares are from groundmass,
triangles from amygdules. Open and closed symbols from
secondary amphibole-free and amphibole-bearing samples
respectively.







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 dimansion are the"most
common. They are commonly euhedral to subhedral, equant to rectangular in outline and locally
twinned. Howevjer, most are at least partly alte\red. most commonly to albite with development of
checkerboard textures, or to an alteration assemblage including some or all of chlorite, epidote,
calcite, amphibole and quartz. '

Clinopyro'xene phenocrysts, occurring in approximately 50% of samplss, are rare in the
absence of plagioclase phenocrysts and are generally both smaller and less abundant than
plagioclase. Locally occurring in subophitic intergrowth with or poikilitically enclosed by
plagioclase, thqy are typiéally equant suhedral to subhedral grains, 0.5 to 2 mm (although locally
greater than 6 mm) across and locally twinned. Most have reaction coronas and locally they are
psuedamorphed by actinolite.

Glomerocrysts up to 10 mm in diameter, consisting of plagiociase 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 olfvine
crystals were noted, the only olivine identified in any of the samples.

More than half of the samples aré amygdaloidal although the size and proportion of
amygdules is highly variable. Amygdules range in size f'ro‘m less than 0.5 mm to greater than 10
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 and
magnetite in various combinations (see Appendix 1). Chlorite in the amygdules almost invariably
.gives anomalous Berlin Blue interference colours, in contrast to the firsf order greys in the
groundmass. Quartz, calcite, and chlorite are the only minerals observed to oécur 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% of samples.

"







Mineralogical and textural features of the basalts exhibit some ¢consistent variations
between the geographical suites. Groundmass clinopyfoxene is very common in the Side
. Harbour and. Big Lewis Lake basalts and is presgnt in one of two samples in both tha Seal Bay
Head and New Bay basalts; however, itis ab.sent in other suites. Sphene is relatively abundant in
the Side Ha@ur and Seal Bay Head basalts. 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 considerably within suites. Plagioclase
phenocrysts are rar(; 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,
Badger Bay and Big Lewis Lake basalts but very common elsewhere. In the Side Harbour
volcanics, the feIdspar-‘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 Badger Bay suites generally contain abundant amygdules. The Seal Bay
Head, New Bay, Seal Bay Bottom and N:;nny Bag Lake units are generally sparsely to non -

amygdaloidal.

2.5.4 Petrography of the Felsic Volcanic Rocks

Most felsié volcanic rocks consist of varying prop¥>ni0ns of three components, (1)
groundmass, (2) veinlets, and (3) phenocrysts (or crystal fragments).

In almost all samples, most of the groundmasé is too fine 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, mors rarely, calcite
{Plate 2.1 2). Epidote is the most common resolvable groundmass alteration mineral in the Iindian
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 6riente.d laths in the groundmass. in
a few samples, sericite occurs do}ninantly in microveinlets and concentrated at the margins of

crystal fragments probably having formed in response to abnormally severe potassium
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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 1o more than 8 mm across. Plagiocla‘s,e;ﬁé‘nbcrysts
have been albhized and are generally larger than quartz. Both occur as subhe&ral fo anhe&ral
grains which Idcally are broken and/or show vekeanic (resorption) embayments (Plate é.u).

Feldspar grains are generally cloudy and are locally completely saussuritized. 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 rhyolit-e
dome, are generally aphanitic and phenocrysts are rare or absent (e.é. plate 2.12). These consist
only of polygonized quartz and feld$par and minor sericite and are the most likely candidates for

true rhyolite flows.

Rt

Secondary veinlets are not abundant in any samples but are present in all but two samplés
examined. in the Glover's Harbou.r, Long Pond and Nanny Bag Lake suites, they comvmonly
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 hematité. They are ]oca!ly very abundant

and produce gas breccias in the country rock (Plate 2.15). 1

26 Subvokanic MaficIntrusiveRocks -

2.6.1 Description and Field Relationships

The Wild Bighf Group is cut by numerous mafic sills 'and dykes, most of which consist either
of fine-grained diabasé\dykes orsills or coarse;grained and/or porphyritic diorite and gabbro sills.
Intrusions.of intermediate grain size are present but not abundant. A

. Fine grained intrusions ére commonly concordant to slightly discordant. Thdy range from

. 30 cm to 10 m, but are generally less than 3 m thick. Chlorite- and calcite-filled amydques are

‘
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generally present in amounts ranging from 5% t0 25%. The imrusion's have chilled margins and
the interiors of somea contain slightly.coarser grained or feldspar-phyric phases.

Field relationships suggest ihat the fine grained mafic intrusions were intruded early in the
history of the Wild Bight Group and are genelically related to the rﬁafic volcanism. These include:
(1)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) At hdugh fine
grained intrusio.ns have not been observed to feed pillow lavas directly, they do cut and lo_cally

terminate in the volcanic units; (3) Mafic intrusive rocks generally do not intrude the sequgr\ce

stratigraphically above the highest pillow lavas. For example, southeast of Leading Tickles, there

arg no matfic intrusive rocks in the roughly 800 m of stréligraphic section beh\ueen the New Bay
basalt and the Caradocian shale. Elsewhere, where basalt occurs considsrably higher in the )
section (e.g. below the Big Lewis Lake and the Badger Bay basalts), 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 rocks. . ‘ |
Gabbrbdic sills and lesser dykes are not as common as but generally thicker than the ﬂr'ne
grained intrusive rocks, ranging up to several tens of metres. They are ge‘nerally' equigranular,
atthough 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 thatthese are phases of the same magmatic event. The fine
grained phases are lithologically similar to the fine grained intrusions de;cribed above and are
deformed with the enclosing rocks. Therefore, they are interpretad as related to th:ﬁne grained
intrusions and to the v;)banic activity. | , |
Geochemical data allow a more detailed correlation of the shbvoicanic intrusions and their

extrusive counterparts; these data are presented in Chapters 3 and 4 where this relationship is

further discussed.

60







2.6.2 Petrography of the Fine Gralned Intrusive Rocks

The thif_we grained dykes are generally hyalocrystalline, less commonly holocrystalline, and
consist of variably altered pl‘agioclase and lesser clinopyroxeﬁe associated with greenschist facies
alteration minerals (some or all of epidote, sphene. magnetite, chiorite, rare seriéite. quartz and
biotite.. see Appendix 1). The hyalocrystalline varieties are petrographically similar to the matic
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 completély psuedomorphed by epidote, white mica, ca{l\cite and opaque
miner_als. Groundmass clinobyroxene is présent in most secﬁons, occurring as small, suhedral to
sul_:hedral, equant grains which are Iocall;' subophitically intergrown with plagioclase. Olivine,
identified in two samples, occurs as smaill (<0.25 mm), subhedral crystals and is the only other
primary phase preserved.

Secondary minerals, as in the mafic volcanic rock;, record a greenschist avssemb|age.
Chlorite is the most oérﬁmon, opticdlly resolvable, alteration mineral. It occurs in the groundmass
as green, slightly pleochroic plates and microcrystalline aggregates and locally as crystal
aggregates showing Berlin Blue interfarence 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 génerally the latest alteration products. Secondary amphibole is abundant in one sample.

* Remains of phenocrysts are presént in two samples, although in both cases they are
highly aftered. Sample 2140461 contains 3% to 5% equant pyroxene grains up to 2 mmin
diameter, now completely psuedomorphed by chlome,'s‘ericile. sphene and epidote while
sampie 2140496 has 10% to 15% completely saussuritized plééioclase phenocrysts up to 3 mm

long.

Atew, very small, chiorite-filled amygdules occur in sample 2140498.
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2.6.3 Petrography of the Coarse Grained Intrusive Rocks

The coarse grained intrusions are genaerally, highly altered, holocrystalline rocks cohsisting
_ of plagioclase and clinopyroxene with minor olivine and a variable assemblage of greenschist

facies alteration minerals.

Plagioclase Is the dominant, and usually coarskst-grained, phase, locally comprising as
much as 60% of the rock and occurring as euhedral to sUphedral grains up to 10 mm lon'gl. Itis
commonly highly altered; inplane light the grains have g dense, brown dusting that qbliterates
primary features and in polarized light they are opaque. This alteration is a fine grained mixture of
epidote, clinozoisite and sericite and imparts a pale green tintto the feldspars in hand specimen.

Clinopyroxene Ot;mmonly occurs as subhedral, equant to lath-shaped, unzoned grains
which bpail;/ have reaction’coronas and exsolution lameliae. In m‘any 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 ls_ a minor component of approximately 30% of samples typically occurring as fine
(less than 1 mm in diameter) equant érainé. Iocaﬁy psuedomorphed b); a greenschist ahération
assemblage.

Magnetite and pyrite are common minor phases and biotite was identified in one
specimen. Other secondary minerals in approximately decreasing prder of abundance are

chlorite, albite, epidote, sericite. .

2.7 Structure

Present knowledge of the stfuctural geobgy of the WildiBighl Group-is based hainly on
the regional mabping of Espenshade (1937), Heyl (1938), Hayes (1951), V\ﬁlliar_ns (1963) and -
Dean a.nd Strong (1976). There have been no detailed structural studies in the Wild Bight Group
and none were undertaken dun’ng the present study. Structural relationships shown on the
érevbﬁs maps were checked and confirmed at critical localities. Stratigraphic observatiohs made

during the coursa of this study point to thé need for further, detailed structural work.




The eadie;t structures in the Wild Bight Group ‘are upright, moderately tight to Isoclinal,
folds, the axes of which generally trend nont;e'rly to northeasterly and plunge northerly at-more
than 35", An axial planar penetrative cleavage is inhomogenaously devaloped in silty and
argillaceous sedimentary rod;s and volcanic breccias but not in the igneous rocks.

The Seal Bay Anticline is of this fold generation, It is well exposed in Seal Bay Bottom and
can be traced in outcrop soufhwards for approximately 6 km where it intersects the Frozen Ocean
Lake Faul (Figure 2.2). South of this fault, strata cannot be correlated on obp@sile 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 e\LeSn more pronounced. Although Caradocian shale Qutcréps on both lhe east and west
sides of tﬁe Wild Bight Group in this region, appafently representing the top of respective east-
and west-facing sequences and suggesting an antictinal structure, the sgction 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
chéractgristics (and in ge&chemistryL se‘e Chapter 3). They cleérly do not represent the same unit
on opposite sides of a major anticline. Unrecognized structural complexity, possibly including

-

northwesterly - trending faulting, appear to be necessary to explain the disgribUtion of lithologies

[

in this region.
Second generation folds are inhompgeneously'devetoped and do not define a consistent
regional structural pattem. These are commonly seen in two settings: 1) adjacent to
northeast-trending strike slip faults (see below) where they define a dextral sense of shear and
are interpreted to resutt from dragging of strata adjacent to the faults and; and 2) in shear zones in
argillaceous and tutfaceous roc_ks where they simitarly 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 ta@%‘ltn coastal

" outcrops, these are observed to be high angle faults with a dominant strke-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 F folds affect rocks at
least as youhg és the overlying Sansom Greywacke (Lower Silurian) indicating that folding
continued at least through this time (although it could have bégun earlier). The F folds are

probably related to the northeast-trending 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 Twih Lakes Complex and the Hodges Hi}l

Granite) and, therefore, are brobably late Acadian structures. Similar conclusions regarding timing

of deformation were reached by Karlstrom et al. (1982) from their detailed structural studies of

correlative rocks and structures in eastern Notre Dame Bay.

2.8 Metamorphism

* The groundmass mineralogy‘of the mafic volcanic rocks (albite - chlorite - sphene -
magnetite + epidote t calcite 1 actinolite) is a typical spilitic assemblage which records
metamorphism in the g)reenschfst facies. This metamorphism has undoubtedly resulted in some
redistrbution of elements in the rocks. An estimate of thg conditions of metamorphism is
necessary to help constrain the probable effects of this redistribution prior to the geochemical
discussions in Chapter 3

. Tﬁere is a voluminous litgrature concerning the development of greenschist facies

metamorphic assemblages in mafic volcanic rocks. Early ideas held that greenschist facies

# metamorphism commonly resulted from deep burial (Pi5,4 > 2 kb) accompanied by sufficiently

high temperamres to allow reactions to proceed (e.g. Gilluly, 1935; Vallance, 1965; Smith, 1968).

However, more recent work has shown that hydrous reactions during hydrothermal convection
under relatively shallow conditions { Pioad < 1.5 kbars) can also account for the observed

metamorphic effects (e.g. Spooner and Fyle, 1973; Bonatti et al., 1975; Seyfried et al., 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

i
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(e.g. Coish, 1977; Stern and Elthon, 1979; Liou and Ernst, 1979; Evants and Schiffman, 1983);

(2) observation of greenschist facies samples drilled or dredged trom the seafloor along
mid-ocean ridge systems (e.g. Melson et al., 1966; Melson _and van Andel, 1966; Humphris and
Thompson, 1978a.b; Alt et al,, 1985); (3) experiméntal studies in which hydrothermal fluids are
reacted with basalt under varying conditions of temperature and pressure (e.g. Eilis, 1968;
Bischoff and Dickson, 1975; Hajash, 1975; Mottl and Seytried, 1980; Mottl, 1983; Rosenbauer
and Bischoff, 1984); and (4) analysis of hydrothermal discharges at sub-seafloor vents in order lo

infer the conditions existing at depth within the hydrothermal systems (e.g. Edmond et al., 1979;
1982; Craig et al., 1980). »

Studies of ancient ophiolites have documented é downward - increasing metamorphism,
ranging from sub-greenschist to greenschist facies, that can be inierpre_ted on many linés of
evidence as reflecting sub-seafloor hy;irolhermal alteration through reaction with sea water
(Spooner et al.: 1977; Liou and Ernst, 1979; Evans and échiﬁman, 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 lé date. Pélrological and geochemical studies of
metamorphism of the mafic volcanic and intrusive rocks in this hole (Alt ot al., 1985; Alt and
Emmermann, 1985) have demonstrated a continuously increasing grade of metamorphism
.characterised by sub-greenschist assémblages in the upper pan of the hole, and a typical
greenschist assemblage including albite - actinolite - chlorite - epidote - sphene below
approximately 900 m. The pervasive greenschist alte}ation, characterised by generally
incomplete recrystallization of primary phasps, was estimated 10 have occurred under anoxic
conditions through reaction with panially-réacted seawater at temperatures between 200" and
250°C >(An et al., 1985). The ’sequence of metamorphic changes Is in good agreement with the
observations of previously cited workers in ancient ophiofites.

Similar interpretations have resulted from experimental studies. For example, Mottl (1983),

noting that the experimental studies had been notably successful in reproducing the chemical
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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 chiorite.

The greenschist facies metamorphism observed in both matfic 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 a_tteratién veinlets carry the same mineralogy, and in the same filling sequence, as do
the amygdules. Locally, the veinlets connect and appéar to feed the amygdules (Plate 2.17). The
veinlets probably served as conduits for fluids from which the 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 et al,, 1985). Because the veinlets cut the spilitic assemblage
‘in the groundmass in most samples, the spilitization must also be an early event; 2) epiclastic
sediments in the Wild Bight Group contain mafic volcanic clasts which were spilitized prior to their
Incorpc;ration In the sediments. This implies that they were altered relatively soon afier
deposltion; 3) the presence of volcanogenic mineralization and relatively intense hydrothermal
alteration in some sequences further attests to the circulation of hydrothermal fiuids in the rock
column during and shortly after the volcanic activity; (4) Compoéitions of the secondary minerals
in the mafic volcanic rocks are consistent with those formed during well documented sea floor
metamorphism of Basahic rocks. Plagioclase in the mafic volcanic rocks has been completely

altered to albite (Appendix 3; Figure 2.7).'Com'posilions of secondary amphibole and chlorite

{(Appendix 3) are similar to published examples from both modern 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 qther suites. Mottl (1983) showed that the presence or
absence of actinolite may in some cases be re]ated 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 lowed water/rock ratio
than their amphibole-free counterparts, the associated chlorite should be more iron rich (Mott!, -
1983)}. Chlorite analyses from amphibole-bearing and amphibole-free rocks are difierentiated in
Figure 2.8; there is no consistent relationship between chiorite composition and the presence or
absence of secondary amphibole in the rocks. (This is not a completely satisfactory criterion.
Chlorite compositions wiil also be influenced by primary Fe gnd 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 duriﬁg 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. Motti (1983) predicted from his models, and observed in hatural systems, a positive
correlation between the modal amount of quariz and chiorite 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 (chiorite ~ 42 to 70 modal percent, quartz ~ 3 to 30 modal percent) and
suggestéd that they formed in response to fow (W/R<3) and high (W/R>20) waler/rocﬁ ratios,
respectively. In terms of modal alteration mi_neral percentages, most of the Wild Bight Group rocks
would fall in Moti!'s chiorite-quartz poor 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 chiorite
compositions with those for typical metabasalts and compositions predicted by Mottl's moc:els at
_varying water/rock ratios (Figure 2.9). Most Wild Bight Group chlorites are more iron-rich than

Mottl's "typical metabasalt” and many are more iron-rich than chiorite from DSDP Hole 504B. They
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Figure 2.9: AFM diagram for chlorite in mafic volcanic rocks. Fields of
quartz-chlorite braccias, typical metabasalts and chlorite-quartz rich
basalts from Mottl (1983). Stippled line is field of chlorite in greenschist
facies basait in DSDP Hole 504B (Alt et ai., 1985)
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- clearly have not formed in response to the passage of large volumes of Mg-rich seav\;ate-r (e.g: |
high water/rock ratios in the downflow zone of a hydrothermal cell). The postulated relationship
between chlorite compositions and water/rock ratio is.supported by the comparison of chiorite”
compositions in émygdules and grouﬁdmass inthe sam'e specimens (samples 2140477 ind
2140510, Appendix 3). Amygdu!es and fracturss in thé rock would be expecle;d to have seen a
higher water/rock ratio than the adjacent rock becau.s‘e of their greater permeability. in both
samples noted above, chlorites in the amygdulés have lower Fe/(Fe+Mg) than those in the.
groundmass, consistent with the expected higher water/rock regime.

A relativety low water/rock ratio is alsa sug{;ésted by FeO/MgO ratios in s‘ébondary v

amphibole. Mottl's (1983).models predict tﬁat high water/rock ratios would also be accompanied
by forﬁation of MgO-rich actinolite (e.g. for water/rock=10, FeO)MgO>1 .4). Examinatioremf the -

data in Appendix 3 shows that Wild Bight "Ciroup amphiboles are considerably more iron }ich than

this, and are unlikely to reflect high water/rock ratiod

In summary, mineral compositions suggest that hydrothermal alteration of the Wild Bight

Group volcanic rocks proceeded at low water)roék ratios and generally at temperatures slightly /)
above the epidote and chloritg stability minimum (approximately 200 to 236°C; Tomasson and
Kristmannsdottir, 1972) and below the actinolite stability field (approximately 2%9"0;
Kfislmannsdollir. 1976). Locally (.e'g.’in the Glover's Harbour and Nanny Bag Lake suites)

~
temperatures apparently exceeded the actinolite minimum. These slightly higher temperatures
may have resulted frof an increase in the heat flow during eruption and subseguent 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 Summary 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 stratigraphically lowest rocks are

found in Séal Bay Bottom in the core of the Seal Bay Anticline. The top of the sequence, - .

—_—




represented by epiclastic rocks in some areas and laterally equivalent mafic volcanic rocks in
others, is conformably‘overtain by fossiliferous carbonaceous shale and chen ot Caradocian age.

A . Sedimentary rocks at the b’onom of the group are fine-grained, quiet water facies but
above the first voicanic flows, they pass into a succession c!jaraclerised by sandstone turbidites .
and coarse—graiﬁed debris flows. At the top of the group, relatively quiet Waxer conditions are
once again prevalent. — T

Volcanic rocks outcrop mainly in the eastern pan of the group, eecurring in eleven
separate geographic areas and occupying various stratigraphic intervals. Maﬁc‘volcanic rocks
inciude pillow Iava\' pillow breccia and fine grained hyaloclastite and massive sheet flows. Felsic
volcanic rocks are Iocally‘present. Figure 2.10 su[nmarizes the principal geological and .
petrological features that distinguish the diﬂerent mafic volcanic units and highlights some bbims
of comparison and contrast between them including:

(1) Mafic pillow lava is the dominant lithology in most volcanic units. Exceptions are the

upp'ermost units in the western Wild Bight Group (the Badger Bay and Big Lewis Lake unitg)

where pillow breccia is predominant and the Nanny Bag Lake unit in the southeastern pan of the
group where mafic volcanic rocks ;:omprise mainly massive sheet flows. voicanic unit where they
are associated with minor pillow lavas.

(2) Five of the volcanic units include felsic volcanic rocks and four of these have associated
volcanogenic mineralization. All occur in the intermediate pan of the stratigraphy.

(3) Secondary amphibole in mafie vo|e'anic rocks is common only in the Nanny Bag Lake
and Glover's Harbour areas.

(4) Plagioclase-phyric mafic volcanic rocks are widespread, except in the Nanny Bag Lake

v

area. Clinopyroxene-phyric rocks are uncommon in the uppermost volcanic units but common in
most other areas.
(5) The propontion of amygdules in the roéks varies widely. Quartz-bearing amygdules are

common only in the Indian Cove and Glover's Harbour areas, inrocks that have hoth associated

felsic volcanic rocks and volcanogenic mineralization. , ’ .

~
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Figure 2.10: Qualitative summary of geological and petrological features of the Wild
Bight Group voicanic units. Intensity of stipple is proportional to relative abundance
(%xcept felsic volcanics and mineralization where stipple indicates presence, no stipple
absenge). ‘
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Stratified rocks throughout the group are cut by matfic subvolcanic sills and dykes of fine to

" ‘medium grained diabase and coarse-grained cjabbro Several lines of geological evidence
indicate tHat they are related 10 the Wild Bight Group matic voicar'1ic rocks.

Structural relatnonshlps in the Wild Bight Group are mare complex than exnsring maps
would indicate. In particular, the section is considerably anenuated inthe southeastern parn of the‘
group and a considerable stratigraphic section is probably missing south of the Long Pond Faull.

Major, nonhwest-trending faulting seems to be necessary’to explain relationships in this area.

The mafic volcanie-rocks are commonly altered 1o a spilitic assemblage including some or all
‘ 1 . ‘Y

rd

of chlorite - abbite - quartz - epidote t actinolite, sphene, magnetite, and calcite. The
metameo rphism is interprated as sub-seafloor hydrothermal glteration which probably occurred at
very low seawater/rock ratios. Temperajures inthe 200" to 280°C range are generally indicated

although abundant secondary amphibole inthe Nanny Bag Lake and Glover's Harbour suites may

signal slightly high‘er temperatures in these areas.




CHAPTER 3
-~ GEOCHEMISTRY OF VOLCANIC AND SUBVOLCANIC ROCKS IN THE WILD

_ BIGHT GROUP

3.1 Introduction

Whoie rock samples from malic and felsic volcamc rocks representmg all known volcanic
" accumulations in the Wild Bight Group as well as.a fepresentatwe oolfechon of mafic subvolcanic
rocks were analysed for major and standard trace elements. In addition, sampies selected on the
basié of initial resulis were further investigated through analysis for rare earth elements (REE) and

selected high field strength elements (HFSE) and through microprobe analyses of primary s

\

clinopyroxene.

Samphng and sample preparatlon methods are described indetail in Appendix 4. In most

Y

tases, volcanic units were sampled S0 as to obtann a representative collection from throughout

their areal extent, althoygh in a few casés, systématic Samplirig at short intervals was carried out

~

across strike in the volcanic members in order to test within-suite variability.

¢
+  Sample locations are shown on Figure 3.1. Universal Transverse Mercator (UTM) grid

coordinates, given in Appendix 5 for all samplie locatlons, piripoint the sample locations on the

ground to £50 m. Most mafic volcanic rock samples are from pitlow lava, the exception being the

Nanny Bag Lake suite which comprises dominantly massive basalt and contains only a few
pilowed flows. Samples were taken from the crystalline intériors of pillows, and selected in order
to miﬁmize the effects of weathering, atteration and vesiculation. )

Matic subvolcanic rocks include both aphanitic to fine grained diabase and mé&ium to
coarse grained gabbro. Samples were taken from the interiors of dykes and sills and chosento —
r_ninimiz'e aNeration, vesiculation and weathering.

Representative sample§ were collected from.fe'lsic volcanic rocks at all localities Where they

[

outcrop and inciude samples of both quartz- and quanz-feldspar phyric crystal tutf as well as
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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

) . ) '
‘seven-digit numbers used elsewhere in the thesis.Base map as for Figure 2.1,

.
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massive aphanmc ﬂows In the Indian Cove unit, where hydrothermal alteration is wodespread
samples were selected to avoid zones where aner‘anon effects were visible in outcrop.

Major elements as well as Cu, Zn and Ni were anélysed at the Newfo'undlanq Depariment of
Mines and Energy laboratory by atomic absorption spectrometry. FeO was dé-lermined by titration

with dtandard potassium dichromate. Loss on ignition (LOI) was determin'ed by weighing a sample

before and after heating 1o 1200 C; gas compositions were not determined- The trace elements

. Rb, Sr, Y, 2Zr, Nb, Ba',»V and Cr were determined at Memonial University by X-ray tluorescence

- ) -

_analysis of pressea pellets. REE were determined on some samples at Memorial University by ion

exchange chromatography and X-ray fluorescence according to the method of Robinson e} al.
(1986) aﬁd on other samples, along with Ta,_Ht, Th,u angd Sc, ‘b); instrumental peutron activation
analys'is (INAA) by J. Hergogeq at Universiteit Leuven, Leuven, 'Belgium. Details of analylicél
methods as well as estimates of precision and accuracy of the methods are presehted in
Appendix 6. . - | '

Sixty-nine mafic volcanic whole roc,kg were analysed for major and standard trace elements.
In addition, 22 were analysed for REE and selected trace elements by INAA and a further 3 for
REE by X-ray fluorescence. Whole rock analyses for major and trace elements are presented in

Tables 3.2, 3.5,338,39, and 3.10: .

Seventeen mafic subvolcanic whole rocks were analysed for major and staridard trace ~

-

elements and an additional @ for REX fand selected trace elements by INAA. Analytical Fe5utts are
presented in Table 3.13.
Fofmeen felsic volcanic whole rockg were analysed for major and standard trace elements
and an additional 3 for REE and selectéd trece elements by INAA, Analytical results are presented
in Table 3.17.
Study of the chemical compositién of the mafic voicanic rocks has shown that they
represent a heterogeneous assemblage of magmatic rocks and probably record more than one

tectonic environment. Any attempt to summarize the composition of these rocks at this point

would, therefore, be dificult and premature. In the following Chapter, tollowing a brief

a
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assessment of {he probable effects of alteration, a subdivision based on geochekmical parameters

is introduced and the rocks tHfat define these classes are described. On all major element

- -
diagrams in this and subsequeq} Sections, elements have been recalculated to 100 percent
e ' ' .
anhydrous.
L~ N - .

3.2 Effects of Alteration I the Mafic Rocks

The use of geochemical data to kinterpret the magmatic history of velcanic rocks is .bas‘ed on
the' assuﬁption that some original geochemical chéracteristiqs of the rocks have been preserved.
Field andpetrographic.: avidence, however, c(earfy indicates that all mali;: volcanic rocks in the Wild
Bight Group have been metamorphosed in the greenschist facies. An assessment of the
probable effecls.of‘this alteration on their composition is necessary as a prerequisite to
discussing their geochemisi;y iﬁ detail.
. There'is a volumindus\lilerature'on the eftects of alteration and metamorphism on'the
oompdsi!ion of igneou§ rocks, panicul.ady directed towards the question of which ;iements
remain essentially immobile. Various approaches to i?ve_stigating this pr?blgm have been

empted including: .

1) com_paris;n of the chemical Fharacteristics of relatively moré and less altered rocks in
order to establish element mobility vectors (e.g. Humphris and Thompson, 197éa; Ludden and
Tt\omps;)n, 1979; Schrader and Stow, 1983; Alt et al, 1985). |

N

2) experimental studies on the reaction of seawater and basalt under greenschist

- conditions (e.g. Ellis, 1968; Bischoff and Dickson, 1975; Seyfried and Bischoff, 198 1; Mottl,

-

1983),
- 3) study of the chemistry of hydrothermal fluids aimed at interprrptation of the alteration \
pondiliQns at depthin the hydrothermal system; (e.gQArnorrson et al,, 1978; Giggenbach, 1981 )
4) comparison of the stability of inter-eleme nt relationships, the nature of which can be
inferred from observation ar theory (e.g Pearce and Cann, 1973; Pearce and Norry\. 1979;

Stephens, 1982),; N
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5) theoretical treatment of the mobility vectors of various elements during mineralogibal
change and fluid flux (e.g. Bird and Norton, 1981; Goff, 1984).
A complete review of studies of element moRility 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 workers that many

elements, including P, Ti, Y, Zr, Nb, Hf, Ta, Th and the heavy rare earth elements (HREE), ar®

_essentially immobile on hand specimen scale, during seatloor weathering and low grade .

g

" hydrothermal afteration. In addition, Sc, V, Cr, Co, Ni and the light rare earth elements (LREE) may

be sufficiently iq\mobile L;nder these conditions for use in petrogenetic interpretations (e.g.
Miyashiro et al., 1971; Humphris-and Thompson\ 1978a,b; Coish, 1977 Stephens 1982; Goﬂ
1984). Al may be stable throughlow grade alteration but Fe, the alkali metals and the
alkaline-earth metaB are variably moblle and their absolute and relative abundances may be
disturbed. Before using these elements, therefore, some assessment of the effects of alteration
must be made. -

The mobility of the qlkali elements Na and K in matic rocks can ba 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 tunctions of K,0 and Nay0. On this
diagram, shown in Figure 3.2 with field boundaries after Stauffer et al. (1975), approximately 75
percent of mafic volcanic ;ocks plot outside the ‘igneous spectrum’. Mosl of these plot in or near
the 'spilite’ field, suggesting substantial Na,O addition and K50 depletion although Na depletion
is suggested in five samples that plot below the fieid. Samples that plot within the ‘igneous -
s;;ectmm' may be relatively unaltered; however, itis also possible that they have experienced
K0 and NayO addition in appropriate propor{ions to have moved their bulk compositionsbarallel
to the field boundafiés. . - ‘ }

Mafic intrusive rocks, in contrast, do not show evidence of extensive alkali metasomatism.
All except five of the analyses plot within the field of normal igneous rocks.

Caicium mobiiity is tested in Figure 3.3 with reference fo a binary plot of Na,O versus CaO

‘ -

—n
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Figure 3.2: 'lgneous spectrum' diagrams for Wild Bight

Group matic volcanic rocks (A) and mafic subvolcanic rocks

(B) after Hughes (1973) and Stauffer et al. (1975). More
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igneous spectrum.

“than 70 percent of volcanic rocks are Na - metasomatized
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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} in CaO
and enyriched in Na,O relative to normal igneous rocks. Samples with apparent enrichhent i;1 Ca0o
. are seen in thin section to contain an unusuaily large proportion of caicite-filied vesicles and
veinlets. Samples that plot in the igneous spectrum in Figure 3.2 mdstly plot in or close to the
field of igneous compositions in Figure 3.3 supporting the conclusion that these rocks may
‘preserve relatively unattered igneous compositions.

Most intrusive rocks, particularly those that plot within the ‘igneous spectrum’ field (Figure
3.2B), plot in or near the igne&us field on this,diagram but with considerable scatter indicating
some mobility of calcium. 7‘ ‘

The above discussion suggests that in the majority of volcanic rocks in the Wild Bight
Group, Na0. K,0 and CaO have been substantially redistributed. By inference, most of the low
field strength trace elements, (i.e. Rb, Ba and Sr) must also be considered suspect and caution
should be exercised in their use for petroéenetic interpretations. As pbinted out by Wood et al.

- (1979), Wood (1980) and Saunders et al: (1980), the one low field strength element (LFSE) that
probably has only fimited, if any, mobility during low grade hydrothermal atteration ié Th. The
stability of Th-under thege conditions has recently been documented by Merriman et al. (1986).in .
the hydrothermally attered margins of a dolerite intrusion in Wales. -‘ ‘

* Alkali and alkaline earth element mobility is less in e\;idence in the mafic intrusive rocks.
This is additional indirect evidence that the metasomatism of the volcanic rocks resulted from
sub-seafloor weathering and/or hydrothermal activity soon after eruption rather than a later burial
metamorphism which should have had a similar effect on both intrusive and extrusive rocks.

The mobility ot SiO, is of considerable interest aé subdivision of mafic volcanic rocks into
basalts, basaltic andesites, etc: is commonly done on the basis of SiO, contents. Experimental
-dvidence clearly demonstrates that silica can be mabilized during low grade metamorphism (e.q.
Mottl and Holland, 1978; Seylried et al., 1978; Hajash and Archer, »1980) and studies in modern

{(Humphris and Thompson, 1978b) and ancient (Smith, 1968; Coish, 1977) environments have
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confirmed ihat silica changes do accompany greenschist facies hydrothermal anerationdSiHca is
oommdnly taken up in seawater in these circumstances (demonstrated in the experimental
studies referenced above) and, in most cases, increased hydrothermal aheration\will resultina .
decrease in SiO, in the rock (Coish, 1977; Humphris and Thompson, 1978b):.However, local
veining and filling of amygdules with quaﬁz may locall;"\re,g,uh in an increasé in silica contents
during low grade metamorphism (Humphris and Thompson, :978b). it'is concluded that in the
absence of Iree. vein- and amygduwle-filling quartz, the present silica com.em of a greenschist
facies, hydrothermally-altered, matic volcanic rock is best considered as a minimum estimate for its
original concentration in the unaltered rock. : E .-

. The relati;/e mobility of iron and magnesium is of some importénce in basalt petrogenesis
as the fractionation of these elements is commonly u_sed'as a dfﬂerentiétionindex. L'au'3r in this
Ché;}ter, extensive use is made of the atomic Mg/Mg+Fe] (Mg number) and it is desirable to know
the extent to whict; this number may have been aﬂeded by alteration. Man)-' authors have shown
both through experimental studiesv(e.g, Ellis, 1968; Bischoff and Dickson, 1975; Hajash, 1975;
Mottf and Holland, 1978); Seyfried and Bischoff, 1381; Rosenbauer an:d Bischoft,.1384) and"

' oc;mparisons of altered pillow fims a.;;d less altered cores in subr_narine basalts (e.g. Cann: 1971,
Coiéh, 1977; Humphris and Thompson, 1978a-,b; Seyfried et al, 1978) that Mg'is a major reactant
in hydro‘therm;l alteration of basalts. Mg from sea water is takan up by the-basalt during
chlorite-forming reactions while total iron is essentially conserved. The important factor in the
amount of Mg uptake during aneratioﬁ of basalt is apparently the effective water/rqgk ratio of the

system, the amount of Mg-addition being directly correlated with the water/rock ratio (Seyfried ot
al., 1978, Mottl and Seyfded, 1980; Mottl, 1983).

Hydrothermal alteration of a pillow basalt pile will not be homogeneous. Spooner et al.
(1977), pointing out that the bulk permeability of a piiowed sequence is probably several orders
of magnitude greater than the permeability of unfract-ured basaltic rock, suggested lt{al

hydrothermal fiow (ana, therefare, mass transfer through the pile as 3 whole) principally occurs

along pillow boundaries, tractures and cooling joints. In these areas, reactions may proceed
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under high seawater/rock conditions. Mass transter accompanying chemical reactions in the solid
rock, on the otherhand, 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 tha rims for two réasons: (1) pillow interiors contain more crystalline material from which
elements are less easity mobilized than the glassy material at the ims: and (2) because of
permeability differences as suggesled above, they will see considerap’lfe iesé wale u(,ing the lite”
of the hydrothermmal system. Data from Humphris and Thompson (1978a) and CoisT(1977),
- o«
plotted in Figure 3.4A and B, flustrate this. In both cases, the more, altered rim is significantlly P
enriched in Mg (ie. has reacted under higher water/rock conditions and taken up more Mg)
pr;)ducing a significant s}iiit to higher Mg# with higherwater/rbck ratios. Pill..ow rirmis should be
avoided in geochemical studies of ancient rocks. ’
Data from two sources, however, suggest that in the solid rock, Mg# changes with respect - .
.o orig}nal rock oompositigns are not likely to be significantly large:
1) Alt and Emmermann (1985) have documenled chemic;l changes with increasing
melamorph‘ic grade in DSDP Hole 504B (see Chapter 2). Mg# of their ‘dark’ basalt is piotted
'againstAdeplh in Figure 3.4C. There is no apparent consistent chaﬁge in Mg# yvith depth and Mg#
in all cases is wilh‘n 10.04 of their value for least aftefed basalts. These data show that at low

water/rock ratios, there may be little change in the Mg# during the transition from fresh basatt to

greenschist facigs metabasalt.

2) Exberimental data from Seytried et al. (1978), plbﬂed in Figure SAAB,‘show the

expected increase in Mg# wnh_é‘ncreasing water/rock ratio. Despite the fact that the reactant in this
experiment was glass and not ér:ysta!iine material, alteration at water/rock=10 produced a cha‘nge

of only +0.0S in the Mg#. Alteration at much lower water/rock ratios under natural conditions bould l
be expected to produce even less change. ' -

It is conchided that by contining sampling tq pillow cores and by avoiding pillow rims and

e
fractures with obvious alteration (e.g. calkcite, chlorite, quartz-filled veins) most problems

associated with using the Mg# as a differentiation index in these rocks should be obviated. This

Al







conclusion is supported by data presented later in this Chapter where it will be seen that in

petrogenetically related rock groups, although there is generally-a consistent, linear relationship
‘between Mg# and tha.jmmobile elements (c.f. Figures 3.15, 3.21, 3.34), no such reiationship
exists between Mg# and mobile elements (e.g. total alkalis, see Figureé 3.15,3.21,3.34).
Specific problems related to abnormal alieration of individual samples dc exist, however, and will

be noted where appropriate in the 1o|‘lowing discussion

3.3 Subdivision of the Mafic Volcanic Rocks

3.3.1 General Statement

Matic volcanic rocks in the Wild Bight Group, in terms of their Si0, content, span ine
compositional range of basalt and basattic andes'ne' (the basatt - basaltic andesite boundary is
taken as 53 percent SiO,. following the Basaltié Volcanism Study Project, 1981) and have a
broadly bimodal distribution (Figure 35). However, from minor and trace element considerations,
it is clear that these rocks are not a single, petrogenetically-related group. This is particularly
apparent in the wide range of incompatible efement abundances. For example, TiO, contents
range from 0.35% to 3.87%, a compositional range lhz;t is unlikely 1o 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 P,Og (< .01% to
1.4%), 2r (3 ppmito 414 ppm), Nb (< 05 ppm;o 85 pp}n;, and¥ (<5 pprr{to 57 ppm). Comparison
of the refitionships between compatible and incompatible elements futher emphasizes the
heterogeneous nature of these rocks. Cr and Ni are plotted against TiO, in Figure 3.6 and show
no simple |i?ear or curvilinear relationship which would suggést a common fractionation history.
Furthermore, the heterogeneity c;f Nd isotopic oompos’itions of volcanic roqks in the group,
described in detail in Chapter 4, is a compelling argument that they represent a petrogenetically
oofnplex assemblage of volcanic rocks. ‘

Before describing the geochemistry of the rocks or attempting fo interptet their tectonic

sefting or petrogenesis, it is necessary to subdivide them ifjo consistent and geologically -
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meaningful groups. This s(;bdivision procedure is a two-stage process and is outlined in detail in
the following Sections, Geocherﬁical groups are defined in Section 3.3.2 based on variations in
incompatible element abundances within and between the geographica‘hy 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 elements (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
statistically by discriminant function analysis.

3.3.2 Identification of Geochemical Groups Based on Incompatible
Element Abundances |

The initial subdivision of the Wild Bight Groub is based on the recognition that the various
geographic s:mes {and in some'caseé. pans of these suites) form coherent ;ro;:ps according to
their incompatible element contents. In Figure 3.7, binary incompatible element relqtionshbs.
represented by Zr and TiO,, exhibit a rather diffuse positive trend. Howaver, with three
exceptions (see below), each geographic suite has a restricted and relativély homogeneous
incompatiple element compo/sitio'n on this diagram, suggesting that rocks in each suite are
genetically re'lated. Four claéses of mafic volcanic rocks can be defined based on increasing
incompatible element concentration, termed for 90nvenience, ‘depleted’, ’in;ermediate',

“wransitional” and 'enriched’ {Figure 3.7). Each class includes two or more suites or subsuites.
There is very little overlap between these classe\s Although they are defined in this case on the
basis of Zr and TiO,, binary plots using other incompatible elements (e g. P70, Nb, Y) yield
similar results. \

The distribution of samples from the individual su“i:tes in this framework is shown in Figure

3.8 where it can be seen that the Glover's Harbour, Side Harbour and Big Lewis Lake suites are

inhomogeneous and probably composite. The Glovers Harbour suite containg two clear

subsuttes, one with ‘depleted and the other with ‘intermediate’ incompatible element

concentrations; respectively, these represent the western and eastem (stratigraphically lower

-
¢
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and upper) portiens of this volcanic ‘unh. No stratigr.aphic or structural break has previously beén
recogninzed between these rocks although they are sepérated by approximately 200 m of mafic
pyroclastic and/or epiclastic rocks (Figure 2.5) Hereatter, Yhey are referred to as the_'Glove rs
Harbour West * and 'Glover's Harbour East' suites. The Side Harbour suite contains three
subtypes. The two 'depleted’ sa@lw come from the southwéstern part of the volcanic unit less -
than 300 m below the Point Leamington massive sulphide deposit. 'Transitional' récks form the

t

rest of this suite except for the one ‘enriched’ sample which is interbegded with ‘trangitionar’ récks

north of Big Lewis Lake. The Big Lewis Lakg 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 Subdlvlsk?n

A full discussion of the tectonic settings represented by the Wild Bight Group volcanic

rocks Is premature at this point. However, it is necessary 1o introduce the topic as it is precisely the
geochemical features that are commonly used 1o discriminate paleotectonic enviror‘wments which
provide the key to the second stage subdivision 61 the Wild Bight G‘roup volcan_ic fbcks.

: Relationships between HFSE and REE on a partial extended rare'eanh plot {e.g. Wood,

‘ 1979.; Wood et al., 1979; Sun, 1980; Briqueau et al,, 1984), pregented in Figures 3.9 10 3.11.
and between Ti, Y. and Zron aternary plot after Pearce and Cann (1973), presented in Figure
3.12, are used 1o accomplish this subdivision. Further evidence in support of the preliminary
Inferpretaﬂoris advanced in this Seclioh is presented in later discussions of whole rock
geochemistry (Section 3.7}, primary mineral chemistry (Section 3.11), Nd isotopic studies and
petrogenetic calculations (Chapt;ar ;t). |

Wood et al (1979) and Sun (1980) were among the first to point out that volcanic rocks
erupted in island arc settings show a distinctive underabundance of the HFSE Ta and Nb with

respect to REE of similar lonic character. They further pointed out that relative overabundance of
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the LFSE was characteristic of istand arc 1avas. This can be graphically expressed on a chondrite-

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 patiern at normalized abundances generally greater than the LREE. Mid-ocean ridge
basaits (MORB) and various within plate settings generally proauce lavas in which the LFSE plot
in a smooth curve, underabundant with respect to the LREE, and Ta and Nb are comparabile to or
slightly mergbuhdant with respect lo the LREE. Of course, in ancient récks, the mobility of the
LFSE elements severely limits their usefulness; in the present study, the only LFSE element
which is used for this type of interpretation is Th (see Section 3.2).

Partial exlended REE diagrams (Th to Nd) for 'depleted’ samples are presented in Figure
3.9. In some samples, Ta was below the detection Iimits as was 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 0.77 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 3.10, comprise two types. Those
from the Glovers Harbour East suite and the Seal Bay Bottom, Northern Arm and Nanny Bag Lake
sulles have distinct negative Ta and Nb and generally positive (Th/La), (the subscript 'n’
designates concentralic;ns that have been chondrite-normalized) characteristic of island arc
volcanic rocks. In contrast, samples from the Badger Bay and Big Lewis | ake suites have smooth
patterns with a slight underabundance of Th with respect to La. (La/Ta), and (La/Nb), are near 1.

Samples of transitional’ and ‘enriched’ compositions likewise Ia(;k the island arc signature N
(Figure 3.11) having smooth patterns and a slightly negative (Th/La),,. Ta and Nb in tha enriched |
group show slight but distinct pésnive anomalies. On the basis of HFSE, LFSE and REE
abundances, therefore, two broad groups can be defined, one with apparent island arc a!fi;mities

and the other without.

The Ti-Y-Zr diagram {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; for
 this reason, it provides a more universal test of the grouping. On Figurg 3.12, ‘depleted’ rocks are
mare depleted in Zr than the referer:vce field of istand arc tholeiites and are displaced away from
the Zr apex outside the fields of normat IAT. ‘Intermediate’ rocks from the Nanny Bag Lake, Seal
Bay Bottom, Glover's Harbour East and Northern Arm suites plot in the plate marginal fields; 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 spili 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 basTnLhe _In contrast, all Badger Bay and Big Lewis Lake samples
plot in the WPB tield, emphasiziﬁg thel dichotomy between them and othet rocks of ‘intermediate’
composition. All of the ‘transitional ana ‘enriched’ basalts plot as expected in the WPB field

From this evidence, the Wild Bight Group can be viewed as broadly bimodal, with
geochemical aifiﬁities to two paleotectonic environments. The ‘depleted’ and some of the
intermediate’ rocks have characteristics of island arc magmatism in their HFSE and REE 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 istand arc atfinities on the
extended REE diagrams and plot in the WPB field on the Ti-Zr-Y diagram. Although itis
recognized that interpretation of the paleotectonic environments at this point is premature, the
subdivision is necessary in order for the geochemical data to be presented coherently. The
justification must await detailed presentation of the geochemical and igotopic data.

The classification of Wild Bight Group mafic volcanic rocks arising from the above
discussion is illustrated schematically in Figure 3.13. For convenience in description. the tive
groups that comprise it are designated .

a) Istand Arc depleted (IAD) group: Glover's Harbour West suite, Indian Cove suite, Side

Harbour 'depleted. samples;

b) Istand arc imermediate (1Al) group; Glover's Harbour East suite, Seal Bay Bottom,

Northern Arm, Nanny Bag Lake suites;










.
¢) Non-ar¢ intermediate (h{A!) group (Badger Bay suite and ‘intermediate’ rocks from the
Big Lewis Lake suite)
| d) Non-arc transitional (NAT) group; Side Harbour transitional’ rocks and Ne'w 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 TiO,, P,0s,
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 Aerndix 8.

Sta}istically, the five groups appear to be geochemically distinct with respect to the six
elements considered. Four functions define the separation of the tive geochemical groups
(Table 3.1) successfully classifying 95.6% of the volcanic rock samples. Functions tand 2
together account for 98% of the variance and a terrﬁorial plot using these functions (Figure 3.14)
illustrates that a/) good separation <;f the five groups has been achieved. The misclassified cases
are all from the IAl and NA! groups reflecting the relative ditficulty 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 to‘Y.
which is slightly more abundant in the 1Al group. / -

Two further.comments regarding Figure 3.14 are in'order. First, the assignment of each
sample to a group carries a statistical probability that it actually beloﬁgs to this or another group.

For samples near the fiekd boundaries, the probability that the sample has been correctly ‘g,

assigned is locally calculated to be less than 70%. particulardy for small groups, this may still

100




Table 3.1: Unstandardized canonical discriminant functions calculated from
incompatible element data for Wild Bight Group mafic volcanic rocks.

: . Percent Cumulative
Fun‘cnon Eigenvalue Variance perggntage
11.697i02 - 1.22P205 + .984Y + 4.692r
14.55Ti02 + 1.68P205 - 3.37Y - 9.672r
Fat.2 | | 27aNp-3.00V + 27 309 10.53 98.01
-396Ti02 + 2.77P205 - 9.68Y + 4.15Zr
FAt3 | 02Nb + 887V - 13.91 48 164 99.65
-7.60Ti02 + 2.63P204 + 2.95Y - 2.062r i
Fot-4 | 247Nb+59V - 1291 10 35 100
[}
\
[
v
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underestimate the uncertainty of classification (see Appendix a), Second, there is ong sample
that the discriminant functions cormrectly classitied as belonging to the NAI group but which plots in
the NAT field on this c!\iagramjny of three faclors may be responsible for this: 1) the probability
that it belongs to the NAT group is 66%, compared to 34% for the NAE group; 2) 2%/ the total
6variance is accounted for by the two functions that do not appéar on this diagram.
As a result of this analysis, it is concluded that the empirically detined groups probably

have a valid slatistical base. They form the framework for discussions of the detailed geochemical

relationships, which constitute the rest of this Chapter.

3.4 Description of the Mafic Volcanic Rocks , »

3.4.1 Background for Classification and Description

The_@aochemical c]assificatién of Wild Bight Groap mafic volcanic rocks outlined in Section
3.3 provides the framework for discussing their geochemistry. In the following Section, the ﬁature
of the r};agma series represented in eachigroup (and where necessary in individual suites within
bthe groups) is discussed and the rocks are compared to modern examples with similar
geocmxical characteristics. The dis:,éussidn inclﬁdes interpretations of possible paleotectonic
environments and qualitative estimates of source region characteristics and fractionation ®
histories. Quantitative modelling is reserved until Chapter 4 50 as to’have the benetif ot Nd
isotopic analyses.

| A series of diagrams and discrimination ploits have been chasen, from the large number of
such blots a\;ailable in the literature, §6 illustrate the ;;epchemical features of these rocks. The
descriptive approach and the diagrams used are briefly described below.
.

3.4.1.1 Magma Series

Gili (1981) has defined magma series as "magmas which are related to each other by some

ditterentiation process(es) or by being separate partial melts of a common source under similar

conditions". Assigning ancient rocks to a particular magma series, however, may be hindered by:

104




, 104
a) lack of agreement as 1o the criteria for separating the various magma series; and b) the variably

aheged nature of ancient rocks which render many of tt;e classifications based on maobile major .
elemeénts unreliable. “

There is general agreement as to the geochemical sepgration 01. alkalic and non-alkalic
series rocks; in fresh rocks, this is generally accomplished on the basis of relative alkali contents
(MacDonala and Katsura, 1964) and/or alkali-lime indices (Peacock, 1931). Floyd and Winchester
{ 19755 have provided a basis for separating these magma series-in altered rocks using TiO,, Zr, Y,
Nb and P,04 contents and their diagrams are used extensively 1orthis purpoe in the following
Sections. | i

Conclusions in this regard can be checked with reference to tige composition of primary
minerals in the rock, if such minerais can be identified (e.g. clinopyroxéhc;. see Section 3.6)

The separation of non-alkalic tholeiites from calc alkalic rocks is less straightforward. Most
workers consider the “iron-enrichment trend” and the “iron depletion trend” todefine, A
respectively, the tholeiitic and calc glkalic trends in non-alkalic rocks (Nockolds ané Allen, 1953,
1954, 1956; Irvine and Baragar, 1971; Miyashiro, 1974) There is, however, considerable .
discussion as to whether, in orogenic environments, an iron enrichment trepd ié necessary to
define a tholeiitic magma series (e.g. Osborn, 1962) or whether a high Fe/Mgratio without
substantial increase during subsequent differentiation is sufficient (e.g. Miyashiro, 1974).:

_Jakes and Gill (1970) suggested that low con;o-ntgof large ion lithophile elements (LILE)
are c/r:arac!edstlc of tholeiltic rather than calc alkalic rocks in island arc environments and on this
basis defined an “island arc tholeiite” series characterised by low LILE contents and
chondrite-normalized ;!EE patterns that are flat tg slightly LREE depleted.

Gill (i981) reviewed these arguments and concluded that the initial l;e/Mg ratio and rate of
change of Fe/Mg with increasing SiO, provide the best practical means of distinguishing tholeiitic

from cakc alkalic rocks in orogenic environments; he used\Aiyashiro‘s (1974) Si02 versus

FeO/MgO diagram for this purpose. Following Jakes and Gill ({970), he further concluded that

LILE contents (as reflected by K,0) could be used to identify contrasting petrogeneses in
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orogenic environments, and on this basis, defined low-K, medium-K and high-K sulles, each.
encompassing representatives.of tholeiitic and calc alkalic ;jiﬂerenliation 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 SiO,, FeO and MgO is not
always feasible in ancient rocks because of the eﬂects of alteration, these elements are not used
di;edly. TiO, 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 TiO, and V with differentiation ( represented by atomic Mg/[Mg#Fe], the Mg#) is
taken in this study as evidence for tholeiitic or calc al}calic magma series, respt;ctively. In the
absence of reliable K,0 data, the distinction between low-K, medium-K and high-K suites can be
made on tﬁe basis of REE pattems (Gill, 1981). As'a general rule, low-K suites have slightly
negati\:e to slightly positive REE patterns (Lay/¥Yb,<~1.5), medium-K suites moderately positive
slopes (Lay/Yb,~1 to 5) and high-K suites steep ﬁositive slopes (La/Yb>5). The distinction
can also be made on the basis of the relative abundances of La and Th (Gil, 1981}, as Th
distribution in the magmas parallels that of K,0. High TlVLa 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 al. (1983) among others, has been identified at
some consuming plate margins. These magmas are characterised by high MgO and compatible
trace slement concentrations, ar;desitic SiO, contents, and severe depletion of incompatible
eleqﬁems {panticularly Ti and the HREE but also the other HFSE). Chondrite-normalized Zr and Hf
are generally enriched relative 1o the ;JIHEE, Ti/Zr ratios are characteristically very low (< 60, -
Hickey and Frey, 1982) and the REE_ patterns 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 ditferent tectonic environments, most based-on observations of modern rocks in -
known environments and extrapolation of these results to unknown ancient envirofiments (e.g.
Pearce and Cann, 1973; Miyashiro, 1974; Garcia, 1978; Wood et al., 1979; Pearce, 1980;
Meschede, 19&6). Of parﬁcular value in interp.reting ancient volcanic rocks has beenlthe
recognitién that the LFSE and some of the HFSE behave coherently in normal mantle
environments but are decoupledin a subduclio; environment, the LFSE being anomalously
enrlched_ and the HF SE, particularly Ta and Nb, being depleted relative to the LREE. This
characteristic has lead 1o a number of discrimination diagrams, the best known of which is the
Ta-Hf-Th diagram of Wood et al. (1979).

Preliminary opnclusions regarding the paleotectonic environment of the various groups
have already been presented in Section 3.3.3. In the following discussion, these are
supplemented by four additional diagrams. The Ti-V diagram (aftex Shervais,1982) provides some

| separation of tholelitic basalt types but is most useful in digtinguishing within-plate groups of
transitional and atkalic nature. The Zr/Y - Zr glot of Pearce and Norry (1979) provides some
lseparation between plate marginal and within plate types and more importantly, a visual illustration
of subdivisions within the groups distinguished by different incompa?ible element ratios. The
Ta-Hi-Th p’lot provides a good separation of ar¢c from non-arc types and related binary plots 1rom'
Wood et al. (1979) further illustrate this separation. Finally, chondrite-normalized REE plots allow

comparison with modern rocks of known tectonic affinity and lead into a discussion of possible

source areas ang fractionation histories.

3.4.1.3 Fractionation histories

The origin of geochemical trends developed in the various suites and subs',;ites (e.0.
fractional crystallization, partial melting, mixing) is investigated in a preliminary way in this Chapter
qsin§ combinations of trace and rr;éjor eler';ments. Detailed considerations await the presentétibn
of isotopic data in Chapter 4.

Fractionation pathways for ditferent element pairs can be calkculated for any assumed
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.iraclionalion model and compared to the actual variat/i;y'n of these iwo elaments, assuming that
the observed variation is results from fractional crystallization. By chQOSEn;; elemenls that have
high distribution coetficients for only one of the minerals likely to be crystallizing in the magma,
and in concert with petrographic observations of phenocryst abundance;, this approach can yield
a qualitative estimate of the minerals pot(\enlially 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 fractif)nation. Plagioclase fractionation is estimale}d from the
Al,O4 - Ti plot of F"e_arg:e and Flower (1977). =

P'reliminary modelling of trace element concentrations has been used: 1) totest whether
the trends can be reasonably interpreted as the result of fractional crystallization; 2) to provide an
estimate of the amount of fractionation represented by the available sample set; and 3) to
estimate the approximate proportions of the minerals involved. Rayleigh fractional crystallization
was assumed. Distribution coefticients t.Jsed in these calculations are detailed and referenced in
Appendix 9. The modelling approach is as follows: |

1) A selection of both incompatible and compatibie elements were plotted against Mg#.

2) The endpoints of a least squares regression line through the data for the incompatible

element data were taken as the maximum and minimum of the concentration range of the element

S
and used to calculate the amount of fractional crystallization necessary to account for the

variation. Where each incompatible element yielded a similar> estimate of the amount ?1
fractionation, the hypothesis that the observed variation results principally from fractional
crystallization was accepted. Where different incompatible elements gave different estimates of.
total fractionation for the same sample set, the r;y‘pothesis was rejected.

3) In most suites in the Wild Bight Group, petrographic and/or geochem‘ical evidence
suggests that olivine, clinopyroxene and plagioclase were the most imponant minerals during -

fractional crystatlization. The approximate proportions of olivine and clinopyroxene crystaliization

were estimated by adjusting the propdrtions of these minerals in the model to produce the

|
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observed changes in Crand Ni (the endpoints of regression lines through the data plotted

against Mg#) after the appropriate total fractionation (estimated from incompatible element

changes). It plagioclase was the only other mineral on the liquidus, its proportion in the model is,
: - )
thereiore, fixed; this was checked qualitatively against the estimate provided by the Pearce and

Flower (1977) Al,O4/Ti versus Ti diagram.

3.4.2 The IAD Group
The |IAD gro;Jp is characterised by very low contents of incompatible elements and by

SiO, contents that vary widely but are generally in the andesitic range (Table 3.2). In the Glover's

Harbour West suite, TiO, and V increase regularly with decreasi;\g Mg# (Figure 3.15). The leagt

fractionated samples have Mg# of approximately 0.6 and Iov;r contents of both Ni and Cr, ‘

indicating that some fractionation has occurred prior to eruption. SiO, does not show such a/

consistent relationship withr Mg# which is not su.rp:rising considering the abundant petrographic

eviden'(:g for mobility of silica during 'alteration {e.g. free quantz in vesicles, veins and

grbundn:ass). The relationships between secondary quanz and silica content of the rocks is not

straightfc;rward. 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 resoivable free quarz (e.q. 2140462, 2140477). As

previously noted, in the abse;\ce of abundant free quanz in amygdules and veins, the silica

content of sub-seafloor, hydroihermally altered, basalt is likely to represent a minimﬁm for the

onginal silica content. It is tentatively concluded that at least some of these rocks may have been -
~ originally andesites, although their silica contents may have been redistributed somewhat during

alteration.

i .. Cr and Ni abundances are generally very low and decrease steadily with decreasing Mg#,
. consistent with continued fractionation invotving olivine and pyrdxene.
The sarmlé frora the Indian Cove suite has incompatible element contents and Mg# similar

to the Glover's Harbour West suite and may be petrogenetically related. However, the elevated Cr

Y
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Table 3.2: Major (W. %) and trace (ppm) element compositions of samples in the |AD group.

) Suite |-Indian Cove- |-Side Harbour®®--------- f |----e----Glover's Harbour West----«--s-ucuevemmenemeionroonns e
Sample 2140492 2140526 2140765 2140456 2140458 2140460 2140462 2140471
Sio2 59.07 58.91 62.57 54 .81 54 .86 49 .42 66.23 50.39
Al203 1429 14.32 12.89 15.29 15.63 17.12 12.02 16.52
Fe203 3.61 2.83 , 162 3.38 2.19 3.3 1.86 412
FeO 4.67 10.17 828 7.09 7.39 8.39 5.75 8.89
MgO 5.06 4.38 3.37 . 5.46 7.04 7.14 5.09 526

. Ca0 8.79 3.79 58 6.77 8.64 10.65 452 12.37
Na20 3.77 4.65 458 - 6.01 3.38 2.51 1.38 153
K20 017 0.16 0.13 0.12 0.26 0.79 2.24 011
TiOo2 0.46 0.54 0.52 0.67 0.47 052 0.45 062
MnO ~ 0.1 0.22 019 0.13 0.12 0.16 0.15 017
P205 0.03 0.04 0.05 0.28 0.03 0.01 10.31 0.03
LOI 595 275 386 568 568 410 483 486
Tatal* 100.42 99.84 99.43 100.18 99.74 100.21 99.65 9992
Cu 51 160 141 178 117 26 108 138
Zn . 58 117 91 92 77 58 69 87

~ Ni 75 4 5 6 12 12 12 7
Cr T 4B1 50 ¢ 28 48 62 64 45 50
v 245 403 364 361 310 355 235 375
Sc 41.7 i 41 456
Co o ! 32 45.6
Rb 19 7 <0.5 1.6 25 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 -
2r 6 7 8 1 7 9 4 7
Nb <0.5 <0.5 0.7 0.6 05 06 <0.5 <0.5
l . Ht 290 043 0.21
[ Ta 0.01 0.01 0.01
La 0.81 0.6 2.1 0.59 08
Ce- 2.1 5 1.5 0.8
Nd 1.4 1.1 39 1 1.9
Sm 0.71 0.7 1.6 0.58 08
Eu- 0.29 0.66 0.29 0.4
Gd 0.01 09 = 26 0.01 1.1
Tb 0.21 a5 - 0.19
Dy : 1 1.7
Er 08 -~1.2
Yb *0.87 33 - 0.76 0.7
Lu ' 0.14 05 0.15
La/Ta 81.0 2100 59.0 :
Th/Ta 24.00 5.00 14.00
{La/Sm)n 0.70 0.80 0.62 0.61
Tir2r 451 460 405 380 425 353 636 507 .
Zr/Nb 1 19 13 14
TirVy ’ 11 8 . 9 11 9 9 1 10
ZeY . 0.7 1.0 1.0 04 1.2 1.5 0.2 1.0
TirY 333 472 410 143 515 516 106 503 )
Mg# 0.56 0.41 0.41 0552 0.60 0.55. 0.58 0.45 -

* . analytical total; major element concentrations are recalculated to 100% anhydrous
*+ . Side Harbour suite samples from Point Leamington dgposit footwall

Co (
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Table 3.2 {continued)

B RSttt Glover's Harbour We st (CONtINUEa)---o--n--mmomsmmmmmmman s oo meiini oo moemee s oo |
Sample 2140472 2140473 2140474 2140475 2140476 2140477 2140478 2140480

Si102 55.14 £8.71 56.88 48.44 5172 59.16 §3.21 51.48
Al203 14.85 13.56 15.3 21.07 16.36 1402 15.32 1885 -
Fe203 457 3.02 3.04 1.57 5.18 3.68 2.3 1.84
FeQ 6.45 7.51 5.88 8.06 6.5 6.81 6.79 8.85
MO 45 543 3.87 6.1 4,65 4.5 5.41 782
CaQ 13.04 8.22 13.67 9.36 10.96 6.08 10.12 4.05
Na20 057 - 2.64 0.47 3.04 3.83 494 6.08 617
K20 017 0.12 0.25 1.82 0.04 0.06 0.07 0.21
TiO2 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 0.02
LOI 441, 3.18 4.99 8.03 3.44 2.96 5.62 598
Total* 100.32 99.41 100.10 100.10 100.31 99.99 99.59 99.61
‘Cu 116 113 123 94 - 109 101 113 110
n ral 69 69 68 63 165 64" 70
Ni 6 6 7 15 6 7 10 12
Cr 47 45 42 63 45 54 56 71
\ 330 307 302 239 325 425 313 300
Sc 46.6 458 -
Co 33.6 308
Rb 13 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
A Th 0.14 0.16 )

Y 5 7 7 4 7 9 6 6
Zr 5 .4 4 4 6 9 3 6
Nb 1.4 <0.5 <0.5 <0.5 <05 <0.5 «0.5 <0.5
Mt 0.24 - 0.27
Ta 0.01 0.01
La 04 0.55
Ce 1.2 14
Nd . 09 13
Sm 0.52 0.65
Eu . 0.25 0.29
Gd 1.1 0 .
Tb 0.18 0.19 .
Dy
Er .
Yb E 0.87 0.87

A} . Lu 0.18 0.18
LaTa 40.0 i 55.0
ThTa , 14.00 16.00
{Le/Sm)n 047 - 0.52 -
TVZr 620 714 678 578 563 430 1053 503 :
ZrINb 4
TWV 9 10 9 9 1 9 g 10
Y 1.0 0.6 0.6 08 08 1.0 05 - 0.9
TVY 590 439 382 487 473 418 500 474
Mg# 0.46 0.52 0.47 0.56 0.45 0.47 0.55 0.60

* - analytical total; major etement concentrations are recaiculated to 100% anhydrous
** _ Side Harbour suite samples from Point Leamington deposit footwall
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and Ni contents probably reflect cumulate olivine and pyroxene and this analysis may not be a
liquid composition. The two samples from the Side Harbour suite have considerably lower Mg#,
reflecting lower MgO and marginally lower FeO! (the superscript refers to lotal iron, in this case
calculated as FeQ) concentrations. Their incompatible element concenl;ations, however, are,
similar to-the other suites. “These two samples were 1akgrl in the footwall of the Point Leamington
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 probabty been mobile and the Mg# may not accurately
reflect the degree of ditferentiation of the protolith.

Samples 2140456 and 2140462 in the Glover's Harbour West suite have anomalously
high P,O5 and Y contents but are not otherwise remarkable. This may indicate the presence of
soﬁ»e accumulated apatite.

The very low TiO, tontents and Nb/Y ratio'<1 dictate that these rocks are non-alkalic (Floyd
and Winchester, 1975) ( Figure 3.16). The increasing TiO, and V contents with differentiation
(Figure 3.15A,B) suggest that théy are tholeiites.

In Table 3.3, the depleted group is compared to representatives of similarly depleted

magma seric_as from modgrn oceanic volcanic environments. Specific points of comparisonrare
illustréted in Figures 3.17 and 3.18. Four pairs of samples are chosen to illustrate the comparison,
comprising two boninites from the Mariana-Bonin arc system (representing melting of refractory
sources in a supra-subduction environment), two normal low-K tholeiitic, basaltic andesites from
the inlraocéanic Tongan arc, two unusually depleted basaltic andesites from the
Tonga-Kermadec arc, and two island arc tholeiitic basalts from the New Britain reference suite of
the Basaltic Vog:an‘lsm Study Project. In alf cases, the sample pairs represent the extremes of a
rénge of composnioné.

. The IAD group displays similarities with each of the reference pairs while being strictly .
comparable to none of them. Like the Tongan arc tholeiites, it has undergone moderate to

substantial fractional crystallization (in contrast to the New Britain arc tholeiites and the boninites)




ALKALIC
BASALT

NON-ALKALIC

o BASALT

0 g g¥ . o, . .
0.00 0.05 010 0.15 0.20
Zr (ppm) / P205 (Wt. %)

Figure 3.16: Discrimination of alkalic and non-alkalic’basalts, after
Floyd and Winchester (1975), for the IAD group. Stippled area is
transitional. The very low Zr contents shift these rocks to the left of the
field of normal basalts but the very low Nb /Y ratio confirms them as

non-alkalic.




Table 33 Comparison of tha |AD group with depleled basic vokanic rocks in modern plate marginal environmgnls

1AD group Modern Examples
Mean Stffev Max  Min A B c D E F G H

SI02 - 5549 484 6623 48.44 5846 5799 5757 5444 5252 4858 531 492
A203 1553 218 2107 1202 1337 1448 1414 1852 1685 1773 147 144
Fa203 304 105 518 157 36 208 534 224 191 14
FeO 77 198 1334 467 827 801 862 673 487 807 63 81
MgO 535 118 782 337 939, 671 329 416 604 677 92 108
Ca0 828 326 1367 379 a1t 1047 849 1131 1195 1284 109 114
Na20 335 1890 617 047 150 187 242 178 095 137 158 215
K20 051 073 224 004 07 03 07 024 015 013 022 017
Tio2 054 012 087 035 01 023 08 043 036 069 03 115
MnO 016 004 022 006 021 016 018 018 016 018
p205** 003 001 001 006 012 006 004 002 003 OMN
Cu 117 40 189 26 215 67 94 97 86
Zn 85 32 165 58 72 76 26 19
NIt 8 4 15 3 140 ) 26 23 33 88 196
Cree* 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* 44.14 259 4660 41.00 362 B3 41 35 42 a3
co* 344 64 456 300 31 26\ 34 34

R 5 7 24 <001 Y122 85 9 120 56 23 26 24
Sr 60 38 158 120 972 891 225 85 145 175 167 187
Ba a9 22 87 13 30 268 165 120 2 23 40 a8
Th 015 007 024 005 027 016 013 021 007 029
Y ] 7 2 13 43 49 7 25 16 6 9.4 6 25
zr 7 2 1 28 254 28 38 24 76 16 157 64
No 04 03 14 <05 063 052 14 389
H* 0.29 043 o021 069 062 092 073 05 175
Ta* 00t 001 001 <0O1

La* 080 068 210 040 127 075 29 16 1 11 074 397
Ce* 224 158 500 120 257 21 71 36 23 3 205 124
Nd* 170 125 390 080 165 172 545 3 18 + 28 168 913
Sm* 08t 045 160 052 043 057 19 12 059 096 06 27
Eu 036 017 066 025 015 023 069 045 026 D42 02 098
Gd* 074 114 260 0.00 24 15 094 15 08 323
Tb* © 026 018 055 018 01 016 043 03 018 027 016 059
Dy* ' 11 128

Er oe7 1.2

Yb* 133 110 330 076 059 074 23 15 085 118 074 22
L' 023 015 050 0.14 01 012 - : 011 034
LaTa’ 890 692 2100 400

ThTa" 146 68 240 50

(La/Yb)n® 04 01 06 03 14 07 08 07 32 3s 07 118
TvZr - 5417 1660 1053 3526 234 492 1262 1224 2839 2585 1145 1077
ZriNb 188 81 368 36 ®0.>» 462 112 164
W 101 19 186 80 34 17 113 69 118 96 30
2oy 09 03 15 02 52 15 15 13 17 26 256
Ty 4659 638 5303 1065 122.3 40 18 1836 3596 4400 2997 2757
Mg# 050 007 060 0.4t 067 060 035 049 055 057 068 070

* . INAAdata only
** - Excluding 2140456 and 2140462 due to probability of cumulate apatite
“**. Excluding 2140492 because of the probability of cumulate olivine and/or pyroxene

A - Chichi Jima. Bonin Istands, bonninite, volatile iree whola rock microprobe analysis by G. Jenner,
quoted by Hickey and Frey (1882).

B - DSDP site 458, sample No. 28-1, Marlania forearc, bonninite, volatile free whole rock anatysis from Meiler (1980}

C - Island arc m;oleiilo L 13 from Lale, Tonga Arc (Ewart et al., 1973)

D - Istand arc tholeiite. basal fliow fom Hunga Ha'apai, Tonga Arc (Ewart et al., 1973)

E - Island arc dephied tholeiitic basalt Tahafi 116, northern Tonga (Ewarl el al., 1977)

F - Island arc depieted tholeiitc basalt Raoul 7128, Kermadec arc (Bwart el al., 1977)

G- Island arc tholeiite IA-1 from the New Britain reference suite, Basattic Volcanism Study Project (1981)

M - Island arc tholeiite IA-11 from the New Brilain reference suite, Basaltic Voicanism Sfudy Project (1981)
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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). -

Tiand V contents and the TV ratio of both the IAD group and the two modern island arc
suites are approximately c‘hondritic and within the range of typical island arc tholeiites (Figure
3.17). Boninites generally havé lower Ti conlents and less than chondritic TV, plotting claser to
the origin of this diagram.

The 1AD group is very strongly depleted in Zr, Nb and the LREE compared to all except the
depleted Tonga-Kermadeac tholeiites and has higher TvZr ratios than all of the rﬁodern arc suites.
However, absolufe'a"bundances of other incompatible elements are similar to those in the arc
suites as are incomp.atible element ratios (e.g. Zr/Y and TvY). Compared to boninites, the IAD

", group is strongly depleted in Zr, Nb and Hf and enriched in S¢, TiO, and V. It lacks the very low
TiZr ratios characteristic of boninites (Hickey and Frey,’1982).

Onthe Zr/Y-Zr diagram gFigure 3.17B), the IAD group plots outside the field of arc lavas
because of its extreme Zr depletion (as prevk;usly seen on the Ti-Zr-Y diadram, Figure 3.12). In
this respect, it is most sirpilar to the depleted Tonga-Kermadec rocks. The wide variation in Zr/Y
ratio probably resuits mainly from analytical imprecision at very low abundances. Normal Tongan
aretholeiites and all but the most depleted New Britain tholeiites plot within the VAB field.

v Boninites also plot outside the arc tield but have considerably higher Zr/Y values.

The affinity with island arc environments, although \A?i’thaa abnormal HFSE depletion, is
further supportea by Ta-Hf-Th relations:hips (Figure 3.18). Th/Ta ratios ;are considerably greater .
than 2 and characteristic of island arc environments (Wood et al., 1979). All samples plot in the arc
field on the temary diagram. . .

Chondrite normalized rare earth patterns for the IAD group (ﬂgure 3.19) show them to be P
severely depleted in the LRE;E (Lay/Yb,=0.45), even relative to the Tongan and New Britain arc
tholeiites (La,/Yb,=0.66 to 1.2). The intervals La to Nd an& Eu to Tb have flat trends 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),, and (Yb/Lu),. This







sample probably contains cumulate apatite {(see above); the high crystal-liquid distribution

coeftticient for the rare earths in apatite ma\y account for this anomalous pattern.
The middle rare earth elements (MREE) and HREE in the IAD group have similar 3(
. distributign and abundances 1o the Mariana forearc boninite, the depleted Tonga-Kermade&
andesites and the most primitive New Britain arc basalts but are considerably more depleted than.
'1he normal Tongan arc andesites. The Tonga and New Britain rocks have flat to slightly
LREE-depieted patterns (La,/Yb,=0.66 to 1.2). The Bonin lsle.mds boninite has MREE and
HREE abundances appréximalely similar to the |AD group (although without the ‘step’ between
Nd and Sm) but is LREE enriched, displaying a concave - upward REE pattem. This pattern,
common in boninites (Hickey and Frey, .1982), is generally interpreted as resulting from a two
stage mehin§ history involving an early partial nfelting of a mantle source followed by remelting of .
the refractory source coupled with metasgmatic introduction 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 1AD group but they
are less depleted inthe LREE (La/Yb,=0.67). ‘
Clearly, the IAD group mu.st represent melting of a very refractory sourc EE and
HREE abﬁn&ances suggest that this source was at least as depleted as those postilated for
boninites and more so than the sources of most island arc tholeiites. This question is considered
in more detail in Chapter 4. N
_As previously noted, the Giover’s Harbour West suite apparently racords fractionation of a
tholeiitic magma that has previously undergone substantial olivine and clinopyro!xene
crystallization. The TiO5-Y diagram (Figure 3.20A) suggests that approximately 20 to 25 percent
crystallizatio;l of a combination of clinopyroxene, ofivine and plagioclase crystallization has
occurred. Approximately 20-25 percent plagioclase 1rac;ionation is indicated by the
Aléosmbz-Ti diagram (Figure 3.20B) and confirms that the single Al,04-rich sample (2140475)
is probably a plagioclase cumulate. The Cr-Ni and Cr/Ti-Ti diagrams suggest that béth
clinopyroxene and olivine were on thé quu'idus. The likelihood of orthopyroxene crystallization

-







121
cannot be evaluated by the available data. Howeveér, its presence on the liquidus would not

substantially change the conclusidns of the preliminary modelling below.

¢ Zr and Nb cannot te used in preliminary modelling of the Glover's Harbour West suite as
their concen\trations in the most primitive samples are either below detection limits or so low that
they have very high analytical-uncertainties. Results of modelling using Ti and V are summarized
in Table 3.4. Changes in both Ti and V are consistent with approxjmate|y 25-30 percent Rayleigh
fractionation, indicating that the trends developed in Figures 3.4A and B indeeduresult from
fractional crystallization. An ol:cpx:pl ratio of approximately 0.2:0.2:0.6 can account for the
observed decreése in Cr and Ni over this fractionation interval and the 15 to 18 percent
plagiociase fractionation that this indicates is in reasonable agreement with the 20 to 25 percent

AY

suggested by Figure 3.208.

3.4.3 The 1Al Group

The 1Al group is the most geochemically heterogeneous in the Wild Bight Gr;)up. Intersuite
variations within this group sug:_;est that a number of contrasting petrogeneses are represented,
and even within some suites, relatively subtle variations suggest additional complications in their
genesis. Compositions of the 1Al 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, the Al group is
geochemically bipartite; the Glover's Harbour East, Seal Bay Bottom and Northem Arm suites
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!, TiO,y, V,
P>Og ahd Y and lower concentrations of Al,Oq, Zr, Nb, Ta, Hf and Th. Consistent contrasts in
incompatible element ratios between the Glover's Harbour Easy/ Seal Bay Bottom / Northern Arm
suites and the Nanny Bag Lake suite funther emphasize this dichotomy, and suggeét contrasts in
the source regions and melting historias of these rocks. ’

Plots of various elements versus Mg# (Figure 3.21) further emphasize the dichotomy and

ilustrate geochemical relationships within the group. In all suites, TiO, and Zr increase regularty

[y
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Table 3.4. Results of trace element modelling of fractionation in the Glover's Harbour West suite.

Model parameters: ol:cpx:p!=0.2:0.2:0.6
Distribution coefficients: primitive basalt (Appendix 9)

Starting Ending % Total
Composition Composition Fractionation
TiOg (wt. %) 0.45 059 22-30
(+5%)
V(ppm) 281 356 25-36
{£5%) -
Cr (ppm) 62 455 20-27
(£5%)
Ni (ppm} 128 58 17-34
(£20%)
/’




Tablg 3.5: Major (weight percent) and ¥race (ppm) element compositions of the |Al group

Suite

Sample 2140463
Si02 53.17
Al203 18.49
Fe203 1.8
FeO 5
MgO 4.77
Ca0O ¢ 9.84
Naz20 5.06
K20 0.67
Ti02 0.94
MnO 0.17
P205 0.09
LOt 4.1
Total* 99.84
Cu 32
Zn 63
Ni 22
Cr - 90
\ 189
Sc 30.1
Co 30
Rb o4
Sr 104
Ba 158
Th 18
Y 14
Zr 61
Nb 1.3
Ht 164
Ta 0.25
La 7.4
Ce 16.8
Nd 8.8
Sm 251
Eu 088
Gd 0.01
To 0.48
Dy }

Er

Yb 1.70
Lu 0.28
La/Ta 296
Th/Ta 7.20
(La/Sm)n 18
TvZr 92
Zr/Nb [ 48
Twv 30
Y 4.5
T 411
Mg# -0.59

femeemmne Glover's Harbour East

2140464
5252
19.75

1.87
483
4

1111
469
013
0.87
0.15
0.08

5.12
100.33

33
54
20
100
17

14

33

88
18
31
43
379
0.55

2140467
55.96
16.93

3.08
5.85
2.75
6.49
6.57
053
149
0.15
021

249
99.35

20
84
<1
34
287
296
23.2

27
131

L} 8 -

3.36
‘059

15.7
36.2
188
468
142
5.30
082

274
0.44

26.6
7.29
20
68
17
31
48
326
0.39

2140468
55.65
15.94

4.16
5.3
2.48
7.74
6.51
0.55
1.37
0.13
0.17

98.77

26
81
«1
34
282

86
138

30
127

65
17
29

.42

275

0.35

2140470
56.34
18.06

2.
6.11

3
5.15
6.46
0.74
1.1
0.14
0.18

138
75
10

Y 375

16
137
N 174

19

73
15
“ 18

48 -

352
041

[----s---Seal Bay Bottom- - -

2140553
 53.98
16.92
206
88

526
463
6.18
0.24
151
0.23

02

256
99.81

21
88

2

41

. 330
YA
304

27
141
193

41

29
120
7
32
0.51

13.6
338
17.6
4.48
1.39

0.84

72.84
046

26.7
8.04
19
75
18
27
42
314
0.49

* - analytical total; major T@;menl concentrations are recalculated 1o 100% anhydrous

2140554
53.18
18.33

1395
587

5.7

9.6
378
0.26
099
0.21
0.14

4.07
100.35

41
72
48
178
198
211
28.2

7
139
107

362

21
95

5
2.47
0.39

121
289
14.3
352
1.09
0.00
063

2.16
0.34

310
9.28
2.1

19
- 30
45
284
0.60

2140555
55 88
16.65

1.84
7.02
4.27
6.75
5.46
0.32°
1.44
0.19
0.18

231
99.30

29
83
3
42
247

118
130

65
18
35
43
320
0.49




Sample
Si02
Al203
Fa203
FeQ
MgO
Ca0
Na20
K2Q,
Ti02
MnQ
P205

AN

LOI
Total*

Cu
Zn
Ni

Nb
Ht
Ta

La
Ce
Nd
Sm
Eu
Gd
Tb
Dy
Er
Yb
Lu

La/Ta
ThTa
(LasSm)n
TvZr
ZiiNb
TV

i

TVY

Mo#

Table 3.5 (continued)

Seal Bay Bottom (continued)---
2140750 2140751 2140752 2140753
54.23 5404 51.46 55.15
18.79 18.41 17.47 17.93
2.3 3.1 305 2.11
6.51 49 494 6.34
3.74 3 36 407
755 1181 179 ' 946
4.73 3.06 0.24 332

061 - 026 0.02 0.04 -

1.19 1.1 0.99 123
0.18 0.16 0.18 0.19
0.17 0.16 0.15 0.16

3.57 4.10 5.86 4.26
99.92 99.77 100.88 99.91

69 75 27 21
77 72 64 64
15 14 46 10
39° 41 154 69
230 . 223 167 224

<0.5
1582
33

22
88
4

70 77 67 84

17 22 20 21

31 30 36 33

48 3.9 43 40
335 300 291 337

. 046 0.44 - 0.48 0.49

2140754
55.7
17.65
1.87
6.49
4.21
7.49
5.09
0.12
1.09
0.15
0.13

3.17
100.11

66
70
17

44 .

238

77
24
27
4.0
- S04
5850

2140755
51.19
21.78

0.72
6.09
495
763
5.24
1.34
0.76
0.21
0.09

. 6.46
9983
33
51
40

149
158

82
21
29
4.2
345
0.59

* - anatytical total; major element concentrations are recalculated to 100% anhydrous

2140756
55.46
17.17
1.99
8.36
501
6.03
4,16
0.02
1.44
0.19
0.18

4.01
99.48

21
78
6
56
284

2140758
5194
18.31

207
5.85
4.65
13.32
2.25
0.13
1.16

0.
015
4.43

99.63

36
65
19
82
199




Tabie 3.5 {continued)

Nanny Bag Lake-------swrmsrmr oo g ]
2140531 2140532 2140533 2140534 2140543 2140541
55 54.26 5254 5167 54,63 ‘'54.17

15.44 15.43 16.29 17.03 1549 15.19
35 52 312 357 385 43

9.12 787 1112 10.21 9.42 8.92
5.42 353 789 7.46 4.79 4.74
553 465 139 215 437 4.56
3.94 6.88 484 5.73 554 55
0.39 0.11 Y57 0.63 0.24 1
1.33 158 152 1.26 1.49 1.26
0.21 0.25 023 0.19 022, 0.21
0.12 0.25 009 0.1 0.15 0.14

252 1.04 267 2.36 1.43 1.75
9998 98.90 99.36 99.52 99 91

Cu 33 38 53 42 50
Zn 110 108 140 94 104
Ni 2 2 11 4 4
Cr. 31 26 57 52 33
Y 422 322 L5810 558 449
Sc . K R 39.5

Co k 29.3

Rb . 0.6
Sr 64
Ba 52
Th . 044

Y 27
Zr P 1)
Nb . . 14

Hi R 1.6
a . 0.08

La R 2.75

Ce’ 3 88

Nd . 7.5

Sm R 275
& B 113

Gd

Tb 0.69

Dy

Er

Yb . 3.05

Lu X 0.47

La/Ta 353 34.4
Th/Ta 9.67 5.50
(La/Sm): 04 0.6
Tvze . 216 154 171 120 110 108
Zi/Nb 22 45 39 36 45 25
TV 14 19 29 15 14 20
ZoY 17 19 20 28 2.1 29
WY 358 289 351 335 229 310
Mg# 0.48 047 0.36 053 , 052 0.43

- - analytical- total; major element concentrations are recalculated to 100% anhydrous




{-Nanny Bag Lake (contd)-|

Sample 2140543
Si02 * 54,36
Al203 « 1483
Fe203 3.79
FeO 068
MgO 513
. Cag 482
Na20 554
K20 0.09
TiO2 1.3
MO . 0.22
P205 0.24

LOI : 266
Total® 99.04

Cu 34
Zn 110
Ni <1
Cr 21
v 346
. Sc
Co

Rb
Sr

Ba
Th

Y
zr
Nb
Hf
Ta

La
Ce
Nd
Sm
Eu
Gd
Tb
Dy
Er
Yb
Lu

La/Ta

Th/Ta

(La/Sm)n

TvZr 139
Zr/Nb 40
Tw 23
F{ad 20
TvY 284
Mg# 0.44

2140544
5217
14.73

444
948
536
653

5.1
0.07
173

02
0.19

1.98

130
28
22
26

332

0.44

2140771

Table 3.5 (continued)

54
18.99 -
1.15
7.31
3.91
7.09
5.53
067
1.07
0.16
0.12

2.93
99.60

54
75
24
59
227

1.6

89 . 72
18 29
28 30
38 - 39
343 281
0.48 0.56

2140773

49.78
1493
264
7.81
9.05
9.78
3.33
0.65
1.61
0.19
0.22

2.58
100.10

67
91
176
531
221

92

6

44
6.1
561
0.64

- analytical total; major eleﬁent concentrations are recalculated to 100% anhydrous

P

{

2140774 -
52.73
15.93
1.16
6.92
7.02
11.32
2.52
1.05
1.02
0.18
0.14

2.70
* 99.80

63
66
127
347
185




Table 3.6: Mean major and lrace element concentrations by suites in
) the IAl group

Glover's Harbour  Seal Bay Bottom Northern Arm  Nanny Bag Lake
East .
5473 53.80 52.66 53.26
17.83 18.15 16.48 15.51
272 . 1.66 3.88
5.42 ‘ . 711 9.75
3.40 -4 6.28 5.68
8.07 . 9.59 454
5.86 . 4.09 . 5.23
0.52 . 0.63 0.39
1.16 . 117 1.39
0:15 . 0.18 0.22
0.15 . 0.16

50 55
n 73.75
114 . 855
58 251
261 207

9 14
97 170
147

19
84
7

83

19
34

45
3%7
058
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with decreasing Mg# suggesting that these trends rf\‘ay result from fractional crystallization. There
is considerable er, particularly in the Seal Bay Bottom suite, which may indicate further
co'mplexities re::i;}rom pantial melting, comaminatién, accumulation of minor phases, or other
" causes. In the Northe’m Arm suite, one sample.'(214o773) has anomalously high TiO,. It is also-
very enriched in Nb and has very different incompatible element ratios from thgehher three
samples in this suite.,‘:n these respects, it is very similar to’samples fhthe NAt and N\AT groups
(Sections 3.4.4 and 3.4.5), a point vthat is relurned toin tﬁe symhesg'g\znd conclusions at the end
of this Chapter. A second sample in this suite has anomalously high Cr and Ni conter;ts
(2140774) suggesting it is a pyroxena and/or olivine cumulate.
The Nanny Ba} Lake suite has generally higher TiO, and lower Zr contgnts than the other
“three sultes at equlva'lent Mg#. There is a suggestion that this suiu; is actually b?anite, with
parallel trends of inoomp'atib‘le element enrichment at contrasting incompatible element
concentrations (see also Nb versus Mg#, inset in Figure 3.21D). The lower trend (open squares,
termed for convenience NBL-1) is defined by five samples but the upper (closed squanes, terr?ed
NBL-2) is essentially a two-point line defined by two pairs of samples and is not well cotlpinéd.
Samples from NBL.-1 have slightly lower Ti"Zr and higher Zr/Y ratios than NBL -2 and the two may
represent separéte magma balches. The petrogenetic relationship between these two trends is
further mve;tigated in Chépter 4. '

Vanadium Incfeases regularly with decieasing Mg# in the Glovers Harbour East, Seal Qy
Bottom and Northern Am suﬁes and this coupled wifh the similar increase in TiO:; indicates that
these are part of a t’holeiiﬁc macjma seres. This is in striking contrast to the Nanny Bag Lake suite
where V and FeO! {Figure 3.22) decrease sharply with decreasing Mg#. There is no obvious
process 1o account for these trends; crystallization of an iron oxide should also cause a parallel
decrease in Ti. § A .

saoz contents are mostly in the basaftic andesite range, loss‘commonly basaltic, and are

negativgly comelated with Mg# in all sBhes {Figure 3.21G H). These trends have less scatter than
Qover's Harbour West suite. Petrographic evidence of silica remobilization is less prevalent

inth
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* eruption. This is supported by very low initial Cr and Ni conte

' ' / 132
in these rocks as well and the andesitic confositions probably reflect andesitic protoliths.
The Seal Bay Bottom suite defines a continuous trend of decreasing Cr apd Ni with
decreasing Mg# suggesting clinopyroxene and olivine crystallization. The most primitive samples
have the higheét Crand Ni concentrations and the highest Mg#'s of any liquid_qomposiﬁons in

the IAD and JAl groups.

In the Nanny Bag Lake suite, Mg#'s of the least differentiated samples are apprdxima_tely
0.53, suggesting that these rocks were'the most evolved of all Al group voicanic rocks prior to
:rts._ Crand Ni do decrease slightly
over the range of Mg# represented by the sample set indicating additional pyroxene and oli;/ine
fractional crystallization.

* The Al group plots principally in the non-alkalic field on the Nb/Y-Zr/P,0g diagram (Figure
3.2‘3). Nota that the single anomak;us Northem Arm suite sampie plots in the transitional field on
this diagram and is clearly different from the remainder of the Northern Arm samples. -

The Ti-V ratios of the Glover's Harbour East, Seal Bay Bottom and Northern Arm suites are
somewhat higher the;n normal for island arc tholeiites and they piot in the field of M_QRB and
back-arc basin basatts in Figure 3.24A. The most primitive Nanny Bag Lake suite samples h;ve
Ti-V ratios typical of arc thoieiites but because of their pecufiar trend of increasing V with

decreasing Ti, their TiV increases to MORB-like values in the most differentiated samples (Figure

3.24B).
The contrast between the Glov&%rs Harbour East, Seal Bay Bottom and Northem Arm

suites and the Nanny Bag Lak® sulte is further emphasized on the Zr/Y - Zr diagrams (Figure

3.24C, D, E). The latter plot In the field of overlap between MORB and VAB. The former, in

keeping with their gener'al enrichment in the more incompatible elements relative to normal arc
tholeiites, have higher Zr/Y ratios and plot mainly in the WPB field. Y
Th and Ta values for the Glover's Harbour East, Seal Bay Bottom and.Nanny Bag Lake

suites (there are no Taor Th daté for the Northem Am éu‘ne) are generally greater than 2 (Figure

. 3.25A) and all samples plot well within the arc field onthe temary Ta-Hf-Th discrimination plot of

\
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Fi?ure 3.25: 1Al group samples plotted on Th:Ta and Ta-Th-Hf diagrams.
ATl samples pidt within the arc fields on both diagrams.
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Wood et al., (1979)(Figure 3.258), 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 affiily.

The geochemical contrast between Nanny Bag Lake suite and the Glover's Hafbour _East/’
Seal Bay Bottom/ Northern Arm suites is also'apparem in the REE (Figure 3.26). The Nanny Bag
Lake basalts generally have LREE-depleted patterns with flat MREE and RREE at 10 to 20 times
chondrite. Sample 2146541 is anor:1alousty eﬁrjched in La and Ce but has MREE and HREE
abundanc:;s similar to 2140532. T_his sample is also relatively enriched in Kzé) and Ba (Table 3.5)
but Ta and Nb contents of the two samples are virtually identical. This&ggests that the -
anomalous LREE enrich‘menl may be an artifact of alteration, atthough a LREE/LFSE enrichmer;t,
rasuling from metasomatism in the source regions above the subduction zone cannot be ruled
out. The Nanny BLg Lake suite REE patterns and abundances are similar to those 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 pecutiar 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 Bono;n volcanic rocks, in contrast,are LREE
enriched with a gentle positive slope in the MREE 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.9. V, Y, see Figure 3.24) elements. With reference to modern island arcs,
the degree of LREE enrichment (La/Yb,=2.87 to 3.78) suggests similarity with medium-K to
high-l'gt-holeiites (Gilt, 1981) su;:h as andesites trom Okmok volcano in the Aleutians described by
Kay (1977) (Figure 3.26B, C, D). This is further illustrated by La - Th relationships in Figure 3.27
where the s\amples span the boundary between medium- and high-K tholeiites (Fiéure 3.27). ‘

Geochemically similar rocks have also been reported from back-arc basiné in the early
stages of opening. Weaver et al. (1979) described three suites of volcanic rocks from the

Bransfield Stralt, where magma genesis is complicated by the presence of several sources and

7 the possible influence of a subducting slab. Rare earth patterns from two of these suites are
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Figure 3.27. La-Th diagram after Gill (1981) further
emphasizing the similarity between the Nanny Bag Lake suite
and low-K tholeiites and between the Glover's HarbounEast/
Seal Bay Bottom / Northern Arm suites and medium- to high-K
tholeiites. ‘




illustrated on Figure 3.268 to D). These rocks also have marked negalive (chondrite normalized)
Nb anomalies compared to Ce. -

Clinopyroxene and lesser plagioclase are the only identified phenocryst phases in the
Seal Bay Bottom and Glover's Harbour volcanics. Plagioclase is domindnt in the Nanny Bag Lake
suite and rare clinopyroxene was seen in only one thin section. Diagrams iflustrating the eHects of
fractional crystallization in the 1Al group (Figure 3.28) show the influence ¢f crystallization of these
minerals and also reflect the presence of olivine. Comparison of TiOp-Y ttends with modelled
fractionation pathways is consistent with fractionation involving some corgbination of pyroxene,
plagioclase and olivine (Figure 3.28A). The Northern Arm suite is the onlyd suite which does not
appear to represent a significant fréctiqnation interval on this diagram.

Plagioclase fractionation is indicated for all suites by the Al;,04/TiO, 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 Bottom suite, the single Al,O5-rich sample Is a
plagioclase cumulate; the remaining samples record 20 to 30 percent piagioclase fractionation.
The Glover's Harbour Eaét samples plot on a trend that could indicale as much as 30 to 35
percent plagioclase fractionation. In ali s;ites, the trends are flatter than the plagioclase
fractionation vector indicating some influence from !raclionatking ferromagnesian minerals.
Trends'on the Cr-Ni diagram (Figure 3.28C) are intermediate bet:Neen the calculated
pyroxene and olivine vectors suggesting that each has influenced the comp<.>sition of the rocks
during fractionation. There 1s no indication of iron-titanium oxides on the liguidus for any suite,
and no explanation for the previously noted decrease of V and FeO! with differentiation in the
Nanny Bag Lake suite. _ {:'s
Preliminary modelling of trace element relationships (Table 3.7) shows that the trends in
the Nanny Bag Lake and Seal Bay Bottogfisuites can be explained by crystal fractionation. Nb
cannot be used in eithersuite because of the relatively large uncenai‘nlies at the measured
abundance levels, but modelling of changes in both TiO, and Zrin all cases yiek; consistent total

fractionation. In the Nanny Bag Lake suite, samples of the NBL-1 trend may represent between
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Table 3.7: Results of Trace eiement modelling of fractionation in the iAl group
The range of fractionation is calculated based on 15% of the snding composition
or 1/2 of the detection limit, whichever is greater.

Nanny Bag Lake Suite, Depleted trend {NBL-1)
Model Parameters: al:cpx:pl = 0.x:0.1:0.x
Distribution coetficients: Fractionated basait (Appendix 9)

Starting y Ending % Total
Composition Composition  Fractionation
TiO2 (wl. %) 1.26 1.73 25-34 i
(15%) .
Zr (ppm) a4 62 . 25-34
. (£5%)
Cr (ppm) a4 1 21-37
-

(£5 pRm)

. . ;
Nanny Bag Lake Suite, Ensiched trend (NBL-2)

Model Parameters: ol:icpxpl = 8x020x -
Distribution coefficients: Fractionated basalt (Appendix 9)

Starting Ending % Total
. Composition Composition  Fractionation
TiO2 (Wi. %) . 14 -161 10- 20 .
(25%)
Zr (ppm) 72 - 82 8-18
{15%) -
Cr (ppm) 55 30 12-19
(£5 ppm)

Seal Bay Boftom Suite
Model Parameters: ol:cpxpt = 0.3:0.3:0.4
Distribution coetficients:  Fractionated basalt (Appendix 9)

Starting Ending % Total
Composition Composition  Fractionation
TiO2 (wt. %) - 1.00 ©133 24 - 34
(15%)
Zr (ppm) B1 107 22 -32
(£5%)
Cr (ppm) 199 25 27 - 32
(£5 ppm)
Ni (ppm) 36 6 22-33
+2.5 ppm)

Glover's Harbour East Suite ]
Modsei Parameters: ol:cpx:pl = not calculated
Distributian coefficients: Fractionated basalt (Appendix 9)~

Starting Ending % Total .

* Composition Composition  Fractionation
TiO2 (Wh. %) 0.86 1.39 ' 42-49
M (15%)
Zr (ppm) 54 126 61 -66
(£5%)
Nb (ppm) 1.80 8 79 - 82
(15 %)

141




. 142
. f
25 and 34 percerﬁ total fractionation and those in the NBL-2 trend slightly less, between 10 and -

18 percent. Nicontents ol‘ghe most fractionated samples of both trends are below detection limits
and cannot be used to calculate the proportion of olivine fractionation. Cr cbnteﬁts suggest on
the order of 21035 percent clinop‘y[oxene‘ crystallization in both cases. The amount of
plagioclase fractionation can be c_(udely estimate? from Figure 3.28 as on the order of 20 percent
in the NBL-1 trend ahd somewhat less in the NBL-2 trend (~15 percent). This may fmit 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 -
32 percent from Tioz'énd Zr. The observed decrbase in Cr and Ni suggests that clinopyroxene
‘and ‘olivine each a;counted for .3 of this, with plagioclase accounting for the remaining .4 (or 1.0 to
13 percent). This is in good agreement with the 10 to 12 percent plagioclase fractionation
estimated from Figure 3.28B. |

In the case of the Glover's Harbour Ea.st suite, different incompatible elements give
inconsistent estimates of the amount of fractional crystallization. This is taken as evidence tha\t
geochemical trends ir'n these rocks may not result from fractional crystallization, an inference that is
further supported by a consistent although relatively small difference in incompatible element
ratios batween the more and less differentiated members of this suite (e.g. TVZrand TVY, Table ’
3.5). Alternative explanations are further explored in Chapter 4 following presentation of isotopic o '
data. ) | : ' v

3.4.4 The NAI Group

The NAl group is represented in only two suites and by only six sampfes. Table 3.8 and
Figure 3.29 illustrate some of the features of this group and permit comparisons with the |Al group
which it, in manyrespects, resembles. ’

Mg‘#'s range from 0.6 to 0.8, generally higher than in the Al group. Likewise, Cr and Ni
contents are very highr(Figu\r\e 3.29E F). Pyroxene phenocrysts ( or altered psuedomorphs) are

relatively rare in the Big Lewis {ake samples but common in the Badger Bay suits. In panticutar '

1
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Suite,
Sample
Si02
Al203
Fe203
FeO
MgO
CaO
Na20
K20
TiO2
MnO
P205

LOI
Total®

S X
Ni
Cr

Sc
Co
v
Rb
Sr
Ba
Th

Y
Zr
Nb
Hf
Ta

La
Ce
Nd
Sm
Eu
Gd
Tb
Dy
Er
Yb
Lu

La/Ta
ThTa
(La/Sm)n
TirZr.
Zr/Nb
Tirv

ZelY

TVY

Mg#

Table 3.8: Major (Weight percent) and trace (ppm) element contents of the NAI group

65

465
827

- 227
1"
133
141

16
87

110
14
41"
5.5
580

---------- Badger Bay-----------esesnemmmeesoroaees oo
2140503 2140505 F2H0506
50.09 4985 /4481
14.00 666 - 15.06
274 174 04
8.17 8.30 10.94
9.27 19.40 12.47
9.65 11.48 9.13
2.88 070 1.99
1.60 0.04 0.38
1.33 148 1.80
0.17 017 0.17
0.10 0.19 0.21
‘390 . a2 5.88
100.42 100.01 98.50
70 57 67
83 73 97
195 781 418
588 1074 819
292
519
231 196 254
27 0.1 7
91 42 265
302 67 55
0.46
17 12 19
60 86 115
3.0 9 10
171
'0.26 ’
37 9.10
10.0 21.90
7.4 13.20
243 3.70
0.89 1.20
3.90
051 0.90
3.50
2.10
1.56
0.25
14.2
1.77
09 15
133 104 94
20 9 12
35 45 42
3.5 6.9 6.0
463 713 564
0.63 0.80 0.64

0.69

e s ¢ o 8 2 2 ® @

------- Big Lowis Lak@---------cco
2140510 2140511
50.65 49.40
11.08 14.85
232 2.11
752 867
10.81 10.33
1259 9.13
295 282
0.19 1.02
157 1.39
015 0.16
017 +0.11
5.38 3.10
100.15 100.07
63 86
77 78
444 218
646 487
32.5
60.1
190 218
29 24
137 174
59 136
0.61
13 19
84 72
10 5
1.95
0.35
92 48
2.1 131
- 14.4 9.2
30 2.74
1.3 0.97
38 .
057
39
22
1.4 1.98
0.30
13.7
1.74
19 1.4
12 15
9 15
50 38
6.3 37
700 430
0.69 0.66

* .-analytical total; major element concentrations are recalculated o 100% anhydrous

.2140767
54.85
14.70

3.50
6.37
7.20
7.08
4.50
0.08
1.40
0.16
0.06

2.83
100.01

315

104

33 -

16

Mean

5163

13.54
2.64
782
9.45
9.59
3.42
0.43
1.45
0.16
0.11

7
86
79

238
459

244
138
76

16
76

1"

4.8
549
0.65

143
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Figure 3.29: Selected elements plotted against Mg# for the NAI group. Closed ‘
squares are Badger Bay suite, open squares are Big Lewis Lake suite.
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sample 2{’40505 contains 45-55 modal percent altered pyroxene ( and pefhaps olivine)
N -

fmenocryst;; not coinciden{ally. it is the most Cr- and Ni-rich and has the highest Mg#. The high
modal percentage of ferromagnesian cumulate phgenocrysts also accounts for the low Al,04
contents of this rock. The geochemical relationships may he somewhat obscured by alteration
(the sample with:the highest Mg# is also the most altered) but the sysfematic relationship
between Ni and Cr (which are relatively immobile during alteration) and the Mo# suggests'that the
relationship cannot be explained by alteration alone. it seems likely that these rocks record the
eruption of relati\;ely primitive, unfractionated magmas whose compaosition is in some cases
modified by ferromagnesian mineral accumulation.

TiO, and V contents are similar to or slightly higher than the IAl group at comparable Mg#
while Zr is approximatety the same. Nb has a bimodal distribution; two samples have relatively )bw
concentrations (<5 ppm) while the remainder have higher (>7 ppm) amounts. This dichotomy also
is found in some incompatible element ratios (thé samples with lower Nb also have consistently
higher Zr/Nb and lower Zr/Y and TiY) anq in REE patterns (the Nb-depleted rocks are relatively
LREE-depleted, see below). This ditho%y, therefore, may not be random variation but a
reflection of different magma batches with different source characteristics. There are too few
samples 1o define this relationship further .

There is no consistent chemical difference between the two suites; intact, the notable
chemical differences (as detailed above) cross suite boundaries. Given the evidence for both
crystal accumulation and ditferent magmas, coupled with the paucity of samples ir_1 this group,
their magma series affiliation remains indeterminate.

Application of the Nb/Y versus Zr/P,Og diagram (Figure 3.30) suggests that most samples
are non-alkalic although two samples plot in the transitional field between alkalic and non-alkalic
tybesf .

On the Ti-V diagram (Figure 3.31A) they plot generally within the MORB and BABV fields,

and in this respect are similar to the (Al group.

The apparent dichotomy in sources within the suites is also apparent on the Tv/Y-Zr
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Figure 3.30: Discrimination of alkalic and non-alkalic basalts,
after Floyd and Winchester (1975), for the NA! group. Stippled
area is transitional.
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diagram (Figure 3.31B). The Nb-depleted samples have Zr/Y ratios in the upper MORB range but

the other samples have higher Zr/Y ratics typical of WPB (these are generally higher than the 1Al
subgroup, another manifestation of the difference betwaen these groups).

REE data for five of the six samples (Figure 3.32y confirm the bipartite nature of the group.

The Nb-depletep samples have ﬂat.to slightly depleted LREE's and mildly cowex-upvJard
pane}ns. The Nb-enriched sémples are LREE-enriched but witr:o HREE abundances simitar to thé
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. L REE enriched tholeiitic magmas, termed “P~
(plume, e.g. Sun et al., 1979) “r"E' (enriched, e.9. Wood et al., 1979; Sun, 1980) MORB are
similar to oceanic island enriched basalts and have been idéntified at many maj'or accreting plate
bound‘arie;s. Typically they are e?rhhed in radiogenic isotopes as well as incompatible elements.
Magmas intermediate between 'énriched’ and 'normal' MORB have also been identified and

- termed transitional (T) MORB by Schilling er_alj (1983). These are typically slightly LREE-depleted
to LREE-enriched (La/Sm = 0.7-1.8; Schilling et al., 1985) and in this respect are a good
analogue for the NAI group which has (La’Sm)); = 0.9 - 1.85 (see Figure 3.32 and Table 3.8).

Further similarities between the NAI group and '.r-MOVRB are found in Hf, Th and Ta
relationships (Figure 3.33). Wood et al. (1979) have suggested that Hif-Th ratios are a particularly
sensitive discriminant of the different _types of MORB erdp!ed along the Mid-Atlantic ridge and
their Th-Hf diagram binary plot supports {he comparison between the NA| group and T-MOR 3.
Similaﬂy, onthe Ta-Tﬁ-Ht diagram, the NAI group plots in the E-MORB + T-MORB + WPT field b
near the N-MORB boundary suggesting transitional affinities.

Similar rocks to the NAI group also occur in modern back-arc basins. For example, on the
South Scotia Sea spreading center, Hawkesworth et al. (1977) and Saunders and Tarney (1979)
have reported basalts w'?lu REE patterns parallel to but slightly less LREE-enr;ched than the NAI
group. The Scotia Sea Rise samples have lower TVZr ratios (62 to 75) and higher TVY and Zr-Y

o










ratios. .

Gill (1976) reported an analysis from é’ dredge sampl¢ from the Lau Basin thét appears to
be agood a gue for the Nb-depleted samples of the NAI group. Although relatively enriched
in TiO, (1.92 percent), this sample ‘has similar REE contents (Figure 3.32C, D) and is similarly
depleted In Zr and ¥ (78 and 17 ppm, respectively). Like the NAI group and unlike the Scotia Sea
samples, it plots in the WPB fie!d on‘ the Ti-Zr-Y diagram. Gill (1976) did not suggest a source for
this sample. It is atypical of most samples from the Lau Basin which are generally more akin to
N-MORB (Hawkins, 1976; Jenner e! al., 1987).

In summary, the geochemical relationships do not uniquely constrain the petrogenasis 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 -
enriched chemistry of the NAI group suggests volcanic activity at either a transitional (i.e. trom
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 ard trace element compositions are compiled in Table 3.11. Both suites are domimantly
basattic. There is little petrographic or chemical evidénce for substantial SiO5 mability 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
consistently enriched in the more incompatible elements Tioz, Zr and Nb (as well as Y and ons
and the LREE, see Table 3.9). The NAE group also has consistently lower Mgi#'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 enocugh

samples to define possible fractionation trends. Continuously increasing TiO, and V with
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Table 3.9: Maijor (weight percent) and trace (ppm) element contents of the NAT group

Suite y 1 Side Harbour : .
Sample 2140497 2140498 2140545 2140546 2140547 2140548
Si02 50.77 50.04 49.58 50.31 49.94 4890
“Al203 14.06 14.39 15.18 14.10 16.92 13.37
Fe203 3.22 4.18 6.44 3.35 4.34 272
FeO 10.67 10.14 4.88 8.1 7.15 8.03
MgO 5.29 544 7.38 7.07 4.79 11.96
Ca0 7.61 7.42 9.23 9.37 9.89 8.46
Na20 453 4.88 3.30 4.50 2.84 2.94
K20 0.82 0.50 . 1.44 0.60 1.32 1.25
Ti02 242 2.43 2.1 2.12 2.29 1.94
MnO 0.26 0.22 0.14 0.17 0.17 017
P205 0.35 0.37 0.28 -—0.30 - 0.35 0.25

LOI 2.02 . 2.61 2.85 2.10 422
Tatal® 99.13 100.43 100.04 99.02

Cu 70 439 85 39
Zn 109 97 96 100
Ni 14 65 62 45
Cr 50 146 104 92
Vv 455 288 288 325
Sc 403 30.8

Co 40.5 ' 439

Rb 15 6
Sr 192 359
Ba ~177 162
Th 2.26 . 24

Y a5 21
Zr 181
Nb 18
Ht 44
Ta 1.06

La
Ce 38.50
Nd 22.20
Sm
Ed
Gd 6.70

To

Oy

Er

Yb . . . 1.63
Lu . . . 0.26

La/Ta . 12.02
Th/Ta 213 . 1.80 1.68
{La/Sm)n 1.61 . 217 1.87
TuZr 80 92 85 99
Zr/Nb 10 7 8 7
TW B 32 44 42 42
Y 5.1 7.2 6.5 6.7 6.2 6.8
TvY 412 572 575 620 526 671
Mg# 0.44 0.44 0.58 0.56 0.46 0.69

* . analytical total; major element concentrations are recalculated to 100% anhydrous
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Sample
Si02
Al203
Fe203
FeO
MgO
Cal
Naz2C
K20-
TiOo2
MnO
P205 -

LOI
Totai®

Rb
Sr
Ba
Thn

Y *
Zr

Nb

Ht

Ta

La
Ce
Nd
Sm
Eu
Gd
Tb
Dy
Er
Yb
Lu

La/Ta
Th/Ta
(La/Sm)n
TirZr
Zr/Nb
A"

Y
TVY'
Mg#

Table 3.9 (continued)

----------------- Side Harbour {continued)--------=---------

2140550 2140551 2140761 2140762

4794 46.76 4823 4913
13.38 15.35 15.14 15.18
26 289 - 456 3.94
7.62 8.54 7.36 6.93
8.01 7.48 B.21 7.48
13.42 1.1, 1076 11.65 |
4.11 3.53° 334 262
0.62 0.95 0.03 0.92
193 283 2.01 1.73
0.16 0.19 0.16 0.17
0.21 0.39 0.22 024
6.03 7.85 3.64 2.18
99.48 98.74 100.15 100.19
69 85 118 175
84 110 96 85
168 32 90 72
339 ‘21 226 187
230 329 246 253
10 8. 0 15
101 266 102. 424
84 96 ‘41 243
17 22 19 20
105 179 116 109
13, 21 14 11
26.7 1.6
60.7 252 -
36.7 14.6
8.9 39
2.6 1
7.6 3.7
1.8 3.4
32 2.1
11 1.2
1.83 1.81
110 95 104 95
8 8 8 10
50 52 49 41
6.1 8.2 6.2 5.4
671 778 647 517
0.61 057 0.59 0.59

2140764
49.68
14.83

3.95
6.7
7.65
11.49
2.67
0.81
1.77
0.16
0.29

2.23
100.46

13
317
287

19
1s
15

92
43

549
0.60

153




Table 3.10: Major (weight percent) and trace {(ppm) element oonténts of the NAE group

Suite |--Big Lewis Lake | |-----Seal Bay Head-----| |-Side Hbr--|
Sample 2140509 2140768 2140483 2140484 2140763
Si0o2 4891 519 49.59 47.95 43.45
Al203 16.7% 14.32 1425 15.62 17.13
Fe203 4,46 3.72 4.61 3.27 3.37
FeO 9.58 8.87 10.11 11.83 9.47
MgO 478 451 4389 499 456
CaO 455" 6.11 6.74 . 6.39 454
Na20 591 5.03 5.37 a3 ~48
K20 0.09 0.41 0.16 217 28
TiO2 326 387 3.15 3.51 2.76
MnO 0.34 0.28 029 0.25 0.18
P205S 1.38 0.98 -0.83 0.7 1.31

LOI 3.02 473 2.05 3.30 3.47
Total* 99.73 - 99.72 /99(24 99.02 99.33
1

Cu , 10 13 23 ‘13
Zn 153 133 149 149
Ni <1 6 . <1 <1 3
Cr <5 13 <5 <5 7
\Y% 158 - 179 187 219 95
Sc 185 ) 25 24
Co 28.1 339

Rb 1.0 24 32
Sr 252 . . 312
Ba .

Th 7.1 3.6

Y 57 - 41
Zr . 414 an
Nb 8s - 40
Ht ‘9.4 74
Ta 5.40 273

La . 53.10 . 30.50
Ce 129.00 : 77.00
Nd 73.00 48,00
Sm . 14.90 11.30
Eu - 4.48 3.75
Gd 0.00 0.01
To 2.12 1.66
Dy i

Er

Yb .5.10 3.49
Lu 0.76 , 0.53 0.54

La/Ta 9.83 ) 11177 10.05
ThTa 1.3 1.32 14
© {La/Smn 217 1.65 222" 2.67
TVZr 47 T 72 61 63 42
Zr/Nb 5 5 8 6 : 6
124 130 104 96 174
12 79 75 89 8.2
341 . 563 . 458 559 343
. oM 0.42 0.40 0.40 0.42

‘- énaiytical total; major element 'concentrat'kbns are recatculated to 100% anhydrous
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Table 3.11: Mean major and trace element concentrations of the NAT and NAE groups

Suite New Bay Side Harbour BigLewis Lake Seal Bay Hedd  Side Harbour
Si02 50.41 49.20 50.41 - 48.77-— 49.45
Al203 14.23 14.80 1554 14.94 =17.13
Fe203 3.70 3487 4,09 3.94 3.37
FeO 10.41 7.12 9.23 10.97 9.47
MgO 5.37 755 4.65 494 456
Ca0 7.52 1052 5.33 657 . 454
Na20 4.7 3.45 ‘ 5.47 _ 434 4.43
K20 0.66 1.00 0.25 147 2.80 .
Tio2 2.43 205 357 333 2.76
MnO 0.24 - 0.18 0.31 0.27 0.18
P205 0.36 0.28 1.18 0.77 1.31
Cu 72 85.8 115 17 13
Zn 109 91 143 149 137
Ni 15 97 4 3 3
Cr 52 216 8 3 7 .
Y
Sc 406 30.6 185 245
Co . 405 47.6 28.1 305
Rb 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 s * a8
Zr . 183 130 . 369 323 396
Nb 18 16 72 49 66
Hi 4.45 313 9.40 755
Ta 1.09 < 115 540 3.22
La 15.70 17.93 53.10 33.85 530 . '
Ce 38.60 41.15 129.00 81.50 112.6 "
Nd 23.10 23.68 . 73.00 46.50 575
Sm 6.05 572 14.90 . 1075 12.1
Eu 1.92 1.86 4.48 351 - 29
Gd 3.36 1.90 0.00 5.16 9.9
To 1.13 - 0.75 212 . 158
Dy - 7.4
Er N ; 43
Yb 3.62 1.77 v 510 3.49 29
Lu 0.58 0.27 , 0.76 054

" LaTa 14.41 13.04 9.83,» 10.61
ThTa 2.16 .77 1.31 1.36
(La/Sm)n 1.58 1.90 217 1.94 27
TiZr 80 95 59 62 42
ZrNb 10 8 5 7 6
T 33 46 127 99 174
yi0A8 6.2 6.5 76 8.2 8.2
TiY 492 615 452 508 343

Mg# . 0.44 058 0.42 040 . 0.42
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decreasing Mg# indicates that it comprises part of a tholeiitic fractionation trend. Sample 2140548
has the highest Mg# (0.69) in this suite but contains up to 20 modal percent clinopyroxene and
psuedomorphed olivine phenocrysts (also evident in the very high Cr and Ni contents) and its
analysis is not a liquid composition. Potentially, the interval between Mg# = 0.61 and 0.46 records
{ractional crystallization with consistertly increasing TiO,, Zrand V and decr;asing Cr andNi; th‘is
is further investigated below. .

The New Bay basalt samp|és are somewhat different from the Side Harbour samples, with
lower Mg#'s, higher incompatible element contents and slightly different incorﬁpatible element
ratios suggesting both a slightly different melting history and a greater degree of Iractignah‘on.

The NAT and NAE groups are unlikely to be related by fractional crystallization. Although
Mg#'s of the latter are lower, SiO, 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, incompatble element ratios in the NAE group
are consistently enriched in the more incompatible elements (e.g. LREE over HREE, Laand Th
over Ta, Zr anti Nb over Ti, Ti and Zr over Y and V). .

The Nb/Y versus 2r/P,Og diagram (Figure 3.35) indicates that the NAE group is akalic.
The NAT group 0ver|aps:he non-alkalic and transitional tields on this diagram. Evidence from
clinopyroxene (éhemistry presented in Section 3.6 provides further evidence that the NAT group

comprises enriched tholeiites rather than alkali basatt.

P

The TiO, versus V diagram (Figure 3.36A) further emphasizes the contrasts between the
two groups. The NAT group has TV ratios consistently around 40 to 50 and plots nearthe
MORB-BABY field boundary. However, the NAE group has much ﬁigher ratios, and plots in and
near the fiekd of akali and oceanic island basalts. .

On the Zr/Y-Zr diagram (Figure 3.368), all samples plot within the WPB tield as expected.
The NAE group has slightly higher Zr/Y ratios but the diference is barely resolvable.
R1/Th ratios in both groups are greater than 1.25 (Figure 3.37A) indicating an affinity to

E-MORB rather than WPB according to Wood et a\l. (1979). On the Ta-Th-Hf triangular diagram
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Figure 3.35: Discrimination of alkalic and non-alkalic
basalts, after Floyd and Winchester (1975), for the
NAT and NAE groups. Most NAT group samples
plot in the transitional fields while NAE group
samples plot mainly in the alkalic basalt field.
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(Figure 3.38B), the NAT group plots in the combined fiekd 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 affinﬁy. x

The NAT group is consistently LREE-enriched (Figure 3.38). The Side Harbour suite has
higher (La/Yb),, ratios than the New Bay suite (average 3.55 as opposed to 2.86); the flatter
trend of the Neﬁ Bay samples relative to the Side Harbour samples is manifested as a relative
enrichment of HREE at approximately equivalent LREE contents. Although the two sultes 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 different degrees of partial melting of the same source.
The New Bay basalts are considerably more frac‘:ionaled thanthe Side Harbour rocks; higher
de"grees of partial metting of a source with HREE contents in the range of the Si(:le Harbour suite
followed by extensive fractional crystallization could produce REE abur;dances showing the New
Bay-Side Harbour relationships. This problem will be further addressed in Chapter 4.

Volcanic rc_>cks 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 et al,, 1983), are similarly 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 app-ears to be océanic istand tholeiites,
represented on Figure 3.38 by Kilauean thg_leiiles. These basalts, like the MAR E-MORB, have
REE abundances and slopes (Lan/Ybn>4.5) simitar to the Side Harbour suite but somewhat '
steeper than the New Bay sulite. fhe oceanic island tholeiites have relatively more TiO, than
E-MORB at equivalent Y producin§ TVY ratios greater than 550, similar 1o the TiO,-rich samples of
the Side Harbour suite. |

Basaits with similar REE contents have also been recognized in some back-arc basin
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Figure 3.38: Chondrite-normalized REE pattemns for samples

from the NAT (A to D) and NAE (E and F) groups. The NAT
ical E-MORB from the Mid-Atlantic

group Is compared to typ

ndge (Schilling et al., 1977), and back - arc basin enriched
tholeiites from the Daito Basin (Marsh et al., 1980). NAE group
is comB_ared to Hawaiian alkali basalts (Basaltic Volcanism
Stu%y roject, 1981) and to MAR alkali basalts (Schilling et al.,
1977). :

162




163
environments. A single sample from the Lau Basin reported by GillN1976) is closely analogous to

the NAT group. It has very similar LREE contents and (La/Yb), = 4.43, intermediate between the
Side Harbour and New Bay suites. It is similar in most other trace element contents and ratios to
the Wild Bight Group sa&pr’. Unfortunately, this was a dredged sample and the origin and
setti‘ng of the voicanism that produced it is not centain. Another good analogue may be found in
the Daito Basin in the northwestern part of the Philippine Sea. Samples re90vered during Leg 58
of the Deep Sea Drilling Prodram included enriched tholeiites and alkali basalt sills which lie
somewhat off the axis of the Daito Ridge. Marsh et al. (1980) and Wood et al. (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 of Er, shows them to be
very similar to the NAT group. Other incompatible element concentratioﬁs and ratios are likewise
similar. Geophysical evidence and"g‘eoi:hemical evidence frorﬁ a few dredge hauls (Murauchi et
al., 1968, Karig, 1875; Marsh et al.,'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 et al.,1980).

REE patterns of the NAE group are slightly more LREE enriched ((La/YD), ~ 6 to 7) than
the Side Harbour suite at higher overall abundances. REE abundances iﬁ the NAE group are
considerably hig‘uer than typical E-MORB or oceanic tholeiites but are similar to oceanic alkali
basalts, represented on Figure 3.38 by MAR 45'N basalts and Kilauean alkali basalts. As with the
NAT group, the analogy with the Hawaiian rocks is particularly good.

Some inferences regarding tri\e fractionation history of the Side Harbour suite can be
drawn from Figure 3.39 and from preliminary trace element modelting 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 crystallization of some combinatibn of olivine,
clinopyroxene énd plagioclase is indicated by the Ti-Y diagram (Figure 3.39A). Figures 3.398 and

C indicate that all of these minerals were crystallizing in the observed differentiation interval. The







165

Table 3.12 : Results of trace element modelling of fractionation in ‘transitional rocks of the Side

Ti0p (Wt.%)

Zr (ppm)

Nb (ppm)

Y (ppm)

V (ppm)

Cr (ppm)

Ni (ppm)

Harbour suite.

Mode! Parameters: ol:cpx:pl = 0.2:0.2:0.6
Distribution coefficients: Fractionated basalt (Appendix 9)

Starting Ending % Total
Composition Composition Fractionation
1.70 2.23 22 - 30%
(£5%)
122.4 154 18 - 27%
“ (25%)
13.8 20.2 29 - 36%
(£5%)
-
18.2 25 26 - 36%
] (¥5%)
247 © 315 22 - 32%
{£5%)
230 60 27 - 35%
: (£5%)
105 39 21-28%
(+5%)
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B'Sﬁmate of total fractional crystallization is supported by preliminary modelling summaxjzed in

Table 3.12. The only elemenfs for which fractionation estimates at the quoted uncertainties do
not overlap are Zr and Nb, and the discrepancy between them is small. Approximatély 251030
percent fractional crystallization can account for the observed chénge in incqmpatible 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
fractionation to the range of approximately 1510 18 percént, in good agreement with the 12 to 20

percent range estimated from F igufe 3.39B.

3.5 Geochemistry of the Mafic Subvolcanic Rocks

3.5.1 Introduction

Field relationships suggest that the mafic intrusives in the Wild Bight Groﬁp are genetically
related to the associated volcanic rocks. In the following Section, the nature of this refationship is
assessed geochemically. The geochemistry of the intrusive rocks is considered in terms of the
volcanic geochemical gfoups and the individuat 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 Classification vis a vis Volcanic Rock Groups
3.5.2.1 General statement

The mafic intrusive rocks of the Wild Bight Group, like the vol¢anic rocks, $pan a

p:
Mg# ranges from 0.65 to 0.4 indicating, along with similarly variations in Cr and Ni contents, that

considerable compositional range (Table 3.13). Most have SiO, contents in the bjsalt range.

relatively primitive as well as fractionaled magmas are represented. TiO, 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 parcent) and trace (ppm) element contents of matic intrusive rocks

Sample 2140465 2140461 2140512 2140496 2140495 2140491 2140481 !
Sio2 52.61 53.94 52.34 53.99 , 48.41 48.79 49 21
Al203 17.52 16.07 17.29 1830 - 1859 1991 1522 .
Fe203 1.60 3.63 198 2.25 1.51 3.49 491 | .
FeO : 7.75 11.05 5.98 738 ° 657 5.03 10.18
MgO 8.89 511 . 7.35 4.78 7.21 5.39 6.01
CaO 9.18 457 10.15 7.44 1295 1279 8.29
Na20 1.34 4.05 231 - 408° 2.47 2.67 353
K20 0.48 0.35 1.34 0.27 0.67 0.24 0.09
Tio2 0.49 0.99 1.00 1.17 1.30 1.37 197
MnO 012 0.15 0.14 0.19 0.16 0.15 0.27 ‘
P205 0.02 0.09 0.12 0.15 L 015 0.17 0.31
LOI 5.31 5.48 2.91 4.16 - 3.10. 2.65 2.82
Total* 100.35 99.11 100.92 98.99 100.19 99.60 9975
Cu 80 151 61 1A 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 246 515 190 255 185 227 472 o
Sc 31.4 322 31.3 38.2 :
Co 3 29 393 36.5 465 »
Rb 5 6 33 5 15 4 <0.5
Sr 67 391 270 # 155 289 346 154
Ba 32 37 222 107 91 110 59
Th 32 1.09 1.15 2.1
Y 5 17 20 23 15 16 28
20 3 19 94 101 78 89 94
Nb 05 1.0 5 6 8 10 6.7
Kt 2.64 2.01 22 - 245
Ta : 0.38 0.55 0.66 0.41
La 12.2 7.2 8.7 135
Ce 27.7 17.0 20.6 31.4
Nd . 13.7 10.6 12.4 18.9
Sm /9’ .- 3.1 2.83 3.21 484
Eu 1.14 1.07 1.22 1.68 ~
Gd 3.30 3.40 0.0t ’
1) 0.68 0.48 0.54 086 4 .
Dy
Er - .
Yb 2.44 1.42 . 1.58 274
Lu 0.39 0.22 0.25 0.44
La/Ta 32.1 131 13.2 329
ThTa : : 8.42 198 1.74 5.12
(Las/Sm)n - 2.1 16 17 1.7
- Tz 901 320 64 69 100 92 125
Zr/Nb 6 18 17 16 9 9 14
Tirv 12 12 32 28 42 36 25
ZuyY 0.6 1.1 47 44 5.1 5.4 33 .
Tiry ' 561 348 300 307 511 500 7 g
Mg# 0.66 0.41 0.65 0.50 0.64 0.57 0.45 :

* - analytical total; major element concentrations are recaiculated to 100% anhydrous




Sample

- sio2 |

AlI203

'Fe203

FeQ
MgO
Ca0
Na20
K20
TiO2
MnO
P205

LO!
Total*

Cu
Zn
Ni
Cr
Vv
Sc
Co

Rb
Sr
Ba
Th
¥
Zr
Nb
Ht

Ta

La
Ce
Nd -
Sm
Eu
Gd
Tb

Yb
Lu

La/Ta
ThTa
{La/Smijn
Tizr
Zr/Nb
TV

VAA S
TiY

Mg#

2140482
46.07
19.61

3.45
7.45
5.41

12,67
2.45 .

..0.82
1.98
0.15
0.25

3.08
100.75

85
81
36
52
262

541
130

17
129
17

92

8

45
7.4
686
0.50

2140508

50.16°

17.76

376

7.16
6.58
7.21

3.73
0.80
2.25
0.29
0.31

294
100.62

35
89
49
72
266
27.8
39.5

22
413
350
1.84

Table 3.13 (continued)

2140502
45.35
21.95

2.27
7.3
392
1229
3.26
0.59
2.59
0.14
0.29

416
100.08
4

19
64
8

8
303
23.6
331

13
406
165
1.44

1
101
15
264
1.12

13.6
31.1
18.0
8.92
1.41

0.55

2140485
46.33
15.67

356
9.74

7.44 .

10.18
3.29
0.59
2.73
0.19
0.29

3.19
99.88

70
95
48
39
347

10
471

123 -

18
155
24

2140450
49.32
17.74

354
7.50
432
7.03
390
277
2.88-
0.32
0.65~

3.96
100.07

12
100
4

9
226
17.8
229

43
234
497

344
76.0
39.6
8.61
271

118

262
0.4

1.1
1.29
24
70

5

76

. 83
580
0.45.

2140501
48.62

- 1718
2.82
9.2
392
924
425
1.19
3.00
0.20
0,38

570
99.28

21
98
6
<5
279

22
530
269

22
188
T3

6
64
85
814
0.40

° - ahalytical total; major element concentrations are recalculated to 100% anhydrous

2140486
© 50.90
14.96
3.86
8.71
414
6.74
533
110
3.41
0.23
0.63

1.93
99.18

16
230
380

30

3

38

168

1§




Table 3.1 ?(/oonnnued)
q

2140454 2140457 2140489
49.20 4512 46.06
14.45 14.85 15.09

4.16 4.39 6.58
995 11.06 945
478 6.19 599
6.87 9.92 9.45
4.62 3.40 213
1.30 0.46 0.51
3.79 3.94 4.00
0.22 0.21 022
0.66 0.46 0.53

2.48 2.44 152
100.04 100.40 Yo 92

14 48 45

156 108 126

& e r—28 — 24

<5 26 9

293 375 402
22.2 26.7
371, 55.4

18.1 10.3 4.5
Sr 167.0 383.3 4945
Ba 443 157 174
Th 376 2.81

Y 35.7 23.6 26.2
Zr ' - 2730 181.1 209.6
Nb 53.3 38.1 41.7
Hf 6.4 4.6
Ta 7 - 276

La 345"

Ce 56.4
Nd . 31.1
Sm . 6.69
Eu " 3.

Gd . 7
Tb

Yb
Lu

LaTa

. ThfTa
{La/Sm)n
TiZe
Zr/Nb
TV
2t
Ty

Mg#
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3.5.2.2 Discriminant functions and the T1-Zr plot
y

As a first approximation, the discriminant functions and the TiO,-Zr diagram derived in

.

Section 3.4 can be used fo classify ihe mafic intrusive rocks vis a vis the volcanic rock groups.
Discriminant scores were calculated for the mafic intrusiv;-rgc'ks using ihe four di;criminant
tunctions derived for the volcamic rock groups (Appendix 8). On the basis of these> scores, each
sample was assigned a probability of belonging to one‘cg anoiher of the volganic rock groups.
Classification oj the sahples is summgrized in Table 3.14 and illustrated on a territgrial plofin
Figure 3.40. Approximately 65% of the samples were cIaSSiﬁed‘with greater than 90% confidence
and 88% with greater t‘rh’;n 70% confidence. The discriminant function analysis suggests that the
intrusive sample suite includes representatives of all geochemical gr;)ups_ defined by the voicani'c‘
rocks.. Note that on the territorial plot, approximately ?5% c;f the samples, although classified gn

" the basis of the volicanic rock groups, bﬁlot outside the areas occgpied by the volcanic‘rocks
suggesting that, despite the sgccessful classification, there may hc;t be a one to one
petrogenetic relationship l;etween volcénic and intrusive rocks.

The TiO,-Zr classificatién diagram (Figure 3.41) reveals further complications including:

1) one sample classified as IAD is rr.\ore Ti-rich than normal and plots on the boundary of the
intermediate field;

2) almost half of the samples classified as NAT piot outside any of the defined fields. Most
of these are more TiO,-rich than volcanic rocks that define the NAT group gul less Zr-rich than
volcanic rocks of the NAE group. .

3) None of the intrusive rocks classified as NAE is as Zr-rch as the volcanic rocks that
deﬁne this group. -

This highlights s’ome potential proll)lems in using only the in&:on’\palible element coglents
to classify unknown samples in this way: 1) the fields onthe element concentration diagrams and
the discriminant functions are defined only for thé) range of fractional crystallization represented
by the known samples (in this case, the volcanic"}ock groups). Unknowns which represent the
same magma batch but are sgbstantially more o less iractionated than the volcanic rock end

L}
~

-~
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Table 314 Probabdny that intrusive rocks belong to one or the other of the various
volcanic rock groups based on discriminant function analysis
Sample No. Highest Probabilrty Group Second nghest Prob. Group
(probability in brackets) ' (probability in brackets)
2140491 NAI (67%) 1Al (31%)
2140481 NAT (70%) . NAI (27%) . - oL
2140482 . NAT (34%) Rl NAI (6%) -+
2140508 NAT (85%) - NAI (15%) d
2140502 NAT (>99.9%) ' NA! (<0.1%)
2140485 NAT (>99.9%) © NAI (<0.1%)
2140465 LAD (100%) -
2140461 IAD(100%) - 1Al (<.1%)- ,
2140512 , LAl (>99.9%) NAI (<.1%) ’ ;
2140496 * 1A (+99.9%) © NA(<1%) //‘”
2140495 NAI (95%) NAT (3%)
2140450 NAE (61%) NAT (40%)
2140501 NAT (98%) NAE (2%)
2140486 NAE (96%) - NAT (4%}
2140454 NAE (99.8%) . ) NAT (2%)
2140457 NAT (83%) NAE (17%)
2140489 NAT (89%) ‘ NAE (11%)
»
.‘ .
-
- ) .
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Function 1 :
, Figure 3.40: Territorial plot of discriminant functions 1 and 2

showing distribution of mafic intrusive rocks. Fields are the
same as Figure.3.14. Distribution of volcanic rock samples
indicated.by stippled fields. Dark stippled circles are group
centroids. Symbols indicate elassification of individuai samples
based on four functions (Table 3.14).
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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 (8.g., iron-titanium ox'»débé ér.
apatité in the present case) may Ikewis; cause samples to be misclassitied; 3)there fnay be .
intrusive rocks fo~r which there are no sampled volcar;ic equivalents (i.e. magmas that did not erupt

‘ or\\golcanic rocks that do not outcrop at thg present levél of exposure); and 4) samples from
ditferent geographic orps_graligraphic settings may have been affected byigif‘ferent degrees or
styles ot alteration. Theretore, it is necessary 1o confirm the abové classitication by other methoc;s N

and to compare the intrusive rocks closely with the appropriate, possibly cogenetic, volcanic -

rocks betore any final interpretations based on their similarity can be made.

3.5.2.3 Refinement of classification; extended REE and Ti-Zr-Y pldts, incompatible
element ratios ¢

The preliminary classification 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.

. Y , '
-~ — --—-—The-partial extended REE plots in Figure 3.42; in general, confirm the classilication o!

samples prediéted by the incompatible element contents. With one exception, samples classified’
in groups ot;island arc affinity {IAD, IAl) have the characteristic negative Ta and/or Nb anomalies,
while those classified in groups of non-arc aﬂinity'do not. The one exception is sample 2146481,
assigned to the NAT group by the discriminant functions and the Ti-Zr plot, but neventheless
having prominent negative Nb and Ta anomalies (Figu‘re 3.42A)/aﬁd similar abundances to
sample 2140496 which clearly belongs to the IAl'group. Detaited compariéon of the composition
of 2140481 with volcanic rocks of the Al and NAT groups shows that it has mco,,rfr‘j?atible element
concentrations's‘imilar to the Glover's Harbour - Seal Bay Bottom - Northern Arm_vsuhers.\ﬁwé main
divergence being somewhat higher concentrations of TiO, (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 East/ Seal Bay Bottormv Northern Arm suites and uniike those
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Figure 3.42: Partial extended REE blots Fbr the mafic intrusive rocks.
Stippled fields indicate range of volcanic rock compositions in each group
(from Figures3), 3.10 and 3.11).
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inthe NAT group. The rock clearly resembles the 1Al subgroup in most respects and is reclassified

as such on the basis of the above observations. The 'high Tiand V contents are interprefed o}
result from some iron oxide accumulation..
. ~N
On ihe partial extended REE plots, there are two distinct types of samples assigned to the
NAT group( Figure 3.42C). One, represented by samples 2140502 and 2140508, has flat,
slightly LREE-enriched. patterns similar to the least fractionated samples from the Side Harbour
suite. The other, represented by 2140457, has relalively higher abundances; is more
LREE-enriched, and has prominent positive Nb and Ta anomalies similar to those in the NAE
¢ N ’ -
group. -
1
The Ti-Y-2r and Ta-Hi-Th ternary diagrams (Figure 3.43) further confirm the classification of
the intrusive rocks samples. Almost all samples plot in the field appropriate to their classification
(e.g. the same field as the\ir volcanic group counterparts). Note that sample 2140481 (see above)
plots inthe WPB field of the Ti-Zr-Y diagram (but very close to the field boundary with
- plate-marginal t;asah) and well within the arc field on the Ta-Hi-Th diagram further supporting its

réassignment to the IAl group.

. P

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 f:mher investigated by corﬁparing them on compatibile
and incompatible element versus Mg# diagrams (Fiéﬁre 3.44 to Figure 3.4\7). The two samples
assig;ned to the IAD group are more and less fractionated, respectively, ihan their volcanic .,

. B
counterparts (Figure 3.44). The sample with the higher Mg# also hag low TiO, and V contents -

and may plausibly be a primitive representative of the fractionation trend defined by the Glover's

Harbour West suite. Such an interpretation is also suggested by its relative enrichment in 7r and
Ni. This interpretation may have some regional importance as this sill intrudes the Indian Cove
volcanics where the only malfic volcanic rocks are cumulate and difficult to correlate with the

Glover's Harbour suite. if this sill is related to the Glover's Harbour magmas, it suggests that the
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Figure 3°43: Ti-Zr-Y and Ta-Hf-Th diagrams for the mafic inrusive
rocks. Symbols indicate classification based on discriminant flinction °
analysis and extended REE plots. .







Indian Cove and Glover's Harbour volcanic units may have been par of theﬂsame magmatic event.

The low-Mg# 1AD group dyke,'whic'h intrudes the Glover's Harbqur volcanics, is apparently
more fractionated than any IAé‘g;roup volcanic rocks (further suggested by very low Cr ar{d Ni
contents) but is enriched in TiO, and V 10 an extent that it plots well above the extension of the
Glover\s Harbour Wast fractionation trend. This composition is unfikely to have resufted from
simple fractionation of the IAD magmas and is tentatively aftributed to accumulation of an oxide .
phase (there is appro;(imalely 4'% modal opaque oxides in thin section).

The two least fractionated intrusivve rocks assigneg to t‘He IAI group are geochemically very
similar to rocks in the Glover's Harﬁour/ Seal Bay Bottorv Northern Arm suites and lie close to the A
fractionation trends defined by rocks of the Seéu;éay Botiom suite (Figure 3.45). The third
sample, 2140481, has:considerabl‘y higher TiO, arlld V at equivalent Mg# than this trend (this is

the sample that the discriminant function incorrectly assigned to the NAT group because of high

TiO, see above). However, other incompatible elements as well as Cr and Ni plots close to the

trend.
Intrusive rocks assigned 10 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 refative 1o the

volcanic rocks also suggest that the intrusive rocks are generally more fractionated than in their

r
~

volcanic countefpans.

s Relationships between the volcanic and extrusive rocks aésiqﬁed to the NAT group are
more complex (Figure 3.47). For ease of diécz;ssion, they are broken into small groups and
discussed separately as follows: .

Group i)- samples 2140482, 2140485, 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 pan of this trend.

‘ Group ii) 214048¢, 2140457, and 2140501 includes two very TiO2-rich samples which

also have anomalously high V and Nb relative 1o the Side Harbour trend. These samples are
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Figure 3.45: Comparison of intrusive rocks assigned to the IA! group
with their volcanic counterparts. Solid curve outlines field of Glover's . .
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stippled line is Seal Bay Bottom fractionation trend. Stippled fields (dark '
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Figure 3.46: Comparison of intrusive rocks assigned'to the NAlgroup and their voicanic
counterparts. Stipp'ed areais field of vo!ca‘nic rocks. Sample numbers are given in A.
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Figure 3.47: Comparison of intrusive rocks assigned to the NAT and NAE
groups with their volcanic counterparts. Light stipple is field of NAT volcanic™
rocks, dark stipple is field ot NAE volcanic rocks. Samples assigned to NAT
group are numbered in A, and to the NAE group in B.




e'qric’;hed.in FeO! relative to both the NAT intrusives and the Side Harbour volcanic rocks and in
thin section contain5to 7 per;:ent modal magnetite. Despite their high Ti contenté, the high Ti'V’
ratios of these rocks suggest they are not related to the NAE group. They are better interpreted

_as either fractionated representatives of the Side Harbour suite with Ti and V contents moditied
by iron oxide accurmulation or as an NAT-like magma tha} is not represented in the volcanic rocks
sampled. The third sample in Group u 2140_501, is more similar to the NAE than the NAT group
on most diagrams (note particularly the depleted Vcomenté relative to normal NAT rogks at

equivalent Mg#) although its Zr contents are abnormally low for NAE rocks. It is not easily related

by any simple fractionation mechanism to any volcanic rocks in either group.

3.5.4 Stratigraphic Relationships of Mafic intrusive Rocks

Although mafic subvolcanic rocks intrude at vidually all stratigraphic levels of the Wild Bight
Group, there is a regularity to their distribution vis a vis their geochemical affinities which may have
some stratigraphic signiticance (Table 3.15). Intrusive rocks that are considered to belong to the
1AD or Al groups cmw_m'and central parts of the stratigraphic succession, intruding
only volcanic and nearby epiclastic rocks that are also of island arc aftinity. However, intrusive ,
rocks that are considered to belong to the NAI, NAT and NAE groups occur throughout the
stratigraphic sequencae, intru‘ding both rocks of arc and non-arc affinity.

This stratigraphic regularity in the sabvolcanic ro;:ks has two important consequences: 1)
i reinf9rces the earlier suggestion that rock§ of non-arc affinity generally overie rocks of istand arc
affinity; and 2) it requires that th.e relationship between the two be stratigraphic rather than

r
purely structural; i.e. the rocks of arc-affinity which are intruded by sills of non-arc affinity were

basemerit to the non-arc magmatic rocks. ’

3.6 Chemistry of Clinopyroxene in the Wild Bight Group Mafic Rocks

3.6.1 Occurrence

Clinopyroxene occurs in approximately 30% of the mafic volcanic rocks and 70% of the

/ o o







mafic subvoicanic rocks in the Wild Bight Grohp. In voicanic rocks, it occurs principally as

subhedral 10 euhedral phenocrysts from 0.5 10 4 mm in long dimension and less commonly as
subhedral microphenocrysts (less than 0.25 mm). In a few samples, clinopyroxene forms the

lesser component of plagioclase-pyroxene glomerocrysts. Clinopyroxene phenocrysts are rarely
”n .

zoned or twinned.
L 4

. Most show some evidence of alteration. In extreme cases the crygtals are completely
psuedomorphed by a greenschist assemblage and in most samplés where alteration is advanced
to this state, little or no original mineral remains in any crystal. More commonly, the crystals are
slightly altered on the rims’and along cra::ks with some discoloration and growth of chlorite +
sphene + magnetite. These altered areas are easily avoided during miéroprobe analyses.

Groundmass pyroxene was seen in onl.y a fé:w thin sections; inmost cases, the
groundmass is completely altered to a greénschist assemblage.
- In fine grained subvolcanic mat}c rocks, pyroxene,occurrenée is simifar 1o that in the

volcanic rocks. In coarse grained rocks, euhedral 10 subhedral crystals are commonly intergrown

with plagioclase and less commonly olivine.

3.6.2 Composltion of Wild Bight G}oup Pyroxenes
‘ Analyﬁcal(esuhs from microprobe analyses of clinopyroxenes are presented in Appendix
3 and plotted on the pyroxene quadrilateral in Figure 3.48. Clinopyroxena in the IAD, IAl and NAI
groups is dominantly augitic but include$ a minor component of endiopside. Clinopyroxene in
1he;hAT and NAE—groups is almost all augite. The latter plot above the Skaergaard trend and are
the most calcic in the Wild Bight Group, consistent with their alkalic whole rock éeochemical
" affinities. '
W

A broad distinction between rocks of 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 BO percent from the iatter plot above it.

in Table 3.16, mean compositions of clinopyroxene from the different groups are

. { N
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Table 3.16: Mean compbsitions of clinopyroxenes in the Wikd Bight Group.

Host class'n  1AD group IAtgroup  NAlgroup NAT group NAE group
Si102 53.90 51.74 51.86 51.09 5067
AI203 2.02 3.00 3.20 3.41 3.44
FeO(t) 6.88 7.89 6.35 Y 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
NLG 015 0.31 0.34 0.33 0.44
K20 002" 0.01 0.02 0.01 0.01
Ti02 0.11 0.66 0.86 +0.96 1.64
MnO 0.20 024 0.14 0.18 0.30
Cr203 0.15 0.33 0.46 0.26 0.01

1.965 1.915 1.909 1.897 1.889
0.086 0.130 0.138 0.149 0.151
0.210 0.244 0.19% 0.232 0.340
0.948 0.877 0.882 0.865 0.740
0.755 0.777 0.807 -0.801 0.797
0.010 0.022 0.023 0.024 0.031
0.001 0.000 0.001 0.000 0.000
0.002 0.018 0.023 0.026 0.046
0.005 0.008 0.004 0.005 0.009
- 0.004 0.008 0.007 0.000

Fe/Fe+Mg 0.165 0.216 . 0.195 0.293




compared. In many respects, clinopyroxene compositions mimic the whole rock variations
between groups. The IAD group, consistent with its andesitic, incompatible element-depleted
whole rock chemistry, has the most Si-rich and Ti- and N‘a-poorclinopyfoxene. The NAE group

pyroxenes, as in the whole rocks, are the most Ti- and Na-rich and Mg- and Cr-poor. The

consistent increase in Ti from island arc 1o non-arc is consistent with whole rock compositions and

is paralleled to a lesser extent by Na.

The NAE group has the ;wighest Fe# (atomicJFe/lFe-»Mg]), consistent with its highly
fractionated whole rock chemistry while the NAl group has the most primitive Fe#, also consjstent
with whole rock chemisiry. However, generalizations about the n;lalive fractionation in the various
grE)ups are hampered by the fact that clinopyroxene analyses do not rep?esem 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). Inthe case of Ti, this probably reflects increasing concentrations of Ti in the
magn‘as,w'nh differentiation leading to its increased incorporation withFe in the octahedral sites.
The sharp decrease of Cr with diferentiation imthese suites reflects its early incorporation in
pyroxens and subsequ*ent depletion in the fnagmas with advan‘.cing fractional crystallization. The
exireme depletion of Crin the NAE group suggests that the magmas from which these rocks
‘crystallized contained little Cr, in accord with the whole rock data.

Tiin the NAE group pyroxenes lacks the clear positive Ti-Fe# correlation seen in other
suites. This is in agreement with the observations of Schweitzer et al. (1979) who found that
pyroxene i‘rom deep sea alkali basalts, in contrast to that in tholeiites, generally contains littie Cr
and shows either no correlatiqn or an inverse correlation between Ti and ditferentiation. They”
attributed the latter to a relative decrease in the imponiance of the coupled substitution Tiv.2Av
relative to Fe2lV-2A1V in the later stages of akali basalt fractional crystaliization. This may also

->,

explain the relatively high Fe# in NAE group pyroxenes relative 1o those in tholeiitic rocks of

similar whola rock Mg#.

.
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Figure 3.49: Tiand Cr versus Fe# (atomic Fe/l[Fe+Mg] tor the Wild Bight Group clinopyroxenes. Open symbols are-tsom volcanic
rocks, closed symbois from intrusive rocks.
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3.6.3 Pyroxenes as indicators of Magmatic Atfinity

A number of workers have investigated the correlation between pyroxene composition

.

and the nature of the liquids from which they crystall)'z'e and have shown that the composition can
be interpreted both in terms of the magyma type frong\ which it crystallized (e.g. Kushiro, 1960;
LeBas, 1962; Verhoogen, 1862; Schweitzer ot a/.‘, 1879) and the tectonic environment in which

v
"'t_he magma was generated (e.g. Nisbet and®earce, 1977; LeTerrier ot al., 1982). The

geochemistry of clinop)}roxene can provide a useful check on conclusions reached on the basis
of whole rock geochemistry, panicﬁlarly when the whole rocks are altered and the pyroxenes are
not. ,

Kushiro (1966) demonstrated a correlation between magma type and the variation of Si, Al
and Ti contents in pyroienes. Reasohing that pyroxenes crystallizing from non-alkalic, akkalic and
peralkalic magmas should, respectively, have higher Al and Ti and lower Si contents (because of

the increased Al occupancy of the tetrahedral sites in SiOz-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 Alin the z
position and using the correlation between this and Ti and Si do define the alkalinity of the parent

magma. Working mainly with groundmass pyroxenes, he showed that atomic proportions of the ¢

major cations change regularly with ditferentiation and magma type and constructed fields in the

¢

pyroxene gquadrilateral 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 thsse from the NAT group. Over 80 percent of the NAE
group pyroxenes plot in the atkaiié field. LeBas (1962) noted that use of phenocrysts rather than
gmumﬁass on this diagram could result in slightly greater scatter, and perhaps a few sgmples
being misclassitied, on this piot. .

In recent years, a Aumber of authors have constructed plots using the cations Si, Al, Na,

Ca, Mg, Tiand Cr to discriminate the tectonic environment of magmas from which clinopyroxenes
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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 gertain extent, reﬂeéted in the pyroxene
compositions, inasmuch as pyroxene accepts most of the major elements that provide the basis .
for such discrimination. Nisbel and Pearce (1977) made the first major effort in this direction; they
calculated discriminant functions (based on published and unpublished analyses of pyroxenes
trom variousztecionic enviror‘\ments) which (f\ey used on aterritorial plot in conjunction withr
ternary and binary plots involving these elements to distinguish pyroxene from various plate
margiﬁal and within plate settings. They found the discrimination to be generally acceptable but
~ less precise than trace element geochemistry of whole rocks. LeTerrier et al (1982) reviewed the
“use of such diagrams, noting that there were a number of factors which could obscure the
correlation between'rnagma 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
element(s) than by its own availability; é) crystallii‘ation order of minerals (early crystallization of
‘phases may reduce the availability of some elements when clinopyroxene is finally on the
liquidus): 3) cooling rate of the 'magma (parrtitioning of major elements tends to be rate
independént while that of minor elements depends on cocling rate and bulk rock composition);
4) variations in temperature and pressure inducing variations in tha crystal-tiquid partition
coefficients. In addition, they felt that problems with the Nesbit and Pearce (1977) diagrams,
including the small number of analyses to detine the fields, lack of precision in delermining the
most important variables in the discriminant functions (e g. TiO,, MnO and Na,O which are
genérally close to detection limits) and the difficulty of achieving a complete discrimination using
only one diagram, limited the usefuiness of this aplproach and introduced some ambiguity into the
interpretations.
Working from a file of 1225 pyroxene analyses, LeTerrier et al. (1982) tound that a better
discrimination could be achieved using a series of diagrams in which elements that play the most
important role in discriminating specific settings are used in sequence to define thea magmatic

affinity of the rocks. Thus, Tu Ca and Na provide a separation between alkalic and non atkalic
5 , ‘
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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 lhoieiitic types results from Ti and Al 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
whoI; rock chemistry. The IAD and IAI group pyroxenes are clearly non-alkalic on the Ti versus
Ca+Na dia\gram.'However, more than 75 percent of samples from the NAI and NAT groups plot in
the field of overlap bétween alkalic and non-alkalic basalts. Likewise, almgst hatf of the NAE group

. samples plot in this field, with less than 35% plotting unequivocally in the alkali basalt field. The
results are consistent with, but generally less discriminating tha;h interpretations based on the
LeBas (1962) diagram and whole rock chemistry.

On the Ti+Cr versus Ca diagram for pyroxenes 1rorr; non-alkalic basalls (Figure 3.52), the
IAD group plots in the orogenic field in accord with whole rock geochemical results but the 1Al
group plots mainly in the field of overlap between the two setlings. Five analyses that plot well
within the non-orogenic field are from sample 2140468, which is extremely highly fractionated
(Mg# = 0.35). This higﬁ!ights a potential problem with using these diagrams; rocks that are highly
fractionated, with a correspondingty high Ti content, may yield results which are inconsistent with
interpretations based on considerations of the whole suite from which it comes. The NA! and
NAT pyroxenes plot, as expected mainly in the non-drogenic‘field on this diagram.

The samples from orogenic environments are piotted on the calc alkalic-tholeiitic

discriminant diagram in Figure 3.53. The IAD group plot in jhe tholeiitic field. although considering

—_—

the highly depleted nature of these magmas which probably indicates a highly refractory sourog
compared to normal mantle (see Chapter 4), the low Ti contents are inevitabte and not very
meaningful with respect to this diagram. The IAl group plots mainly in the area of overlap and does
not conclusively indicate the affinity of the sambles As in Figure 3.52, pyroxene from lhc;. highly

fractionated sample 2140468 are anomalously enriched in Ti and give results inconsistent with

whole rock chemistry.
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36.4 Significance of the Wild Bight Group Clinopyroxene Analyses
Analysis of primary clino'pyroxene in the Wild Bight Group matic 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 et al. (1982), the pyroxene data appear 10

be less definitive and the interpretations more equivocal than those reached from whole rock
data. However, the interpretations reached on the basis of analyses df primary minerals, ‘rather
than allered whole rocks, data do provide important confirmation of these interpretations from an
independent source. o

In particular, the pyroxene data tend to confirm the non-alkalic, tholeiitic nature of the 1AD,

lAl and NAI groups, the transitional {non-alkalic to alkalic) nature of the NAT group and the alkalic

nature of the NAE group. They further support the assignment of the IAD and 1Al groups to an

island arc series and the NAI, NAT and NAE groups to a within plate setting. Apparently spurious . |
results from high\y fractionated samples emphasize the necessity for caution in interpreting

pyroxene data in the absence of confirmatory data from other sources.

37 Geochemistry of the Felsic Volcanic Rocks

3.7.1 Felsic / Mafic Volcanlkc Associations

In most cases, felsic volcanic rocks in the Wild Bight Group are associated with mafic
voicanic rocks of island arc geochemical affinities, specifically the Glover's Harbour, Indian Cove
and Side Harbour g‘\'aﬁc volcanic rocks assigned 1o the IAD group and the Nanny Bag Lake suite
of the 1Al gro_u_;p_.ﬂgy_iq;nqe for this association in the cage of the Long Pond rhyclite is more
equivocal as the only mafic 'volcanic rogks 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 continuity with the rhyolite are intruded by a sill of 1Al affinity and elsewhere

W
inthe Wild Bight Group, similar sills only intrude sequences with vekanic rocks of island arc
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affinity. ’

Wood et al. (19'79) have argued that Ta, Hf, Th and LREE relationships can be used to
discriminate the tectonic environment of felsic as well as matic volcanic rocks because, unike Zr
and‘ Ti, they do not read,il); enter common quuiduﬂ;hases in silicic 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 feisic volcanic rocks all have silica contents greater than 75% (Table
3.17) andthere are no rocks of intermediate composition between basaltic andesite and
high-silica rhyolite. The rocks are very soda-rich and potash-poor (Na/K ratios are, with few
exceptions, greater than 5), are generally mildly corundum normative (peraluminous) (Iable 3.18)
and plotinthe field of trondhjemite and quartz keratophyre on the normative feldspar \
dassiﬁcalion diagram of O'Connor (1965) (Figure 3.55).

The mobility of alkali elements, calcium and silica during alteration raises the question as to
whether their concentrations in these rocks are liquid compasitions or reflect secondary
metasomatic afteration. Of particular intere§t is whether the high SiO, andthe alkali element ‘
ratios (i.e.the very low K,O contents) are an original feature or reflect metasomatism of rocks
which originally had lower SiO, contents and Na/K ratios (e.g Amstutz, 1974). The lact tHat the
rhyolit.ié rocks 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 for alteration
(e.g. some saussuritization of féldspar phenocrysts, local epidote and quanz veining,
recrystaliization of groundmass) suggests that some metasomatic redistribution is to be
expected. The Si‘(\);?;oments are abnormally high for rhyolitic rocks in island arc environments
(see Abelow) indicating §ome silicification has probably occurred. Although some alkali
\

redistribution is to be ex ed in this situation, three lines of petrographic evidence suggests

that low K,0 contents (and high Na,O/K,0 ratios) are an original feature of the rocks:

g
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Tabie 3.17; Major (weight percent) and trace (ppm) element oomontl of falsic volcanic rocks

Hf

Sample 2140452
volcanic unit** gh
Si02 7r02
Al203 1217
Fe203 0.60
FeO ° 1.72
MgO 0.73
Ca0 0.49
Na20 5.89
K20 0.98
TiO2 0.32
MnO 0.04
P205s 0.04
LO.l 1.08
Total* 99.24
Cu 3
Zn 46
Ni .. <1
Cr 8
Vv 22
Sc
Co
]

Rb . 6
Sr 37
Ba 130
Th .*
Y . 34
zr 82
Nb <05
Ta
La ‘
Ce .
Nd *
Sm
Eu
Gd
To
Yb
Lu ,
Th/Ta
(La/Sm)n

b 1287.0
Na/K 54
Rb/Sr 0.2
Y ) 2.4

2140453
h
\“g7636
12.36
0.12
374
0.88
Q.48
6.14
0.07
0.28
0.03
0.03

1.10
100.24

5

43

3

.5

- <20
82
29

0.64
3.70
0.71
3.80
0.52

22.40
0.54
208.2
'78.2
0.4
29

2140466% 2140487

ic ic
78.06 78.98
11.24 12.03
0.02 0.92
1.76 0.40
0.18 0.08
1.34 0.76
5.61 5.37
0.02 0.97
0.46 0.40
0.02 0.03
0.27 0.04
0.58 0.81
99.74 - 99.69
... 8 36
66 80
<1 <1
6 <5
<20 24
89
29
0.7 6
44 46
26 115
0.68
40 . 30
44 50
<05 - 0.6
. 1.77
0.06
3.8
10.4
75
2.63
0.67
3.70
0.69
3.56
0.54
11.33
0.88
2478 1355.4
2501 49
0.0 0.1
11 1.7

JEEN

2140488
ic

76.82
13.16
1.49
0.24
0.09
313
296
1.69
033
0.03
0.06

147
99.10

3
90
<1

5
26

10

215

35
65
<0.5

1416.9
1.6
0.1
1.8

2140490
ic

7585 .

13.28
1.35
0.19
0.07
2.60
5.48
0.69
0.40
0.04
0.05

0.70
100.11

2522.9
7.1
0.0
1.3

* . analytical total; major element concentrations are recaliculated to 100% anhydrous
**gh - Glover's Harbour; ic - Indian Cove; nbi - Nanny Bag Lake; Ip - Long Pond; sh - Side Harbour

-

/

2140493

c
76.60
12.36

1.91
1.41
0.96
0.93
4.83
0.68
0.27
0.02
0.03

1.08
98.99

2
70
<1

<5
<20

86
71
44

<05

1393.6
6.3
0.0
22

4
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Sample
vokanic und
S$i102
Al203
Fe203
FeO

MgO

Ca0

Na20

K20 )
Ti02

MnO.
P205

LOl
Total®

)

Cu
In
Ni
Cr
v
Sc
Co

Rb
Sr
Ba
Th

Y
Zr
Nb
Hf
Ta

La
Ce
Nd
Sm
Eu
Gd
To
Yb
Lu

Th/Ta
{La/Sm)n
K/Rb »
Na/K
Rb/Sr
N

2140525
nbi

75.79
11.23
1.33
378

. 133
3.84
1.52
0.73
0.32
0.06
0.06

224
99.74

» 24

38
56
<0.5

4

(continued)
2140535 2140537
nbl nbl
76.28 76.20
12.49 1294
1.07 0.61
3.2¢ 1.31
1.20 0.90
0.36 0.33
4.36 7.07
0.48 0.11
0.34 0.18
0.06 0.02
0.06 « 0.02
1.50 0.48°
98.77 99.43
29 5
117 45
<1 <1
7 5
<20 <20
0.0 <0.5
75 63
45 . 28
44 54
70 114
<0.5 <0.5
\ 8.1 573
0.0
1.6 2.1

2140538
nb!
77.44
11.86
0.65
1.86
0.32
0.54
37
3.32
0.23
0.02
0.04

0.68
99.34

93
45
<1
11
<20
15.9
1.1

22
38
148
0.75

43
73
<0.5
24
0.06

2140556
e

R 81.19

10.78

0.48

0.25

0.09

1.06

5.15

0.70

0.22

0.01

0.13

1.44
100.22

57
24
<1

L
<20

69
80

25

<05

2140513
p -
79.07
11.17
0.41

1.37

0.35
1.61
5.14
0.57
024
0.02
0.04

v 1.80

99.81

66

33
<0.5

“oeom
MeoN

2140528
sh

76.33
12.26
0.15
3.66
1.50
058
4.69
0.44
0.30
0.04
0.05

154
98.62

<0%

9535
95
0.1
13
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Sample
Quartz
Corundum
Zircon
Orthoclase
Albite
Aponhiie
Diopside
Wollastonite
Hypersthene
Magnatite
limenite
Hematite
Sphene
Rutile
Apatite

Sample
Quartz
Corundum
Zircon .
Orthoctase
Albite
Anorthite
Diopside
Wollastonite
Hypersthene
Magnetite
limenite
Hematite
Sphene
Rutile
Apatite

N

Table 3.18: CIPW norms for Wild Bight Group telsic volcanic rocks

2140452
3595
0.61
0.02
579
49.83

< 2.21

0
0
4.02
0.87
0.61
0
0
0
0.09

2140525
51.61
1.09
0.01
4.31
12.86
18.7
0

0
8.74
1.93
0.61
0

0

0
0.14

2140453
36.55
1.38
0.02
0.41
51.95

2140535
4453
427
0.02
2.84
36.89
1.43
0

0
7.69
155
0.65
0

0

0
0.14

2140466 -

42.84
0.19
0.01
0.12

47.47

49

0
0
2.94
0.03
0.87

2140537
32.01
0.63
0.02

0.65

59.81
1.53
0

]
3.63
1.32
0.34
0

0

0
0.05

2140487
4238
0.85

0.01
573
45.44
355

0

0 -

0.2
0.23
0.76

- 0.76
0

-0

0.09

2140538
40.46
1.26
0.02
19.62
31.39
2.46
0

0
3.33
0.94
0.44
0

0

0
0.09

2140488
46.42
0.89
0.01
9.98
25.04
15.2
9

0
0.22
0
0.57
1.49
0
0.03
0.14

2140556
46 .4
0

0.01
4.2
43.57
42
0.48
0.08
0

0.2
0.42
0.34
0

0
0.12

2140490
36.42

0

0.01
4.08
46.36
9.6
0.38
0.85

0

0

0.49

' 135
0.35

0

0.12

2140513

4273

0
0.01
337

43.49
572
1.72

-0

1.81

0.59

0.46

0

0
0
0.09

2140493
42.26
2.04
0.02
4.02
40.86
4.46
0

0
2.99
2.77
0.51
0

0

0
0.07

2140528
41.19
3.12
0.01
26
39.68
259
0

0
9.91
0.22
0.57
0

0

0
0.12
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1) There i;s no potassium feldspar in the rocks,nyeither as ph.enocrysts or in the groundmass
suggesting that the crystallizing magma was K-poor. ,

2) Although the rocks have certainly been subjected to some se’oonda[y alteration, there is
no petrographic evidence of extensive or pervasive hydrothermal alteration. Funhérmore. the
most K,O-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 2140538, the sericite
is concentrated in microveinlets (Plate 2.13) suggesting t}1at components such as K may have
been added to thé rock through secondary hydrothermal activity. The effect of the most severe
alteration has, therefore, apparently béen addition rather than removal of K50 and ;he low K,0
contents are reasonably interpreted as an original igneous fean;re. A similar argument holds 1;)r
Rb whigh 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 elements Zr, Nb
and Ba {Ba, again not coincidentall;}, is relatively enriched in the most altered samples), not
indicative of sialic crustal sources frém which granitic rocks are commonly interpreted to de;ive but
rather of depleted sources such as mafic igneous recks, commonly cited as potential sources of
tr‘ondhjemitic liquids through partial melting in islénd arc environments (further referenced
discussion of this point follows below). '

Barker et al. (1976) classified trondhjemites into low- A1203 (<15 pércent) and high-
Al,Oz( >15 percent) varieties, based on their studies of Prec‘ambrian‘examples in the western
United States. Their studies indicated that the former resulted from pa:ial meling of’ amphibolite
and hornblende-bearing gabbro, with plagioclase but not hornblende or garnet as a residual
phase. The latter, they interpreted as the result of hornblende-controlied fractionation of basaltic
liquid or partial metting of basaltic rocks with éarnet and/or hornblen;je in the residua. The Wild

Bight Group rhyolites, with Al,O4 contents in the 11 to 13 percent range, correspond to the low-

Al,04 trondhiemites of this classification.
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3.7.3 Composition of Wild Bight Group Feisic Volcanic Rocks .

The major and trace element composition of the Wild'Bight Group rhyolites is illustrated by -
a series of Harket diagrams in Figure 3.56. All are high-silica' with SiO, conte.ms g;eater tha.n 75
percent. Mést cluster in the §ilica: range between 75 and 78 percent although four samples ha\re
approximately 79 to 81 percent silica. Aluminum, iron and magnesium all show a strong
anticorrelation with silica. In the case of alimina, this may reflect the influence of plagioclase,
either during fractional crystailization or residual after partial melting (see also negative Eu
anomalies in REE patterns, Figure 3.57). lSodium, potassium and calcium all vary
non-systematically with silica; all are very mobile in fluid phases and are likely 10 have been
aﬂeded by fluid interaction during magmatism. Some secondary alteration is also likely aItthgh,
as discussed previously, this has probably not effected a wholesale redistribution of these
elements in most samples. TiO, is present in similar concentrations in all rocks, and, according to
petrographic observations, is probably present mainly in fine grained groundmass oxide phases.

.

Incompatible trace elements: both LFSE and HF SE, have generally low abundances in
these rocks. Nong varie§ systematically with silica. The consistently iow abundances of Rb and Ba
sugges}s that this is probably an original feature of the rocks, although the absclute
'bdncentrations may have been readjusted slightly by alteration. The abundances of the HFSE Zr, -
Y, Nb, Ta and Hf'are likewise very low fof 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

orless.

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 liREE depletion ([La/Sm],=.54 to .B8), consistent with HFSE ratios. All samples
have small negative Eu anoMmalies (Eu/Eu*=0.68-0.71).

The compositions of these rocks are further discussed in Section 3.7.5 where they are

compared to modern examples of low-K, high-8iO, rhyolite and some Newfoundland oceanic

plagiogranites.
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3.7.4 Trondhjemite / Quariz Keratophyre in Orogenic Environments

3.7.4.1 High-SiO,, low K rhyolites in modern island arcs

High-Si0,, low-K, peraluminous rhyolites and dacites with trondhjemitictonalitic liquid
compasitions are a characteristic feature of modern island arcs. Ewart (1979) reviewed lhe;
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 sur'nma(ize all known examples. However, br;e(
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

. /
fo.rearc will suffice to illustrate the principal 1eatures; the major evidence and lines of argument 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 charactqrizes these rocks in different areas and lo highlight the different types ot
petrogenelic interpretations that have been advanced to explain their origin. Representative
geocMemical analys'es are given in Table 3.19. ‘

The ftirst-studied representatives of dacitic rocks from the Tongan arc were drift pumice
(Bryan, 1968,1971). Melson et al. (1970) first described thes:;_gi;%?}istry ot high-SiO, dacitic
pumice from the eruption of Metis Shoal and these data we% by Ewart et al. (1973) in the
+ first major petrogenétic study of the Tongan arc as a whole. They noted that a complete range of
compositiohs were present in this arc from basaltic andesite through dacite and showv_ed that
major element data for rocks and phenocrysts could be s;uccesstully modelled by least squares
analysis in terms of fractional crystallization of observed island arc tholeiitic andesites. Although

the felsic whole rocks generally contained less than 69 percent silica and cannot be considered

‘high-silica’, residual glass in the Metis Shoal dacite contained more than 73 percent silica and was

interpreted by Ewart et al. (1973) as the extreme end product of this fractional crystallization. This
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€ - average high-SIO2 dache' (>73%) trom the S.W. Padific (compied by Ewart, 1979)

7 - average of 3 Undu Group (Fifij ‘Ngh-siica dacktes' (G and Stork, 1979)

8 - averags of 4 Wainamaia Group (FIF) high-skica dacites’ (Gl and Stork, 1979)

B - high-sikoa, low-K rhryoie E2/10,Subs Rangs,New Briain {Johnson and Chepped, 1979)

10 - Ngh-SiI02, lowX rhyolite F&/3 from

Cape Reinkz

11- sverage Sapan rhyole (Schmidt, 1957

12 - Saipan rhyoliss 5-299 (Barker &1 ., 1978)
13 - Sapan thyolte 5-130 (Taylor et al, 10869)
14 - average of 11 Linke Port Complex trondhjemites, wesiem Newloundiand (Maipas, 1579)
15 - average of 33 Twilingate Trondhjemhe anatyses (Payne and Sirong. 19
‘- 1ol won

79)

, New Briain {Johnson and Chappell, 1979}
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view of extreme differentiation of basaltic andesite liquids to form high-SiO, 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 thoteiite series magmas, Hawkins (1985) argued that the

high-SiO,, glass therein was best interpreted as thg end product of fractional crystallization of the _

island arc tholeiitic series magmas.

High-SiO,, 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-gf the Lau Basin (Gill, 1976). Analyses of these rocks have been
published by Gill (1370), Collley and Rice.(1975) and Gill and Stork (1979). According to Gill and
Stork (1979), high-SiO, volcanic rocks constitute 30 to 40 percent of the basement Wainamala
Group of Viti Levu and form domes, breccias and tufts withinthe Undu Group of northern Vanua
Levu. Related trondhjemite plutons intrude the Wainamala Group. The high-silica volcanic rocks
pletin the trondhjemite field on the normative feldspar diagram and have REE patterns, LILE

.
relationships and 875885y ratios which clogely resemble those of the associated mafic volcanic

rocks leading (Gill and Stork, 1979) to suggest that the petrogenesis of the silicic and matic

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 tractional 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 compositions) suggesting
separate sources;
»
2) normative compositions plotted on an Ab-An-Qz ternary diagram do not ctuster 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

hornblénde which, because it is not a consistent fractionating mineral in the volcanic rocks, is
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more easily ascribed to the residuum of partial fusion;

4) REE patterns of the plutonic trondhjemites appeared to be consistent with partial fusion
of either the Wainamala Group mafic 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 inlerpretation including abnormally high K/Rb
ratios and the constancy of Ab/Or ratios which imply the absence of refractory plagioclase. The\y
noted that considering the potential complexities introduced by fractional crystallization, their data
base did not permit more detailed genetic modelling.

Late Cenozoic volcanic activity has, in several instances along the New Britain arc of Papua
New Guinea, included the eruption of high-SiO,, low-K, peralur;linous rhyolite. The petroge'nesis
of these rocks in New Britain and nearby islands has been extensiveiy studied by Lowder (1970),
Lowder and Carmichae! (1970), Heming (1974), Heming and Rankin {1979), Johnson and
Chappell (1979) among others, most of whom ascribed them to crystalfractionation of basaltic
parents on the basis of least squares calcu!ati.ons on whole recks and phenocryst compositions.
However, soma 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 ditferent volcanic rock tyApes in some areas are considerably different
‘1rom that predicted by the least squares calculations;

3) the stratigraphy based on field relationships loc:ally shows the supposed basaitic parents .
to be stratigraphicatly above and presumably younger than the supposedly derivative silicic rocks;

4) local textural and mineralogical features suggest magma mixing and incorporation of
components frorﬁ other sources, raising difficulties with establishing a simple fractional

crystalliza¥ion sequence to account for the origin of the rhyolites;

5) in some areas, a slight enrichment of radiogenic 875 in felsic rocks compared to basaltic

varieties further complicaies any model that depends mainly on fractional crystallization.

Smith and Johnson.(1981) suggesléd that an equally acceptable alternative model is
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rhyolite production through partial fusion of island arc cruét, explaining isotopic differences in
felsic and mafic rocks by aging of t.he sources or alteration of the crust and across-arc differences®
in chemistry by systematic differences in the compositiorn of the sources. They cited élustering of
samples nearthe low-pressure minimum in the Qz-Ab-Or system és supporting evidance.

Meijer (1983) considered the origin of low-K, high-SiO, rhyolites that eccur in the Mariana
frontal arc, building on the previous studies ®f Schmidt (1957), Taylor et al. (1969) and Barker ot
al. (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 elen.went
abundances as well as REE patterns could be successfully modelled, using partition coetficients
derived for Saipan andesite, by approximately 78% crysta! fractionation of a liquid of typical

a
"high-Mg andesite from a DSDP hole in the Mariana forearc. Such a mechanism was supported by
similar 87518651 and 143N0/144Nd in the high-Mg andesite and rhyolite. Although the exact
REE pattem of the rﬁyolite could not be reproduced, M'eijer (1983) suggested that variable
relative REE contents in the source rocks could explain the observed variation.

In summary, the petrogenetic history of high-SiO,, low-K rhyolites in modern island arc
environmeﬁts is normally not well constrained. In some ::ases. modelling of fractiohal
crystallization of mafic liquids ob‘served in the island arc (either island arc tholeiites or high-Mg
andesites) can successfully reproduce the observed felsic rock compositions. In other areas,
however, there are strong arguments, in favour pf partial fusion of basal island arc basaltic crust
(perhaps with further modification resutting from fractiona! crystaliization, magma mixing or
contarmination from other sources prior to eruption} as the dominant Erqcess.‘

b 4

3.7.42 Oceanic plagiogranites

Oceanic plagiogranites were first discussed in déla‘by Coteman and Peterman (1376).

These rocks are common, although not generally voluminous, components of ophiolites, where

they are commonly interpreted as differentiates of the tholeiitic liquids of the plutonic suites (e.g.

Coleman and Peterman, 1976; Coleman and Donato,-1379). However, the role of fluid phases
L]

-




has been stressed by some workers, particularly with respect to the abnormally low K contents of
" these rocks. For example, Sinton and{gyerly (1980} ascribed:the K depletion‘of gianophyre in
recent basalt from the Mid-Atlantic Ridge 1o metasomalic alteration by late vapour phases.
However, it is not dear from these studies to what extent theories of plagiogranite petrogenesis
in an oceanic spreading ridge environment can bc; applied to the island arc er{vironmgnt.
Malpas (1979fwas the first to describe and contrast examples ‘of ancient spreading ridge
and island arc trondjemites. He_found that trondhjemites in the Bay of Islandg Ophiolite Complex,
imerpreted as oceanic crust formed at an oceanic or marginal basin spreading axis,‘ have Na,O >
6 percent, Rb/Sr~0.01, litle K,0 and relali\:e ly high abundances of the incompatible trace
elemengs. In contrast, those in the nearby Litﬂegori Complex, interpreted as the basal part of an
4 i§land arc éomplex, have Na,O ~ 5 percent, Rb/§r~0.1 and very low incompatible element _!’
ébundances, He interpreted'lhese geqchemical features coubled with field relationships (the \
‘associati.on of the Bay of Islands trondhjemites with the ophiolitic plutonic suite versus the
imimate association of Little Port Complex trondhje mites with amphibolites) as indicating that the
former resulted from partial meltling 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

differences might prove useful in defining the origin of trondhjemites elsewhere.

L
The Twillingate Trondhjemite in eastern Notre Dame Bay has low Al,04. K50, Sr and Ba,

high Sidz and Na,O (Payne and Strong, 1§79). it intrudes greenschigt facies tholeiitic basalts of
the Sleepy Cove Group. Various workérs have remarked on the geological similarities between —
the Twillingale and Little Port trondhjemites (e.g. Williams and Payne, 1975). Geochemical data
from the Twillingate Trondhjemite, particularly its depleted incompatible element contents, lack of
evidencé ior extended plagioclase fractionation 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 lt:at it could have formed from partial fusion of basaltic mater‘ial atthe

base o! a voleanic sequence about 12 km thick (i.e. nearshe base of an island arc in the presence

of 'a high geothermal gradient).
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3.7.5 Comparison of the Wild Bight Group Rhyolites with Modern Orogenic Rhyolites and

Early Paleozoic Newfoundland Plagiogranites

All of the examples discﬁssed above are low- AlyOq trondhjemites according 1o the Barker
et al. (1976) classification (Table 3.19). However, they are not a homogeneous suite and show
varying similarities and also some significant differences witwld Bight Group rhyolites.

The Witd Bight Group rhyolites are generally more SiOy-rich than either modern high-silica
rhyblites or ancient tronthemites, suggesting that they have undergone post-depositiénal
silicification. |

REE patterns in high-§i0,, Iogv-K rhyolites are highly variable reflecting théir varied
. . soyrces as well as melting and crystallization histories. As in the Wi'ld Bight Group,vthese rocks
have REE abundances of approximately 10 times chohdrite and mil:mor 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, and the Saipan rﬁyolite)

- PETN

are LREE-depleted and, in this respect, closely resemble the Wild Bight Ggoup rocks. \_\
Wild Bight Group'REE patterns are very similar to thosa in the Twillingate Trondhjemite, ~
which are variably slightly LREE-depleted to slightly LREE-enriched with abundances in the areas
of 10 x chondrites (Figure 3.58). Although the two are not of same'age (the Twillingate
Trondhjemite is lgte Cambrian according to Williams et al. (\QZSltheir similar REE patterns argue
for a similar pettogenesis. \ ‘
Figure 3.59 illustrates that the Wild Bight Group rhyolites have generally similar Zr contents
- to both the modern orogenic rhy‘olites and the Newfoundland plagiogranites. The Ba contents of
the Wild Bight Group rocks, although similar to the NeMoundIand plagiogranites (which are
consistently less than 150 p;imj, 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.

Rb/Sr ratios in the Wild Bight Group rocks, athough showing some scatter which may
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Figure 3.58. REE patterns for the Wild Bight Group rhyolites compatred with the
Twilingate Trondhjemite and high-SiO2, low-K rhyolites from modern arcs: In
A, symbols for Wild Bight Group rocks are same as in Figure 3.51. Field of Wild
Bight Group rhyolites represented by stippled field in B, € and D.
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result form aktaration, are generally closer to 0.1 than 0.01 on the Rt/Sr diagram (Figure 3,6@

this rebard, they rﬁore like continental trondhjemite lhe'm oceanic plagiégranite, according to
Coleman and Peterman (1976), although Rb and Sr abundances are generally lower thanin <
continental trondhjemite. High-SiO,, low-K rhyolhes' of modern aros have 'similar Rb/Sr ratios to
the Wild Bight Group rhyolites atthough with somewhat higher Sr contents (the exceptions again
being the Undu Group rhyoliles 61 Fiji and the Safi;;an rhyolites, which piot within the field of Wild
Bight Group rocks). The Little Pornt apd Twillingate trondhjemites occupy identical fields to the
Wild Bight Group rocks. ‘

Figure 3.60 suggests that the Rb (and K,O, with which it is positively correlated)

. enrichment of the Wild Bight Group rocks, relative to oceanic plagiogranites, is a consistent ‘
feature of island a;c magmas. It parallels the vyelldocumented potassium enrichment of island arc
mafic magmas relative to those at spreading ndges, which is generally interpreted as resulting
from LILE metasomatism resulting from dehydration of the subducting siab (€.9. Sun, 1980;
Wood et al,, 1979). However, whatever the reason, the data suggest that an addition2k{eld can
be defined on this diagram for arc related felsic rocks, b%th piutohic and eruptive, which straddles
the Rb/Sr = 0.1 line betweeTthe oceanic and~¢ontinental plagiogranite (Figure 3.60).

J In summary, atthough low-K, high SiO, rhyolites in modern arcs display‘a considerable
geochemical diversity, they also show some broad similarities to the Wild Bight Group rhyoli.tes.
These similarities are best displayed in broadly similar REE abundances {akthough not always
parallel patterns), Rb/Sr ratios and incompatible element abundgnces). Locaty in this
environment, very good geochemical analogues for the Wild Bight Group rhyolites can be
identified (i.e. Undu Group, Fiji and Séipan rhyolites). Elsewhere in Newfoundland, plagiogranites
Jnterpreted as the results of paniai.mehing in an island arc environmen_ts are also very similar
geochemically to the Wild Bight Group rhyolites. .

~

3.7.6 Fractional Cr.sstallization or Partial Melting?

" The close spatial association of rhyolite and mafic volcanic rocks of island arc affinity in the
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Fiald of Little Port trondhiemie (Malpas, 1879}
~wwvese Figit of Twilingate Tronchiemite (afler Payne and Strong, 1979)
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Figure 3.60: Rb-Sr dta%v m for pl ibgranites after Coleman and
|

Peterman (1876). In A, Wild Bi roup thyolites have Rb/Sr
-ratio similar to continental tron hjemnte ut at lower Rb and Sr

contents. In B, Wild Bight Group samples (light stipple) are similar
to Twillingate and Little Port trondhjemites. Rb/Sr ratio is simildr to
- high-Si02, low-K rhyolites from modern arcs but Sr abundances
are lower. Numbers are keyed to Table 3.18. -




Wild Bight Group argues for some genetic relationship as well. Genetic models for the Tonga and

sgaipan rhyolites (discussed above) suggest that these types of rocks may be derived through

extende; fractional crystallization of island arc tholeiitic and/or high-Mg andesitic magmas.

Howsever, given the very low incompatible element contents of the Wild Bight Group rhyolites, it is
difficult to imagirie them as tHe products of extreme fractional crystallization of even very
incompatible etement-depleted mafic liquids. THere are other aréuments against advanced
fractional crystaﬂizati_é{n and in favour of partial fusion of mafic rocks in the arc crust. Gill and Stork
(19%9) presentad a .number of them, including absence of intermediate compositions,
peraiuminous compositions, lack of consistent relationship between whole rock compositions
and the low pressure quanz-plagioclase cotectic, with reference to the Eiji high-SiO,, low-K
rhyolites. Such arguments, particularly the lack of intermediate compos’itions, 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 parial melting. Coupled with
the slight LREE-depletion, they aléo argue against hornblende as a fractionating phase, unless
the source was extremely LREE-depleted. The low Al,05 and Sr contents and the marked
negative Eu andm}‘i,liss suggest that plagioclase was a fractionating phase, either dur}ng panial
malting or fractional crystaltization.

The close geoch_emical similarity between the Wild Bight Group rhyolitdes and the
Twillingate trondhjemite suggésts that their petrogeneses may be similar. Payne and Strong
(1979) suggested that ttfe Twilfipgate trondhjemitic liquids formed by in situ melting of basalts
leaving an amphibolite residuef They were able to identity tentatively ;;otemial source rocks as
well as amphibolite residua in outcrop. Using Hoffman's (1976) projections of
quanz-plagioclase-(H,0) relationships and comparing the results with the solidus for a 1921
Kilauea basalt from Holloway and Bumham (1972), they estimated that melting occurred at
P(l:120) = Py = 4 kb and slightly over 700°C. These are amphibolite grade metamorphic

conditions at depths of approximately 12 km and a reasonable estimate for conditions at the base

°
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of anisland arc volcanic and sedimentary sequence (Payne and Strong, 1979).

The genetic models derived by Barker et al. (1376), although based mainly on

" Precambrian low-AI203 trondhjemites, also sugges! a possible origin for the Wild Bight Group

rhyolitic liquids. Noting that the generally flat HREE, low abundances of Rb and Sr and lack of
marked LREE enrichment precluded hornblende and/or garnet as a fractionating phase during .
either partial melting or fractional crystallization, they proposed an origin via partial melting of
hornblende-bearing gabbro with complete r@blende tusion and a plagioclase-clinopyroxene
residue. Such a model is consiste;,m with the low incompatible element contents, chondritic or
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 prbposed by Payne and Strong (1979) wou!d seem 1o be
reasonable an;logy for the origin of the Wild Bight Group rhyolites. Possible sources in the basalt
arc crust would include basaltic and andesitic vokanic rocks and also gabbroic cumulates, relicts
of the extensive magmatism, which would provide a very plausible source in view of their strong
incompatib.le element (including L.REE) depletion. The island arc¢ signature in the HF SE and REE
would, in such a scenario, be inherited from melting qt these rocks, which would already carry
this signature. The experimental data of Helz (1976) suggest that the liquids produced under
theie conditions would be somewhat less siliceous than the Wild Big'ht Group rhyolites; either
suberimposed secondary silicification or fractional crystallizationt would be necessary 1o account
for their present silica contents. Further discussion of potential sourceé and the petrogeﬁesis of
these rocks follows presentation of Nd isotope data in Chapter 4.

r

3.8 Synthesis and Conclusions
Mafic volcanic and subvolcanic rocks of the Wild Bight Group are variably altered, mainly as
a result of sub-seafloor processes. This alteration has redistributed the more mobile elements

(e.g. Na, K, Rb, 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 preserved.

Significant aspects of the geochemistry of the Wiid Bight Group volcanic and subvolcanic

rocks are summarized in Table 3.20. Some representative trace element ratios from typical
oceanic volcanic settings are shown for comparison, although these numbers should be viewed ;
-critically; the absolute values of "typical” ralios for these settings vary considerably béfween

’,

different authors. Nonetheless, the relative abundances and ratios of these elements invarious
environménts are distinctive and useful for comparison with tﬁg Wild Bight Group samples.

The Wild Bight Group mafic volcanic rocks are geochemically heterogeneous.

. Considaration of absolute abundances of incompatible elements énd relationships 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 nqrmalized LREE and show affinities to island arc basalts on
most trace element discrimination diagrams; and 2) incompatible ele:nent-rici: hasalts which have
smooth normalized HFSE, LILE. LREE patterns and plofs in WP3 fields on HFSE ('iscriminant
diagrams. The rocks of island arc affinity have consistently lower T/ 7, Zr/Y and Ti/V and higher
Zr/Nb and Th/Ta with respecl to the non-arc suites. Intersuite variations in clinopyroxena
compositions are less discriminating than, but generally confirn interpretations based on, the
whole rock studies.

Geochemical evidence, therefore, strongly indicates lhal’these two broad groupis
represent volcanism in two distinct environments, the firt an island arc setting in whicn magma
generation was influenced by the subducting slab and ihe second a non-arc enwvironment where
few of the magmas show any geochemical evidence of a subducting slab.

Within each of thase savironments, there are well-defined gecchemucally distinctive
groups in the mafic volcanic rocks, two in the island arc environraent and three in tr;e non-arc
snvironment. Their characteristics can be briefly summarized as:

1. The groups of island arc affinity

i) the 1AD (island arc depleted) group is very depleted in a'lincompatible elements and has
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distinctive REE patterns with flatLREE at 1t0 5 Iime.s chondritic and a step up to flat MREE and
HREE at 6 to 8 times chandritic. 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 fractional crystall‘ization. Tiand V increase with decreasing Mg# suggesting that
these are best characterised as very depleted island arc tholeiites.

ii) the 1Al {island arc intermednﬁté) group has higher incompatible element contents (0.8 >
TiO5>1.8 weight percent) and is itself divisible into two magma fypes: a) a LREE-enriched type
defined by the Glove.r's' Harbour East, Seal Bay Bottom and Northern Arm suit_es; and b) a
LREE-depleted type defiqed by the Nanny Bag Lake suite. The former has higher Ti'Y and Zr/Y,
lower Zi/Nb, plois in WPB fields on discrimination diagrams involving more-to-less incﬁfr‘npalible
element ratios (e.g. 2r/Y versus Zr). Apart from the HFSE, LILE, LREE characteristics which clearly
label it as part of an islahd arc environment, it has geochemical enrichments that are more typical
of enriched, non-arc magmatism (e.g. contrast the a‘lAbove mentiongg ratios to E-MORB). In this
respect, it 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 1Al group. However, abart frpm !he’negarive Nb and Ta anomalies (and the resufting
lower Th/Ta ratio), its higher Ti’Y and Zr/Y and lower Zr/Nb show it to be geochemically distinct. It
plots in the WPB field on most discrim.ination diagrams, has flat to' slightly LREE-enriched panerhs
and is geochemically similar to T-MOBB and to some basalts erupted in back-arc basins.

- i) the NAT (5on-arc transiﬁofjgroup has ?502 contents between 1.7 and 3.2 weight
percent, slightly o;/eﬂapping the I{\l and NAI figlds. Compared to the NAI group, it is more LRE‘E
enriched,‘has higher 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 tholeiites (particularly the latter;

note the TVY and Zr/Y ratios).

i) the NAE (non-arc enriched ) group has very High incompatible efement contents (TiO,>
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2.75 weight percent), strong LREE enrichment, low Zr/Nb and\r:ijh Zr/Y ratios and plots in ihe

ich purports to separate within
: ¢
plate tholeiites from alkalic basalts and also on most diagrams utilizing clinopyroxene

a'kalibasalt field on discrimination plots. On the Ta-H{-Th plot,

compositions, the afkalic trend is not strongly developed, suggesting that these rocks may best
be considered as marginally e;lkalic. 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 onfigld evidence are interpreted as subvolcanic, have
geochemical trends -similar to the volcanic rocks. All of the above geochemical groups are
represented in the intrusive rocks, although individual dykes can seldombe directly égr)relate;
with observed flows on the basis of their geochemistry. Intrusions of island arc affinity are seento
intrude only stratified rocks of island arc aftinity while 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, subvolcanits 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 K,0

»

" and compositionally can be classified as high SiO, rhyolites or keratopyhres. They occur only in
assaogciation with mafic volcanic rocks of island arc affinity and themselves have nelgative 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-Si0, rhyolites in modern island arc environments and to early Paleozoic oceanic
_plagiogranites elsewhare in Newfound!and which have been interpreted as resulting frorﬁ 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 irf Figure 3.61):

1) volcanic rocks at the lowest exposed stratigraphic levels of the Wild Bight Group (the

Seal Bay Bottom basal) are of island arc atfintty. Most other arc-related sequences occur near the

-
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middle of the stratigraphic section except the Northérn Arm basalt which is at the top. '

l .
2) Except for the Northern Arm basalt, other volcanic units in the upper part of the Wild

Bight Group are of ngn-arc affinity and where stratigraphic relationships can be ebserved or

. infarred, they'ére apparently above all arc sequences except the Northern \Arm basalt.

&_ - 3) mafic intrusions of fon-arc affinity cut stratified rocks of the arc suites and non-arc

magmatism musl be, at Ieast. in gant, later than the arc-related activity;

4) the two types of island arc-related activity are closely relat{d@tratigraphically inthe
Glover's Harbour area. Likewise, different non-arc groups are interbedded with each other (NAI
gnd NAE types in thehg Lewis Lake volcanic unit, NAT and NAE types in the Side Harbour
volcam'(_: unit). Magmatism of different types i'vithin each environment is interpreted, on this basis,
to have be;n approximately contemporanequs.

0 5) In view of (1) to (4 above, the position ot_the arc,:-related Northem Arm basalt at the top
of the Wild Bight Group is anomalous and suggests either: a) that waning islahd arc volcanic
activity continued during the eruption of the non-arc eroducts; or b} that the Northern Arm unit
was exposed as a topographic high during non-arc volcanism and was not covered by the
volcanic products of this episodé. In this regard, the nature of the single anomalous sample in thi;*
suite, 2140773, attains considerable imponance. This sampla, which is apparently interbedded
with rocks of arc affinity, plot_s. i; wPB Jje|ds on discrimination dagramg, has Ti'Y=561, Zr/Nb=5.6
and Zr/Y=6.1, all clearly indicating an affinity with non-arc products, specifically the NAI or NAT
groups. Although it is risky fo'base major conclusions on only one sample, it appears that, at least
locally, arc and non-arc volcanic products ara 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 w\i:hout
the geochemical signature of the subducting slab. Nd isotopic data in Chapter 4 further constrain

: the models for magma genesis in these rocks.

)
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CHAPTER 4

Nd IS'OTOPES AND PETROGENESIS OF THE WILD BIGHT GROUP VOLCANIC AND

SUBVOLCANIC ROCKS

4.1 Introduction
The deyelopment of techniques for precise analysis of the isotopic compasitions of
eleménts has led to the expanded use of isotopes as tracers in petrogenetic studies. This has

\
provided an important constraint in modelling the origin of magmatic suites, as the isotopic

oom;)osition of the magmas is a direct reflectior: of the isotopic composition(s) of their source(s).
Because crustal gr<;wth results in the fractionation of some radioactive parenvradiogenic
daughter pairs (notably, for petrogenetic purposes, Rb with respect to Sr, Sm with respect’to Nd,
U and Th with respect to Pb), different parts of the earh (e.g. crust and mantle) experience
ditferent isotopic growth histories over the long term. Magmas derived from these different
source areas carry the isotopic signature that has developed in ther.n,

The isotopic composition of any giveh element, unlike its geochemical composition, is not
fractionated by either paﬁial melting or fractional crystallization. The isotopic composition of an
igneous rock is, therefore, directly related to the isotopic composition of its source(s) and

‘ ’ ~ ‘
provides an important tool for interpreting both the nature of s sources and the petrogenelic
brocesses 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 1o 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 mohile in hydrous phases. The isotopic compgsition of Sr can, therefore, be

moditied by alteration after the rocks have been formed and the present composition of the rocks

may, in this case, not accurately reflect that of the magmatic sources.
. el

" Similar difficulties are encou d in the application of U- and Th-Pb systems. All of these

s

\ .
elements may be mobile during ajfegion and these systems have the added complication of an
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extended dacay scheme with intermediate stgps which may likewise be interrupted by alteration
producing disequilibrilm between parent and daughter elements.

The REE have two radioactive decay systems that are potentially useful in petrogenetic
studies, the decay of 1761y to 176Hf and the decay of 147sm to 143Nd. Both radioactive
parents have long half lives relative to 87Rp and the preSent range of radiogenic isotope ratios is
accordingly much smalier, demahding more sophisticated (i.e. precise) analytical procedures.
Petrogenetic applications of the former system have been explored by, for example, White a.nd
Patchett (1984), but have not found broad acceptarice. because of analytical difficulties.
Howaever, the development and dissemination of analytical procédures for the precise analysis of
Nd and Sm isotopic Qomposhions in the last decgde has led to an ever expanding use of this
system In petrogenesis (e.g. DePaolo aﬁd Wasserburg, 1876; O'Nions et al., 1979; Hawkesworth
and van Calsteren, 1983). The SnvNd system has an imporant advantage over the Rb/Sr system
in the study of oid, ahere& whole rocks because Nd is not mobile in hydrous phase;. Itis present
in sea water in very low concentrations and, therefore, sub-seafloor alteration does not resultina
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 delerminec; for

thirty-four selected samples, representing the complete range of lithological and geochemical

variation in the Wild éight Group volcanic and subvaicanic rocks. The purpose ofthe isotopic

study was: 1) to further test the geoctémical groupings to see whether the geochemically based

correlalions were supported by isotopié compaositions; 2) to identify possible s:ources for the
volcanic magnés 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.

The Nd isotopic compositions (Nd IC) were determined by therr’nal jonization mass
* spectromelry at the Max-Planck Institut fuer Chemie, Memorial Universily and the Geological

Survey of Canada. Separation and concentration of Nd from whole rock powders was

acocomplished by a three-stage, ion exchange chromatographic technique described in detail in




Appendix 10. On all except six samples, the 147Smv144Nd ratio was determined by isotope
diution on spiked aliquots of the same samples dissolved for Nd IC analysis. For the remaining six
samples, this ratio was determined by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS)

at Memorial University of Newfoundland. Details of sample preparation, laboratory and analytical

techniques, calculations, standard and blank analyses and duglicate déta are in Appendix 10.

L]

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. Anhough there are three naturally occurrihg nuclides decaying
to isotopes of Nd (147Sm, 148s5m, 1495m to 143Ng, 144Ng, 145N, raspectively), only the first
is sufficiently short-lived (47Sm halt lite ~ 1011 yr.) 10 p'roduc€ a measurable variation in the
daughter isotope over geological time.

The decay.o: 14-"S.m to 143Ng provides the basis for Sm-Nd isotope chemistry. Because
isotopic ratios are more readily measured than are absolute abundances of single isotopes, the .
analyses are commonly reporied as a ratio of the daughter isotope to one of the non-radiogenic
isolopes of that element. In the case of Nd, the isotopic camposition is c§mmonly measured as
the ratio 143Na/144Ng. |

For any isotopic analysis by mass spectrometry, the data must be corrected for

instrumental mass fractionation. In this study, all 143Nd/144Nd analyses are normalized to

146Ng/144Nd = 0.7219, after O'Nions et al. (1979).

~ 4.2.2 Measured Versus Initial Ratios
The measured '43Nd/144Nd ratio of an ancient rock reflects riot only the petrogenetic
history of that rock at the time it was formed but also the radioactive growth history of the rock from
that time 10 the present. This presents a major limitation in ir)e direct use of such data for

A}

comparisons with other rocks or with presumed reservoirs fn the earth’'s crust or mantle. Direct
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comparisons for petrogenetic purposas can be profitablyr‘nade only with rocks of the same age or .
with reservoirs extant at the time the rock was formed. ’ ' ’ :
The inttial isotopic ratio (i.e., the isotopic composition at the time the rock was formed) can
‘be calculated from the radioactive decay equations. Calceulation of the initial ratios for the rocks
and the possible source reservoirs allows a direct compariso‘n of their isotopic compositions that is

/ petrogenetically meaningfui. For Nd, the appropriate expression is:

4 [143Nd/1 44Nd]° - [143Nd/144Nd] B [147Sm/14f‘Nd][e'\t -1]
where [143Nd/144Nd] and [147Sm/144Nd].are measured, [143Nd/144Nd], is the initial ratio at

time = t (in Ma) and A is the decay constant 6.54 x 101231,

4.2.3 Epsilonyg and CHUR

In order fo facilitate interpretétion of the data, a common technique ih the ;:urrent literature
is calculate the initial isotopic composition of the rocks (i.e. at the time they were formed) and to
report this ratio relative 1o the isotopic composition of the bulk earth at this time. DePaulo and
Wassertgurg (1976) have developed a notation, currently in wide use, which facilitates
comparison of Nd isotopic ratios of rocks and reservoirs at ditferent times. They devised a
number, termed "epsilonngy) ", which expresses the fractional deviation of the isotopic
composition of the sample from the isotopic composition of a uniform reservoir at any time, "
million years ago. The unform reseM')ir for Nd is generally designated as CHUR (Chondritic
Uniform Reservoir) and is based on the best estimate for the comp;>siﬁon of tha‘éulk eanh. The |
expression "epsilonng”, therefore, is an expression of the amount by which the isotopic
cornposition of a rock at time = t differs from the theoret.ica! composition 61 CHUR. Itis expre;sed

as:

epsilongy) = ,['“Nd/’“Ndsarrple(:)l -1 x 104

\ [ "N 4Ny R |




- where [143Nd/144Nd]cy g today is 0.512638 and [147Smv144Ndjeyy R is 0.1967.
As can be seen from this expression, epsilonpq of CHUR at any time is 0. A rock that has

143Nd/144Ndy) > CHUR will have positive epsilonyg while e with 143Nd/144Nd ) < CHUR wil

have negative epsilonpg. The implications of thijwith respect to the evolution of the crust and

interpreting mantle and petrogenetic processes in oceanic volcanic environments are explored in

the following Section.

424 Estimation oft

In order to calculate the initial ratios foAr the rocks, as well as for CHUR and for possible
reservoirs that may have figured in their petrogénesis, it is necessary to know the rocks' age.
Because there is no 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 thg calculation oi the initial ratiés 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 - early Caradocian) fauna
(Chapter 2). According to the ﬁ’r'ne scale 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 tor the Wild
Bight Group samples have been calculated at 465 Ma. There are two potential errors in this
choice: 1) given the uncertainty of the absolute age of the tossil 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 grpup is undoubtedly somewhat older than the top and ther;e may, therefore, be an
inconsistency in assuming that rocks from these extrermes have the same age.

In the first case, the stratigraphic continuity betwfeen 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 much), the

resulting changes in the calculated epsilonNd of the rock are shown in Table 4.1 for selected
samples representing a range of 143Nd/144Nd and 147Smy144Nd. The age difference does
cause a small change in the absolute value of epsilonyg, but the ditference is less than the
uncertainty resulting from analytiéal errors in all cases (see Figure 4.2). Litlle change- in the relative
épsilonNd of different samples resOits and the conclusions of this study would not be .

- substantia¥y atfected by such an error.

The possibility that the top and bottom of the group are not precisely the same age is -

potentially more serious. In this case, the calculated epsilony 4 of samples at the bottom and top™

of the sequence may not be consistent with each other, or with theoretical reservoirs at the
chosen 7irne - 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 Fu“i (se¢ Chapter 6). A comparison

ol epsilonp 4 for one sample from the basal Seal Bay Bottom suite calculated at 465 and 485 Ma is

presented in Table 4.1. The difference in epsilonpg is considerably less than analytical
uncertainty. in tact, even if the bottom of the Wild Bight Group is as much as 45 Mé older than the
top, the change in epsilonpg 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 calculaﬁion ol epsilonpg , nor the

interpretations that arise from ‘gsing it in petrogenetic arguments that follow.

4.3 Nd Isotopes as Petrogenetic Tracers

4.3.1 Nd Isotopes and the REE

Radiogenic Isolopes are a powerful tool in interpreting the petrogenesis of magmatic rocks.
Studie§ in rﬁbd:zolcanic environments have provided a wealth of information concerning the

ition of voicanic rocks in various tectonic environments and these have in turn

=7
<~ Nd isotopic com|




Table 4.1: Representative errors as a result of uncertainties in estimating "t" A

* A - Errors arising from uncertainty in absolute age . )
Samples with a range of epsilon Nd and 147SmV144Nd are recalculated at various ages.

sample No. t (Ma) 147Smv144Nd epsilon Nd
2140467 450 0.151 07
465 0.151 08

480 0.151 09

2140492 450 | 0.307 -0.7
465 0.307 -0.9
480 . 0307 -1.1

2140532 450 0222 . 72
465 . 0222 71
480 0.222 7.1

2140497 450 0.162 54
- 465 0.162 55
480 0.162 56

-3
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 oder ages

Sample No. 't (Ma) epsilon Nd
2140553 465 119

480 1.27

500 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,

principaliydependent on its LREE contents. Let us consider the fractionation of the REE

through earth history and its impact on Nd isotopic compositions in various res'ervoirs.

The p.Irimeval earth is believed 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 crust and the result has been generatian of
continental crust \Nith/;'a mamed LREE-enrichment and a‘t’Jroadiy complementary mantle with a
marked LREE-depletion (on a chondrite-normalized basis). This is clearly an oversimplification of
the actual case but will serve to illusirate the relationship between the REE ana Nd isotopic
compositions.

/Rocks that have spent a considerable part of their history in a LREE-depleted environment
(i.e. normal depleied 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, retatively more

1475 m will decay 10 143Nd than will occur in CHUR and, given time, the LREE-depleted region
- ‘
will develop a 143Nd/144Nd ratio that is increasingiy higher than thatin CHUR. Expressed
another way, epsilonyg of a time-integrated, LREE-depleted, reservoir will be positive and
become more so with time. - o
The reverse is true for rese‘rvoirs that have a time-integrated LREE-enrichment. The SrmyNd
ratio in this case is lower than that of CHUR leading to a relative underabundar}ce of

A

143Na/144Nd with time. Epsilong in this situation will be negative and will become more so with
time.
Petrogenetic relationships in modern volcanic rocks are generally consistent with these

interpretations. The fact that most oceanic basalts have positive epsilonyg. the generally higher

143Nd/144Nd of mid-ocean ridge basalts compared to those in other environments and the




strong negative correlation between 143Nd/144Nd and 87S1/865r all argue for widespread,
LREE-depleted, sourcés in the mantle. Strongly negative epsilonpg in old crustal rocks argues

for LREE-enriched sources there. However, there are additional complexities. For example, the
" mantle apparently contains LRE E-enriched as well as LREEdepleted sources, continuing crustal
evolution has occurred in sources with varying degrees of LREE-enrichment and experi;ancing
radioactive growth over various time periods, and the juxtaposition of multiple sources in
subduction zone environments can provide'complex possibilities for source melting and mixing

in the following Secl:tions, 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 relerer:ncé to Figure 4.1, where extended REE

plots for some typical oceanic basalt types are presented.

4.3.2 The Heterogeneous Mantle

Geochemical and isotopic evidence have unequivocally established that the mantle is
chemically and isotopically heterogeneous. However, there is no gsoq 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 typs erupled at oceanic constructional plate margins is a
* LREE-depleted tholeiite with strongly positive epsilonyg (present day epsilonyg~+10) which is

commeonly termed typical mid-ocean ridge basalt or MORB. The ubiquitous eruption of this rock
type in such a setting has been widely interpreted to mean that the upper mantle comprises

mainly pendotite which has experienced a long-term depletion in the LREE and other

incompatible elements (Sun et al., 1979; Morris and Hart, 1983, Dafes, 1984; White and

Patchett, 1984).

However, in this setting, and in intra-plate oceanic seftings, basalts are commonly erupted
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stippled lines, non-arc rocks in black lines, and sediment is hatched
line. Note prominent negative Ta and Nb anomalies and high Thin
arc rocks and the continentally-derived sediment.

RB

’




e ot e T S A £ T S A MM

with relatively flat 1o LREE enviched patterns and epsilonyg which is most commonly in the range

+4 10 +8 but locally somewhat lower and, in some cases, slightly negative. This appears to require
that the mantle contains less voluminous heterogeneuies. on both small and large scale, which
have experienced time-imégrated LREE enrichment (recently fully discussec_j by Zindler and Han,
1986). Early conceptual models viewed the.heterogeneous mantle 'as layered, with a depleted
upper mantle underlain by a lower mantle of approximately primordiaﬂ (undepleted) composition
(e.g. Schilling, 1.973; Wasserburg and DePaolo, 1979). The ascent of magmatic plumes from the
latter pbvided relat.ively LREE-enriched magmatic soprces which generated “enriched” or

“plume”-type magmas (e.g. Schilling, 1973; Schilling et al, 1877; Sun et ai., 1979) with
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LREE-enriched trace element characteristics and epsilonyg considerably lower than MORB. 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

e or more isotopic
systems relative to the theoretical primordial mantle (e..g. Hawkesworth et al, 1979, Zindiér et al,
1979; Jenner et al., 1987). The recognition that oceanic islands appear to fall mto four or five well
.deﬁned isotopic groups has led some workers to suggest that lhesé represe disfinct types of
mantles sources {e.g. White, 1985; Zindler and Hart, 1986).

These types of relatively enricﬁed mantle sources have generally been termed ocean island
basaﬁ ‘(OIB) sources, and yield LREE-enriched magmas that are typified by the E-MORB and

oceanic island alkali basalt curves in Figure 4.1. In terms of trace element charactaristics, they are

characterised by smooth extended REE patterns with LRE E-enrichment and a'maximum

) 11
between Ba and the LREE. In particular, the LREE, Ta and Nb havg approximately equivalent

~ normalized abundances in these rocks.

Relatively small scale heterogeneities in thé upper mantle are generally viewed as veins or
blobs of enriched material flodting in depleted mantle. Wood (1979) en\'/isa’ged a veined upper
mantie cut on centimeter scale by partial mehé of primordial mantie. Other workers have
oonsidefed veining of the depleted mantie ta be a result of imteraction with mantie plumes (e.g.

Schilling et al., 1985; LeRoex et al., 1987). Alternatively, the “plum-pudding” model (Davies,
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1981, 1984; Moris and Hart 1985) views the mantle as riddied with "plums” of enriched material,
either undepleted lower mantle material that has ascended into the depleted mantle region and
frozen there (Davies, 1984; Allegre and Turcotte, 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 result of ubiquitous mantle heterogeneities (e.g. Sleep, 1984) or the result

of mantle metasomatism (Bailey, 1970; Menzies and Murthy, 1980). Whether veins or plums,

these sources woukd be enriched in the highly incompatible -elements including the LREE and,
therefore, have lower epsilonpg than depleted mantle; mixing‘ of these sources with depleted

mantle couid produce a spectrum of compositions (both geochemical and isotopic) depending .
on, among other things, the degree of partial melting, the variability of compositions of both
depleted mantle and enriched heterogeneities in any given area, the proportions in which the
various sources contribute to the melt and their subsequent crystallization history. These
compositions are reflected in the wide variety of magmas eru“pted 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 additional
complication and introduces further possibiltties for magma generation in arc environments. A
wide variety of yolcanic 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 iSotopic compositions, ranging from near +10 to strongly negative,
suggesting that both time-integrated, L REE-enriched and LRE E-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. Thns

leads 1o the characteristic extended REE patter with pronounced negative Ta and Nb anomalies




illustrated in Figure 4.1.

The belief that cak akalic andesite is the principal rock type in island arc environments led
early workers to propose island arc petrogenetic models based mainly on meRing of oceanic
lithosphere in the subductgd slab (e.g., Coats, 1962; Green and Ringwood, 1968). When
subsequent studies showed that in fact island arc tholeiilic magmas dominate many active
orogenic areas (e.g. Jakes and White, 1971; Ewart et al, 1973; Gill, 1974: Jakes and Gill, 1970)
attention was tocussed on models involving meiting of peridotite in the mantls vedge above the
subduction zone (e.g. Nicholis and Ringwood, 1973; Ringwood, 1974; Gill, 1981).

Although it is generally accepted by petrologists that depleted mantle with elemaent ratios
and isolopic characteristics of MORB is the principal source of island arc tholeiitic magmas

(Ringwood, 1982, Kay, 1980; Green, 1980; Arculus and Johnson, 1981; White and Paichett,

1984; Arculus and Ppwell, 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 current generation of‘complex, multi-stage petrogenstic
models (e.g. Gill, 1970, 1974; Armstrong, 1971; Whittord et al,, 1979; Sun, 1980; K'ay, 1980;
Gill, 1981; Arculus and Johnson, 1981; Arculus and Powell, 1886) involving partial meltihg of
vanous source compohen(s in the mantle wedge, the subducting slab and ihe’ basal island arc
crust. Within each of these potential source regions, there are complex possibilities for
generation of metts of different characteristics through varying degrees and types of parial
meling, mixing and fractional crystallization. Some of the pertinent points concerning source

regions and their potential aftect on mel characteristics are briefly considered below.

~4.3.3.2 The Mantle wedge
The mantle wedge is inferred to consist mair;ly of depleted peridotite with geochemical and -
isotopic characteristics similar to the source for MORB, with both small and large scalé
héterogeneities as discussed above. Interaction between depleted mantle and melts and/or

' hydrous fluids fromthe slab aliow for generation of additional heterogeneities, as envisaged, for
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- example, by Arculus and Povyell (1986) who postulated veins inthe depleted mantle formed by

metasomatic enrichm;am from the subdu&ting slab and muttiple metting/freezing episodes during
‘ mass transpon within the mantle wedge.
Mixing of enriched sources with partial melts of depleted peridotite has been suggested by
soma workers 1o be capable of producing the complete spectrum of compositions found in island

arc magmas (e.g. Arculus, 1981; Stern, 1981; Morris and Hart, 1983).

4.3.3.3 The subducting slab
The effect of the slab i island arc tholeiitic magmas may be manifested in enrichment of alkali

and alkaline earth elements, derived from altered oceanic crust or the overlying sedimentary layer
and in the presence of_;:ominemal 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 include a
strongly negative epsilonpq (reflecting long-term residence in LREE-enriched crust) and
negative normalized Ta and Nb anomalies with respect to the LREE. Ii is this traée element
characteristic that distinguishes material with negative epsilonyg derived from continental

sources from those representing LREE-enriched mantle sources unrelated to the crust. b
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 magmas can be explained by the addition of a small amount

(generally less than a few percent) of subducted sediment to modelled melts of depleted
peridotite (e.g. the South Sandwich Islands, Cohen and O'Nions, 1982; Aleutian Islands, Kay et

al,, 1978; von Drach et a/., 1986; Marianas, Maeijer, 1976; Hole et al., 1984; Lesser Antilies,




Davidson, 1983; Tonga, Kay, 1980). A major difficulty in modelling the effect of subducted

>sediments is the considerable variation in geochemical and isotopic compositions of sea-floor

sediments in the modem oceans (Kay, 1980; White et al., 1985). On a broad scale, the detrital
component of average oceanic sediment is expacted to approach the average continental crust
composition§ and it has been shown by McLennan and Taylor (1981) that mixing of average
Australian post-Archean shale with MORB or MORB-sources can #uccesslully reproduce many of
, the geochemical features of island arc basalts. In particular, subducted sediment has been
invoked by some workers to explain the prevalent high LFSE/HFSE ratios in most island arg lavas,
either through direct mixing of this sedirr;ent in the magmas o; through fluid transport of the more
soluble‘ LFSE elements into the mantle wedge, metasomatizing the magma sources with a fluid of
even higher LFSE/HFSE ratios (e.g the “IRS fluid” of Gill, 1981). Precise interpretation of thé
structure of island arc magmas, however, requires a detailed knowledge of the subducted
sediment, Which may locally differ considerably from average, crust because of local anomalous
. Crustal sources, presence of a significant arc-derived component or an abundant :;uthigenic
component (e.g. White et al.,, 1985; Hoie et al., 1984) This, of oour;e. poses a particularly serious
problem in the case of ancient island arcs, wheré closae analogues of the subducted sediments
can seldo’m be idémiﬂed.

Mixing of subducted sediments and MORB sources cannot explain all of the features of
island arc magmas. In particular, anomalous variations in 8751863 with respect to 143N/ 144Ng
(DePaolo and Wasserbbrg, 1977; O'Nions et al., 1877) and the high atkali a‘md atkaline earth
abundances with respect 1o the REE (Kay, 1980; White and Patchett, 1984) ha\;e led these and
other authors t;) suggest the involvement of sea water. The most likely contributor is subducted
oceanic crust that has been nydrothermally altered on the sea floor. The mass transfer may occur
either through partia! melting on the top of the slab and ascent of the resulting melt (e.g. Kay,

' 1980; Marsh, 1979; von Drach et al,, 1986) or through the action of fluids evolved during
dehydration of the slab as suggested by Ringwood (1974) (see also Andersoﬁ. etal, 1979;

Hawkééwonh et al., 1979; White and Patchett, 1984 and references therein).
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4.3.3.4 The sub-arc crust
; Although a ccntribution 1rom sub-arc crust is not required for many island arc tholeiites,
interaction with such crust dould explain some geochemical 1ealuré; of these lavas. This is
particularly true of lavas erupted through confinental margins (e.g. Tilton and Barriero, 1980:
Leeman, 1983) but Ies:Iikely to be a factor in intra-oceanic arcs (Arculus; and Powell, 1886).
Davidson (1983, 1986) has suggested that some Lesser Antilleap mégmas interacted with

sub-arc crust that included interbedded sediments with a continental detrital component during

ascent. This provides a passible mechanism for contarnination of intra-oceanic arc magmas.

4.4 NdIsotope 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 (att= 465 Ma) are
given together with epsilonyy. The estimated precision is displayed as error bars in epsilonp g in
Figures 4.2 and 4.3. |

As was the case for deochemical 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 identitied 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,
mutually exclusive, Nd isotopic characteristics. Some of the features of the between-group
variations on Figure 4.2 are summarized below:

1) Most rocks of island arc affinity, excluding the felsic volcanic rocks and the Nanny Bag Lake

Suite, have lower epsilonng than most of the rocks of non-arc affinity. Those arc rocks with




Tabe 4.2 Nd and Sm isotope ratios tor Wiid Bight Group whole rock samples

Sample No. Suite
IAD GROUP

143Nd/144Nd(m) 143Nd/144Nd(i) 147Sm/144Nd epsilon Nd(t)

2140476
2140456
2140458
2140473
2140492
2140526
2140465

Giover's Hbr. W.
Glover's Hbr. W.
Glover's Hbr. W.
Glover's Hor. W.
Indian Cove
Side Harbour
IAD intrusive

IAlGROUP |

2140467
2140463
2140774
2140532
2140544
2140553
2140756
2140496
2140512

FELSIC VOLCANIC ROCKS

2140453
2140538

Glover's Hbr. E.
Gilover's Hbr. E.
Northern Arm
Nanny Bag Lk.
Nanny Bag Lk.
Seal Bay Bottom
Seal Bay Bottom
lAl intrusive

IAl intrusive

Glover's Hbr.
Nanny Bag Lk.

NAI GROUP

2140503°
2140506
2140511
2140491

Badger Bay
Badger Bay
-Big Lewis Lake
NAl intrusive .

NAT GROUP

- 2140497
2140546
2140549
2140762
2140773
2140481

- 2140502

New Bay
Side Hbr.
Side Hbr.
Side Hbr.
Northern Arm
NAT intrusive
NAT intrusive

NAE GROUP

2140509
2140483
2140763
2140454

143Nd/144Nd(m) - measured; quoted errors are twice the standard error of the mean,

Data are fractionation corrected to 143Nd/144Nd = 0.7219.

Big Lewis Lake
Seal Bay Head
Side Harbour
NAE intrusive

0.513072 24
0512975 115
0.512916 14
0.512924 114
0512927 +26
0.512938 14
0.512742 +13

0512539 1174
0.512594 18
0.512628 19
0.513078 22
0.512958 18
0.512569 +11
0.512567 t12
0.512593 27
0.512505 110

0.512941 $12
0.512958 11

0.512992 28
0.512825 18
0.512901 35
0.512770 7

0512812 +17
0.512824 17
0.512750 112
0.512833 +14
0512713 19
0.512820 £24

0.512734 19

0.612672 136
0.512759 17

. 0.512702 16

0.512719 124

based on in-run statistics
143Nd/144Nd(i) - initiai

A =6.54x10(-12)a(-1)
143Nd/144Nd(CHUR) today is 0.512638, 147Sm/144Nd(CHUR) today is 0.1967

t = 465 Ma.

0.51226
0.51229
0.51213
0.51219
0.51199
0.51218
0.51198

0.51208
0.51211
051216
051240
0.51234
051210
0.51212
051216
0.51205

051233
051229

0.51243
0.51235

0.51235 -

0.51231

0.51232
0.51240
0.51230
051237
051228
0.51235
051233

0.51228
0.51233
051231
0.51230

0.268
0.226
0.257
0.242
0.307
0.255
0.251

0.151
~0.158
0.153
0.222
0.204
0.134
0.146
0.143
0.151

0.202
0.220

0.184
0.156
0.180
0.151

0.162
0.141
0.149
0.152
0.143
0.155
0.132

0.127

0.141
0.127
0.139
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Nanny Bag Lake suite
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Figbure 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 10). Vertical
error bars are twice the standard error of the mean; based on in-run
statistics, or £0.000015 on the measured 143Nd / 144Nd ratio,
whichever is greater. Error in epsilon Nd due to imprecision in ICP-MS
analyses is less than the analytical uncertainty for errors of +2%. For
sampie 2140526, error in epsilon Nd due to uncertainty in 147Sm /
144Nd is greater than analytical uncertainty and constitutes the vertical
error bar,
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Figure 4.3: Detailed plots of isotopic compositions by groups. Closed symbols
are volcanic, open symbols intrusive. Note expanded horizontal scale in B and
-C. Ermror bars as for Figure 4.2.
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epsilonng > +4 are more LREE depleted than the non arc rocks and rocks from the two settings

do not gene?bverlap ‘on Figure 4.2 »

2) TheWanny Bag Lake Suite, consistent with its geochemical characleristics, is isotopically
distinct from the other 1Al group suites. 1t is characterised by higher epsilonyg and lower
1475y 44r:ld than the éther 1Al group suites.

3) Falsic volcanic rocks, although represented by only two samples, appear 10 be
characterised by relatively high epsilohNd, intermediule betwaen those typical of the Nanny Bag
Lake Suites and the other island arc suites. Having a slight LREE-depletion, lhese‘rocks plot near
both the Nanny Bag Lake suite and part of the 1AD group.

4) Within the non-arc suites, there is a tendency tor maximum epsilonpg lo 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 isolopic 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) IAD group: This group has the widest variation in epsilonyg of any of the groups, ranging

from +4.9 10 -0.9. A striking feature of this group is the good negative correiation between

epsilonpg and 1475my/144Nd.

ii) 1Al group: The dichotomy between the Nanny Bag Lake suite and the Glover's Harbour

East, Seal Bay Bottom, Northern Arm suites, identified geochemically in Chapter 3, is further

emphasized by the Nd isotopes. The former has epsilonpg between approximately +6 and +7
while the latter plot together at relatively low epsilonp4 (+0.1 10 +2.4). In the former, there is a

positive correlation between epsilonpg and 147Smv144Nd (although with only two samples!). In

247




the latter, there is a suggestion of a negative epsilonpq - 147Smv144Nd correlation; however,

Ly

this is effectively a two-point line, strongly controfied by gne point with relat’tﬁ]’y' high
"1475my144Nd, and, as in the case of the Nanny Bag Lake Suite, should be imerpreted as atrend
with caution. ) .
The isotopic compositions provide further evidence for oonclus'géns about the Northern Arm
. Suite, reached on the ba;;is 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 the 1Al group suites. Secondly, the distinctly
higher epsilonng of sample 2140773 causes it to plot with the NAT group, further evidence for
the interpreted dichotomy in this ‘suite and for the coexistence of island arc and non-arc rocks
within it.
iii) Felsic volcanic rocks: Although there are only two samples, their epsilonng is higher than
most of the arc-related rocks. Theie may be a negative epsilonyg-147Sm/144Nd correlation,
although this needs to be co;ﬂirmed with more samples.

iv) NAl group: The LREE-depleted varieties in this group have higher epsi!onNd thanthe
LREE-enriched t;pes (Chapter 3) producing a positive correlation between epsilonng and
1475my144Nd within this gsoup.

v) NAT group: Despite a variable 147Smy/144Nd, these rocks do not appear to show any

_ consistent correlation between epsilonyg and 147Sm/144Nd. They overlap the is&topic

composition of both the NAI and NAE groups.

vi) NAE group: These samples have the most restricted 147Snv144Nd range of the non-arc
groups and their epsilonng range overlaps with most of the NAT group. There is no consistent
variation of epsilonng with 147Smv144Nd.

A final observation concerning Figure 4.3 is that the intrusive rocks generally plot with the _

~
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mafic rocks of the group to which they were assigned on geochemical grounds. This is further

evidence that they are subvolcanic and petrogenetically related to the intrusive rocks.

4.5 Petrogenesis of Rocks of Island Arc Affinity

L}

4.5.1 Introduction < .

In this and tha'following Sections (4.4, 4.5), an altempt is fnade to model the petrogenesis of
the Wild Bight GrOL'lp 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-fold approach. The first is numerical: the REE and Nd
isotopic camposition of a mir;imum nuTber of hypothetical sources are used to calculate pantial
meling-mixing models that corresbond to the isotopic and REE compositions of the various
observed groups and suites. Mixing calculations are carried out using the equations of Langmuir

et al. (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 meltind relationships are

2

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 nan-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 problematic in modelling the genesis of ancient rocks.
There is no unanimous agreerﬁent in the literature as to the composition of either 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 et al., i984; White, 1985; Zindler and
Hant, 1986). In addition, there is considerable debate as to whether primitive mantle actually exists
(e.g. Davies, 1984':Zindler and Hart, 1986). In the present case, actualistic modelling of the

magmatism is further hindered by the fact that only one isotopic system is available and that
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mineral phases that havae, from geochemical evidence, played a part in thé“ractionation history of

the rocks, are not preserved in the observed samples. A
Although it is unIiR';ely, given these problems, that precise ~models of Wild Bight Group magma ’

genesis can be formulated, generalized models can be derived that illustrate possible
mechanisms of magma genesis. In the following discu_ssion, the approach has ueen to use
reasonable approximations of assumed mantle sources in various partiaf melting/mixing models in
an attempt to generate an approximation to the observed REE patterns and isotopic
compositions. The models are turfher 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

_scenarlo by which the obseived compositions could be derived and to integratéAlhese ina
general model for magma genesis in fhe Wild Bight Group.

For the purposes of modelling the suites of island arc affinity, three mantle sources are used:

1) typical depleted mantle; 2) arefractory mantle source termed ‘highly depleted mantle'; and 3)
a highly-enriched source (strong .LREE-enrichmem, negative epsilonpg). This may be either a

" crustal source, recycled é}usial material or & 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 ex!e‘nded REE plols'(Figure 4.1) while the latier will not.

\)arious workers have presented calculated or aséumed compositions for various mantle
obmponents and used these for petrbgenetic modelling. For the present purposes, the
compilations of McLennan and Taylor (1981) are uséd. The derivation of these valués. described
in-more detail in McLennan and Taybr (1981), can be summarized as follows:

i) A value for MORB was arbitrarily taken as 15 x chondrite for the HREE and 7 x chondrite for
the LREE; ,

- ii) Depleted mantle (DM) was taken as a factor of ten lower than MORB in the HREE and

slightly more than this in the LREE;




iii) Values for highly depleted mantle (HDM) were taken as 0.2 x chondritic in the LREE and
0.15 x chondritic in the HREE. This is meant to represent a depleted mantle source that has bean
partially melted and anisland arc tholeiitic basatt removed.

Mclennan and Taylor (1981) used the average post-Archean Australian shale (PAAS, after
Nance and Taylor,1977) to representthe average composition of crustal sources. |

The hypothetical REE compasitions of these sources are tabulated in Table 4.3 and

ilustrated in Figure 4.4, with comparisons to representative analysed or calculated sources taken

from the literature. Epsilonpg is taken as +7.6 for MORB at 465 Ma (calculated using-present day

MORB c‘omposition epsilonyg = +10and 147Smy144Nd = 0.24 ), 0 for primitive mantle and -8 for
crustal sources, based on an average value of approximately -12 for continentatly-derived
sediments in modern oceans (e.g. White 6t al., 1985) recalculated to 465 Ma.

In the schemnatic modelling diagrams (Figures 4.6, 4.11, 4.17, 4.20, 4.24), DM has been

aé!signed afield that encompasses most of the expected variation in this source. The limits of this

field are calculated using an estimated peak range of epsilonng values for MORB (0.51305 to

051325 from the compilation of Morris and Hart (1983) recalculated to 465 Ma using
1475my144Nd = 0.23. The range of 147sm/144Nd encompasses slight to moderate
LREE-depletion and is within thae field for oceanic tholeiites presented by Zindler and Hart (1986).
The HDM fiekd is the DM field, repositioned according to the SmyNd ratio in the HDM source
(Table 4.2). The field 'of the enriched source is based on the composition discussed in the
_ previous paragraph allowing for a variation of 12 in epsilonyg. The variation in epsilonNa in this
field unde_restimates the actual range in oceanic sediments but is appropriate for illustrative
purposes.

In the following discussion, the Al group is treated first as #t is more easily explained by
straightforward metting and mixing processes. This allows the approach to be introduced in
relatively simple models. The IAD group, which requires more complex arguments, is then

discussed.
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Table 4.3: Compositions of sources used in petrogenetic modelling (ppm)
) Origin of source compositions referenced in text.

DM HDM PAAS
La 0.184 0.0110 38.0
Ce 0.622 0.0479 80.0
Nd 10.676 0.0604 320
Sm - 0.277 0.0277 5.6
Eu 0.113 0.0122 1.1
Tb 0.082 0.0104 0.8
Yb 0.372 0.0496 28

DM - depleted mantle
HDM - highly depleted mantle
PAAS - Post-Archean average Australian shale
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Figure 4.4: Source compositions used in modelling (black lines) and some comparisons
with other estimates from the literature. Sée taxt for further explanation of Mcl.ennan and
Taylor (1981) estimated vaiues. ) :

A - Average post - Archean Australian shale (PAAS) from Nance and Taylor (1977),
compared with modern sediments on the ocean floor. Site 456" is average of 6
continentally derived sediments from DSDP Site 453, southwest Atlantic from White et
al. (1985); PAWMS is Pacific authigenic weighted mean sediment from Hole et al.,
1984).

B - DM from Mcl ennan and Taylor (1981), N-MORB source estimated by Wood (1979)
and depleted mantle, cakculated assuming 10% partial metting of observed N-MORB
from the Costa Rica rit (Hole et al,, 1984),

C - HDM from McLennan and Taylor (1981), residual peridotite from Kay (1980)
calculated as residue in equillibrium with ocean floor basalt after 20% partial melting
(ol:opx:cpx = 71:24.5:4.5).
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4.5.3 The Al group

4.5.3.1 General statement

The geochemicai and isotopic characteristics of this suite clearly indicate a bipartite
petrogenesis, the Nanny Bag Lake suite being ditferent geochemically and isotopically from the
Glovers Harbour East, Side Harbour and Northem Arm suites. Figure 4.5 contrasts the trace
element relationships of these suites on extended rare earth plots. The principal features of
these suites to be explained by any petrogenetic model include:

1) Epsilonpng 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 Suiié;
2) Mg# maximum of .64 but generally less than .6 indicating that there are probably no

primary mantle liquids preserveds

3) Positive LREE slopes and pronounced negative Ta and Nb-anomalies in the Glover's

Harbour East, Seal Bay Bottom and Nonherh Arm Suites in which Nb* (novrmalize’d Nb value
extrapolated from La and Ce)/Nb decreases with increasing REE abundances. Negative Ta and
Nb anomalies aré presént 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 1o the
lowest concentrations in the Glover's Harbour East, Seal Bay Bottom and Northern Arm Suites;

4) Slight negative Ti anomalies in the Glover's Harbour East, Seal Bay Bottom and Northarn
Arm Sutltes and slight positive anomalies in the Nanny Bag lake suite but similar Ti abundances in
both suites;

5) Flat HREE pattérns of similar abundances in all suites.

The correspondence 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 Bég Lake suite has epsilonp 4 only slightly less than MORB 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, epsilonng °

> +7) and an enriched source (LREE-enriched, epsilonyg< 0), followed by partial melting and

variable fractiona! crystallization, may be applicable. 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 Botlom and Northern Arm
suites \
7
The incompatible element abundances and isotopic compositions of these suites are
generally compatible with two types of genetic models: 1) small amounts of partial melting of a

mantie sourbe or 2) mixing between depleted and enriched sources. In the first case, it might be
considered that partial meling of a.pn'rnordial mantle source (epsilonNd'-O) might yield an
appropriate melt. Thae 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 ynless one v\;ishes lo resort to special residual accessory phases during partial melting.
Finally, this model does not unify Glover's Harbour East, Seal Bay Botton}, Northern Arm and
Nanny Bag Lake magmatism.

Mixing of a depleted mantle source with an enriched component is, therefore, preferable and

is iustrated schematically in Figure 4.6. In order to generate epsilonpng in the range +1 10 +3,

from depleted mantlé, 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.
Figu;e 4.7 illustrates modelling of REE variation resulting from such a process usingsubducted
sediment as the enriéhed source.

In Figure 4.7A, mixing of PAAS with DM followed by 5 and 10 percent partial metting is

compared with Glover's Harbour East, Seal Bay Botiom and Northern Arm suite compositions.
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Fi?ure 4.6: Schematic illustration of the 8etrogenesis of the IAl group. The
fieild of DM is the peak range of N-MORB from Morris and Hart (1983)
recaiculated to 46p5 Ma. Mixing between sources CM and ES produces a
spectrum of compositions that include the Glovers Harbour East, Seal Bay
Bottorm and Northern Arm suites. The Nanny Bag Lake suite has higher
epsilon Nd and plots within and close to the field.of normal MORB.
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The mixing proportions are constrained by the amount of sediment necessary to generate the

approximate isotopic composition of the suites. The resuking compositions are a good match in
the LREE but less depleted in the HREE than the observed rocks. Use of a compgusition derived -
by 10 Percent partial meting of the sediment follbwed by mixing in the manner described above
produces the patterns in Figure 4.7B in which the LREE but not the HREE are more fractionated.
Simply assuming a more LREE-enriched sediment does 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, 1979) dpes improve the fit.
5
An alternative is that there is a third component in the mix. Approximately 30 to 35 percent _
increase in LasYb would account for the discrepancy between the mod'el and the observed rocks.
Such an enrichment could have occurred; for example, by additional contamination with malt

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 epsilonpng similar to depleted mantie and i added to the
mantle before addition of the LREE-enriched component, would ha;/e little effect on the final

- epsilonng of the mixture. Lead and strontium isotopes as well as alkali and alkaline earth elements

in many modem island arc tholeiites point to a component in arc magmas derived from layer 2 of
the slab (e.g. Anderson et al., 1979; Perlit ot a/., 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 epsilonyq greater than +5.8 suggest that the

Nanny Bag Lake suite is best r}lodelled as dominantly a partial mel of nomal depleted mantle.
The negative Ta and Nb anomalies suggest a probable minor contribution from subducted

sediment or a crustally-derived inhomogenetty in the mantle wedge. The generally low Mg#'s of
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even the most prirﬁitive samples in the Nanny Bag Lake suite (0.52 - 0.53, see Table 3.5) require

-

that considetable 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 propontions 0.1:.99.9

: \
produces a mixture with epsilonyg = +6.9 and 25 percent partial melting of this mixtu?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 maiches 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 mast fractionaled sample but somewhat more LREE
depleted. This Is consistent with degrees of fractional crystallization estirhated for this suite on the
basis of incompatible element varation in all samples (approximatgly 25 10 35 percent, Table 3.7).
The slight LREE enrichment in the most fractionated rock relative to the model may refiect 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 stight LREE enrichment in this case.

4.5.3.4 Synthesis of IAl group pet.rogenesis

The above dis;ussions su‘ggest that despite*geochemical and isotopic differences among
the suites in this group, a uniﬁed petrogenetic model can explain moét of the observed features.
Both LREE-enriched and LREE-depleted varieties can be derived from mixing time-integrated,
depleted mantie 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 tixe
degree of partial melting. In the case of the Nanny Bég 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 DM is indicated for the Nanny Bag Lake suite while models for

the LREE-enriched suites require only 5to 10% partial melting of this source.
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The observed LREE-enriched suites are aways more LREE-enriched than the modst
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 vBag Lake suite) have a slight
positive Ti anomaly while the most contaminated (LREE-enriched) samples' have a negati\)e Ti

anomaly. It is suggested that the positive Ti anomaly is best interpreted as a source characteristic

that has been overwhelmed by addition of a LREE-rich, Ti-poor crustal component.

~4.5.4 ThelAD group
4.5.4.1 General statement
The principal geochemical and isotopic characteristics of the IAD group that must be
explained by any petrogenetic'model are listed below. Some of these are illustrated on the

extended REE plot in Figure 4 9.

1) epsilonng ranging from approximately +4.4 to -1.2, an inverse correlation between this

rétio and both SmvNd and Mg# (Figures 4.3 and 4.10),

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:

3J) flat normalized LREE (La to Nd) pattems; — -

4) flat normaliaed HREE patterns;

5) the "step” in normalized REE abundances between Nd and Eu: '

6) negative normalized Ta, Nb and Zr and positive Th and Ti afomalies 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 been shown previously
(Section 3.4) that the IAD group is significantly different from boninites sensu stricto (e.g. low

Mg# and compatible element contents, extreme LREE depletion, chondritic T¥V, enriched Ti and

depleled Zr leading to very high TiZr), the two rock types must have a similarly refractory mantle
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source as a companent of their petrogenesis and it is'_ therefore, instructive to consider briefty
models of boninite ﬁetrogenesié. -
Sun and Nesbitt (1978) were the first to suﬁgesl that boninitic corﬁposi.tiorxs resulted from
mixing of a depleted MORB-like source and a component enriched in LREE (hence the .
mﬁcave-t;pward REE patterns). Meijer (1980} suggested that boninites in Western Pacific arcs
generally aré erupted after primitive arc tholeiites and inferred that they resutted from second
stage hydrous mehing of depleted mantle residua after the removal of the arc tholeiite magma.
_Hickey and Frey (1982) and Cameron et al. (1983) also advocatéd roodels invotyu’ng hydrous
metting of highly depleted peridotite that had previously been metasomatized by a LF‘SE-'rich

fluid. Hickey and Frey (1982) presented two possible scenarios: 1) first stagé melting of a,MORB’
source-like peridotite and removial of arc tholeiite basalt followed by LFSE metasomatism and
H}drous parial melting of thé refractory source (similar lo Meijer's model); 2) de;rivation of arc

tholeiites and boninites from fertile and refractory areas, respectively, in a variably 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 incompatible
V-4 .
element contents.

There are too few constraints to defire unambiguously the source regions and melting
history of the rocks in the IAD group. In pgrﬁcular, altered ancient rocks are unlikely to preserve
original alkali, alkaline eanth, 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
mode! is, therefore, limited by the available data and likely to be simpler than the actual case.

The extreme depletion of incompatible elements in the 1AD group argues for quels that

involve Yiydious, second stage, melting of refractory peridotite as a major factor in their
petrogencesis. A second major constraint on petrogenetic models for this group is epsilonyg

which range as low as -1.2, demanding a component derived from a time-integrated,

LREE-enriched, source. The negative Ta and Nb anomalies in this group argue that this probably

-~ ~ - :
represents a crustal source. However, the strong negative correlation between epsilonng and

]
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147Sm/1 44Ng (Figure 4.3) is exactly the opposite of that expected from the simple additionof a -

little comnnemal crust or sediment to mantle pendome (and seen in boninites, see Hickey and
Frey, 1982; Coish et al., 1982). ThIS neganve correlation demands a complex pamal mehmg
history as part of their petrogenesis and suggests either: 1) that the crustal source was strongly
LREE-depleted when added to the depleted peridotite (i.e. underwent a dramatic
LREE- dep!etnon shortly before incorporation in the source regnon) or 2) that some process acted "R
to produce LREE depletlon in the contaminated pendome (or its melt) in inverse proportion to the
amount of contammant in the roclgs The implications of these speculative models respecnvely

termed the “pre-mixing depletion model” and the “in situ depletion model”, and ilustrated

-

- schematically in Figure 4.11A and B, réspectively, are explored below. It should be e'mphééized

that these models do not uniquely constrain the origin of these enigmatic rocks. In fact, egch
model has indeterminate factors bui_lt into it that rgnder‘the process arguable. Other models are
possible as are variations on thosd presented below. However, the$e do illustrate.the problems
involved in explaining the features of the 1AD group and providd alternative explanations,

4542 The "dre-mixiné depletion” model

The basis of this model is that the Nd isotopic composition and the 'Sm/Nd~ratio o{ the tAD
group rocks are controlled by a strongly LREE-depleted compor{ent with the Nd isotopic
composition of cdminental crust. Because both this and the refractory peridotite component are
LREE-depleted, a minimum third component 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 charaderistics of the three compaonents are:

1).Component 1. This is refractory peridotite in the mantle, m'ost conveniently Galsidered as
depleted mantle that has undergone major partial metting. Tt;is is the HDM source (Table 412).

Kay (1980) showed that basaltic liquid can be derived frorh this composition by partial melting.

Liquid compasitions of 20, 10 ana$ percent partial melts of HDM are shown in Figure 412 Five
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percent partial metting reproduces the HREE abundances of the IAD group while ;ightly greater
de;:eeq of partial melting (10 to 20 percent) onld produce relatively REE-depleted liquids which
would, However, allow some room for minor HREE enrichment by further mixing with
REE-enriched obmponefns or fraclional crystallization. '

This component would aiso be very depletedin alt HFSE elements including Zr and Ti.
Therafore, it provides no exp.lanation for the apparent decoupling of these elements seen in the
extended REE plot (Figure 4.9). . o T

~ 2) Component 2= This is the component that caused flattening of LREE and is, lhe-refore,

LREE-enriched. Two possible contributors of this source are close at hand; 1) subducted

, .
sediment or upper crustal material recycled in the mantle (or LREE-enriched fluids derived from

them); and 2) LREE-enriched tholeiitic melts _sim]a} to ihqse erupted as the IAl groupé

Eittrer can be 'mixed with metts of HDM to provide an appropriately flat LREE pattem.
However the negative Zr. anomaly in the extended REE plot argues against tneiaresence of eny
source that would deliver a lot of Zr to the mixture (be. cmstallyderived sediment). Hydroue fluids
may ilso be Zr-rich, according to stddies of boninites which always have high Zr with respect to

7 .
the adjacent REE's. Hickey and Frey (1982), Nelson ef al. (1984) and others ascribed this to

metasomatlsm by a Zr-rich hydmus ﬂurd although the process |s not well understood. The 1Al

gmup arc tholeutes on the other hand have normalized Z2r abundances similar to the adjacent

" REE (Figunfe 4.5). They are known from field evidence to occur both stratigraphically below and
above the IAD group and both magma types were, therefore, probably Wneous and
provided with opportunities for mixing. '

| To illustrate the effect of this, sample 21 49467_(representing typicat arc tholeii!e
compositidns) is mixed with 5, 10 and 20 percent melts of HDM in Figure 4.13. It is.apparent that
"this process can reproduee both the flat HREE palterns on the one hand and the fiat LREE
pattems on the othe; by varying the amount of partial metting of HDM and admixed enriched
50urce However, the velative abundances of LREE to HREE are not well modetled by this bmary

/"' —

mixture and the characteristic step up between Nd and Eu is not reproduced
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__ The total amount of Companent 2 that can be added to the mixiure is constrained by the
highest epsilnnng value in the |AD group, +4.4 in sample 2140476. In fact, epsilonng ‘of the

component 1-component 2 mixture needs 1o b&somewhét higher than this to allow for addition.
. . . . = M - .
of the LREE-depleled component 3 (see below).

we

. LY .
3) Component 3: In this model, Component 3 provides most of the isotopic variability in the -

IAD group. It must have epsilonng < -1.2 (the lowest epsilonn value in the IAD group),

1475m/144Nd > 0.31 (the least radiogenic SmVNd ratio in the IAD group) and have reasonably

© . .
abundant Nd (so that not a large amount of this source is needed td produce the observed.

changes in epsilonng) -

How does such a source, with a tirr{e integrated LREE-enrichmen't recorded iﬁ its isotopic ‘
composition, come to deliver a LREE-depleted component to the IAD group melts? There appear
to be at Ieést two poséibilities: _

1).It may havé been the product of very limited partial metting of a LREE-enriched material
involving a refréctory phase that retained the LREE at the expense of the HREE. éuch a phase
would cenéinly be accessory; currer;tly accepted distribution coetficients allow no major phase 1o -
cause so dramatic a LREE depletion, even during very small amounts of partial melting (although
admittedly, the Kd_'s for hydrous melting of sediments in these circumstances are poorly knc;wn).

Based on published observation and experimental work, such a phase cauld perhaps be

' . sphene. Dodge and Mays (1972) analysed sphene from the"Sierra Nevada batholith and found it

to be LREE-enriched with a distinctive step down between Sm and Eu (considering the roughly
complementary step up in the IAD group samples, this may be significant). Gre_en (1980) argued
“that sphene might be a stable phase in the mantle under high presE.ure, hydrous conditions __ "
based onits :)resence in some hydrous eclogites and in high pressure experimental runs on
-hydrous andesites. Experimenial work by Hellman arid Green‘((979), aimed at studying the
reactions and méit products in subd_ucled ocea:‘n crust, identified primary sphene between 10

and 18 kb. and up to 1020?0 in runs of olivine tholeiite composition. They concluded that
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sphene may be a refractory phase under such condi(ions with up to 60 percent partial melting.
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 in particular and the ability of‘sphen>e to reducé markedly the total REE content of
the melt. They cautioned ‘t_hat data for REE in s\phene in the literature varies widely and more work
is needed to define the effept of this phase on REE distribution in h)}drous malic melts at high
pressure. A diﬂiéulty with sphene is that it should also retaiﬁ Ti, and produce a negative rather
than positive Ti anomaly on the extended REE plot. It is not known whether it could retain
enough Zr to preserve the negative Zr anomaly.

2) The component may have beenthe refréctory end product of partial m;alting of subducted
sediment“or a.crustallyden:ved mantle heterogeneity. This model preserves the very low Zr
contents of the refractory peridotite (the Zr would go in early mett 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 1Al group tholeiite, then components 1 and 3 may have mixed and then undergone partial -
melting prior to mixing magmatically with camponent 2. Alternatively, if component 2 is a sediment
melt or metasomatic component, all three components may have been mixed prior to final partial

melting and magma producﬁon.

Two further features of the IAEi group, the positive Ti anomaly and the low Mg#, thar further
comment vis a vis the "pre-mixing défsletion' model. The positive Ti may simply reflect ag 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. Atematively, it may reflect minor oxide accumulation
during fractional crystallization and be unrelatedto the meiting history of the rocks. As opposed to
" boninite series rocks, there are no high Mg# compositi;ns in the IAD group thgt would have been

in equilibrium with mantle olivine. It was earlier suggested that the low Mg#'s in the IAD group
N ind’icated extensive fractio_na;l crystallization {Section 3.4.2); however, this fails to explain the
inverse Mg#-epsilonyg correlation (Figure 4.10). If this correlation is not purely fortuitous, then

'




this might also be a resuit of contamination of the mantle peridotite by component 3.

~

45.4.3 The "in situ depletion™ model
" In this model, the depleted mantle source is contaminated by material from the enriched
source (either through ascent of sediment-derived melf or LFSE-rich hydrous fluids from the slab)

prior to partial méhing. The contaminated source region (heavy stippled field, Figure 4,11B)

—_— ¢

. would then be variably LREE-enriched, havs a wide range of epsilonng depending on the
. 4 d v

degr_ee of contaminat!on, and show a positive correlation between epsilonyg and
147gny144Nd. |

To prodt;ce the observed IAD group rel:;tionships, a~LREE‘-depleted refractory soutce must
be produced from this contaminated source,i with the most contaminéted (e.g.‘lowest epsilonng)

samples being the most depleted. At least two ways can be imagined in which this may o¢cur
a) stabilization of a LREE depleted phase during melting leaving a LREE dep/eted res:due
-In thas case, contaminatian of the depleted mantie source mught result in stabuhzatnon during partial
melting of a phase with a-high ratio of HREE/LREE distribution coefficients. The amount of

LREE-depletion resutlting from this process would be related to the amount of crustal
contaminant in the source, producing an indirect inverse correlation between epsilonyg and

LREE.

A crucial questfon in this model is whether there is a refractory phase under these con&iitions
that is cépable of producing such a dramatic LREE-depletion. Sphene is one possibility.
However, uncenainty regarding the appropriate distribution coefficients and conditions under
which it may be stable (e.g. Hellman and Green, 1979) make its possible contribution equivocal.
As discussed above the involvement of sphene also does not explain the positive Ti anomaly or
the negative Zr anomaly in anure 49.

b) variable partial melting of the contaminated source: In this case, complex melting of the

contaminated source is invoked to produca an increésing depletion in the LREE with increased.
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melting. The more silicaous (i.e. most contaminated) pans of this source might have lower solidus

temperatures than the less contaminated areas (this is a major indeferminate tactor in this modely
and might, therefore, be the first to melt. In these early melting regions', more extensive paﬁial

metting 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 ot

contamination and, theretore, indirectly to the epsilorng composition. . , .

~

Although this medel tails to provide a satisfactory explanation for the inverse epsilonpg-Mg#

I3

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 ot a
Ti-bearing phase is postulated. .

A further potential problem with this model is that a single episode of partial mélting may not

suﬂiciehtly deplete "lf source in LREE to produce the observed SnvNd ratios at low epsilonyg.

Partial melting calculations on compositions within the sontaminated field at epsilonNg~-2.

indicate that even greater than 50 percent melting will not produce 147Smv144Nd ratios much \
greater than 0.25. Two or more stages of melting could be invoked, but the connection between

LREE-depletion and contamination then becomes tenuous.

4.5.4.4 Summary of IAD group petrogenesis
Clearly, although some aspects of the petrogenetic history of the IAD group can be interred
from isetopic and geochemical data, much remains enigmatic. Some important conclusions that

can be reached are:

1) the highly depleted incompatible element concentrations indicate that hydrous metiing of

a highly refractory mantle source is an important part of their petrogenesis. Tha source can

'reasonably be interpreted as the residue from previous partial melting of either normal or variably

contaminated depleted mantle; i

2) negative Nb and Ta anomalies and generally low ép&ilonNd together suggest that crustal

\




.material is involved, either from the subducting slab or from recycled crustal material in the mantle;
3) the negative corrélation between Sm/Nd and epsilonnyy and between Mg# and epsilonpng

require furthar complexities in theé melting history which are not easily understood.

-
.
-

4.5.5 The Wild Bight Group Rhyolites

Rhyoiites from the various felsic volcanic accumulations in'the Wild Bight Group have a
relatively homogeneous chemical composition (Figure 4.14) and a limited range in epsilonyg

(Figure 4.1). Some of the features of these rocks that must be explained by any petrogerietic

model are: .

1) Epsilonng in the range +4.9 to 156.°
. /

';’2) LREE-deple;ed extended REE panehjws at relatively low abundances (~ 8 to 11 X primitive
mantle). '

3) Prbminent.negative Ta anomalies (aﬁd probably also Nb which is always below the
detection limit of approximately 7 to 8 X primitive mantle).

3) Negative Eu and strong qegagive Ti anomalies as well as very low V contents.

The close association of rhyolite with rocks of island arc affir:\‘ny has already been noted and
geochemical arguments have been presented in tavour of an origin by partial melting of basic
rocks in the basal part of an istand arc. The Nd isotopic analyses do notfurther constrain the
melting relationships but are consistent with paniél melting of rpcks with similar isotopic

. compositions to the observed mafic rocé of island arc affinity. With only two analyses, it is not
proposed o 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-debleted nature of t}\ese rocks indicates that the sources were iikewise

LREE-deplete‘dv Field evidence suggests that 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.
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order of 3 to 5 km stratigraphically below the rhyolites. There is, tharefore, little likelihood that the
source rocks for the rhyolites can be found among the observed voicanic 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 LREE-depleted Nanny Nag Lake suite has
too high epsilony g and REE abundances similar to the rhyolites; partial melting of these rocks

would produce REE abundances considerably greater than tﬁose observed.

The low REE abundances and LREE depletion suggests that.appropn'ate source: rocks-
should be so::rght in cumulate rocks at the base of the arc rather than in the evolved liquid
compositions. Such rocks wo-uld be LREE-depleted, and havg 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, \)vould also ha;re this characteristic. The
negative Eu and Ti are iqterbreted to reflect the respective influence of plagioclase #ad iron oxide
(thé latter supponéd by the very low V contents), either as a residual phase during melting or as é
fractionating phasé during crystallization. Hornblénde may also have beén involved, contributing

‘ -
10 the Tianomaly. ' .

3

46 Petrogenesls of the Non-arc Volcanic Rocks

4.6.1 Model Parameters

Epsilonpq for all the non-arc groups is in the range +4 8 to +7.6, indicating that the

-.

petrogeneses of these rocks involve mainly manile sources with time-integrated

LREE-depletion. Minimum epsilonng in all groups is low enough that it is unlikely that all suites

result from differing degrﬁes of pantial melting of a normal, depleted mantle source.
The variable LREE -envichment and epsilanpg in the range +4 1o +8 support the -

comparisons of these rocks with basalts in enriched'spreading ridges ("E-MORB") and oceanic

islands ("OIB~) and suggest that a mantle source similar to these can be invoked to model the

.
6

s}
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non-arc petrogenesis ir 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 oceanic island basalts, is most comrfionly in the rare epsilonyg*
. - B

<

~ +4 10 +8 but may range from strongly positive to strongly negative (e.g. see compilations of
Morris and Hart, 1983 or von Drach et gl, 1986). \
IS ©® - -
N 4
With respect to the Wild Bight Group non-arc groups. the simplest case for derivation of all

rocks by melting-mixing variations between two sources would be the involvement of normal .

depleted mantie and an "O!B” source with slighﬂy.LREE-enriched to slightly LREE-depleted
patterns (i.e. 147Smy144Nd = 0.17:10 0.22) and moderately positive epsno%Nd (i.e inthe +4to

+7 range). Such a source would be isotopically similar to a large number of modern oceanic island
suites (see compilations previously cited) and is also broadly similar to the "prevalent mantle™ or
PREMA discussed by Zindler and Hart (1986) as a possible source for many modern oceanic
istand basalts. ' v .

For purposes of illustrative numerical modellind, the slightly LREE-enriched, typical E-MORB
of ‘Sun {(1980) is taken as a starting point. The REE concentrations in the mantle source are taken
as afactor of ten lower than this. For the numerical models, this source composition (in ppm) is:

La=63; Ce=15 Nd=.9, Sm= 25 Yb-.22 ltis very similar to the E-MORB source calculated

by Wodd {1979) and the “enriched source" for Hawaiian basalts-wsed by Chen and Frey (1981).

462 The NAI group
As shown in Section 3 4, the NAI group comprises at least two niabmaﬂpes, one having fiat

LREE 10 slight LREE enrichment and the other being distinctly LREE-enriched. Séme trace

element features of the relatively LREE-depleted varieties (there are rio INAA REE data for the
UREE-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 mode| mcluding:
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Figure 4.15: Extended REE plot for the NAI group
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1) epsilonpng values overlap in the range +5.3 to +7.6;

)

2) high Mg#'s indicating that little fractional crystallization has t=ken place;
3) smooth, flat to slightly convex upward REE pattems at approxirnately 10 times chondrite.
Generation of the LREE-enriched rocks in this group can be modelled as a simple advanced

partial melting of the "OIB" source (illustrated by Curve 3, Figure 4. 16). These rocks, with

epsilonng ~ +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 postulau;d source material
produces REE patterns that are broadly similar to the observed rocks. This process is ilustrated
schematically on Figure 4.17.

Such a process, however, does not eas-ily explain the isotopic and geochemical
compositions of the LREE-depleted varieties. The schematic relationships of Figure 4 17 ]
suggest that a simple, two-component mixing between the "Olls' melts and melts of DM might be
.app|icable. However, such simple models encounter difficulty in the numeri‘cal modelling.
Because the rocks are slightly to strongly LREE-enriched, but have MORB-like Nd isotopic ralios,

maodelling by addition of suflicient LREE-enriched "OiB"-derived material to MORB to produce
o *

the observed flat'LREE invanably results in epsilonpg values that are unacceptably low.

Alternatively, adjusting the mixture to produce an appropriate epsilonpng invariably results ina .

LREE-depleted pattern (illustrated by Curve 1, Figuri.‘i/wf ‘ ™
One possible solution is that th;r DM in the mixture had a much higher epsilonpg than ‘ -

pos;ulated in Section 4.4. This is illustrated by Curve 4, Figure 4.16, which shows that an

approximately flat REE pattern at appropriate total REE abundances can be generated from the

two sources if apsilonygis assumed to be +10. This is equivatent to using a source near the top

of the DM partial mett field in Figure 4.17.

An alternative explanation is that there is another component in the mixture. In order to

L4

‘generate the high epsilonyg and flat REE patterns, this source would have to have 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
samples.

Curve 1 is generated through mixing of a 20% partial melt of
DM (source mode ol: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 "0IB" (same
source mode and melt fractions) in proportions 85:15. Epsilon
Ndis +6.9, assuming epsilon Nd = +4 for "OIB".

Curve 2 is @ mixture of 10% partial mett of DM, 10% partial melt
of "0IB” (both as for Curve 1) and 0.1% partial melt of DM in
proportiogs 69:23:8.

Curve 3 is generated by 7% partial melting of "OIB". Epsilon
Nd is same ashis sourca.

Curve 4 is generated through mixing of same materials as
Curve 1 but assuming DM to have epsilon Nd = +10. This
.substantially changes 1hg mixing proportions. Epsiloni Nd of
the mixture is +7.2. ‘
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Figure 4.17: Schematic illustration of petrogenetic models for the NAI group.
The derivation of the "OIB" source is discussed in the text. Seven percent
partial melting of this source is illustrated and is equivalent to Curve 3, Fi?ure
4.15. A 10 percent partial melt of this source would lig slightly to the laft of the
indicated composition and mixing with advanced and incipient partial melts of
DM could produce Curve 2, Figure 4.15 and the range of comipositions in the
NAI group. ‘
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time-integrated LREE-depletion, but became LREE-enriched shortty before incorporation in the
observed melts (i.e. it now has high-epsilonng and LREE-enrichment). Such a source might

result from some form of mantle metasomatism (e.g. Bailey, 1970; Menzies and Murthy, 1980} but
5ucﬁ processes are not well understoold and it would be difficult to model.

An alternative, and'les.s indeterminate, solution involves incorporation of the results of very
small degrees of partial rﬁelting of dep]eted mantle. These would have the required

LREE-enrichment but MORB-like isotopic characteristics. Mixing with metts formed by more

complete melting of depleted mantle would effect flattening of the LREE in the mixture with no

o

! .
signifiz:_"am change in epsilonpg.
Curve 2, Figure 4.15, is constructed assuming that depleted mantle epsilonpyq is +7.6 tha

small amount of "OIB" source is used to depress this value slightly in the r‘nen. A more /\
LREE-enriched so:uce could be used instead, in which case less would be required in the
mixture. The model curve is a good fit to the observed values in the HREE and has appropriate La
abundance. Ce to Sm are lower than observed concentrations and there is a steep negative
slope from La to Nd. This is also a feature of soma calculated models for the NAT and NAE groups
(see below). Considering the uncenainties in the composition and nature of the s'ources for

these magmas, it is not surprising that the model is less than a perfect math.The problem of

underabundant Ce-Sm In the model stems from the need for a major LREE-enriched component

* . .
with depleted mantle isotopic characteristics (because of high epsitonng). In terms of the . : /)

-

simplitied source regions assumed in this sthdy. this is most easily modelled as liquid resulting

from very small amounts of partial melting of deple!éd mantle. This process, calculated using the
assumed dapleted mantle compositions, produces a liquid with higher La/Ce, La/Nd and La/Sm =
ﬂ:n the observed magmas and REE patterns in the resulting mixtures that do not provide a good
match in the Ce to Smrange. This is probably not a serious problem. Assuming slightly different
source characteristics and/or a;&iitional components ifi the mixture.could produce an evén closer

“match between modelled.and observed compositions.




4.6.3 The NAT group
There are two distinct basatt types within the NAT group, represented by the éide Hz;mour
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 of thess rocks . v

that must be explained by any petrogenetic model are:

1) Epsilonpg 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 Ta 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.
Epsilonpg for this group is generally within the range to be expected of the "O!B” source,

suggesting that it may be best modelled through partial melting of this source. Figure 4.19 shows
1 .
that a reasonably good match can be obtained in this manner and the process is schematically

s »
. - N : - . .
illustrated in Figure 4.20. In order to rrzel the observed compositions strictly as partial melts of

v

the "OIB" source, it ¥s assumed that e ilonpg of this source may range trom approximately +4 5

to +7 (the range of observed compositions, stippled in Figure 4.20). There is no positive trend

between epsilonpg and 1475mv144Nd (Figure 4.3) and no evidence that DM is involved in the

petrogenesis.
The observed compositions of the New Bay Suite can be modelled reasonably well
assuming a moderate amount of partial mefting of the ".OIB" source involving only olivineg and N
pyroxene fractionation . Five percent partial melting produces a pattern paratlel to but at slightly
lower total REE than the observed compositions (Curve 1, Figure44.‘19A). These rocks have Mg#
- of 0.44 indicating substantial 1rg,cﬁonal crystallizat?én and Curve 2, Figure 4.19A shows that 30%

fractional crystallization of the liquid represented by Curve 1 produces a close approximation to L

A
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Figure 4.18: Extended REE plot for the NAT group.
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Figure 4.19: Melting-mixing models for the NAT group; A-New Bay suite; B-
Side Harbour suite. Observed REE patterns are stippled.

in A, curve 1 is mixing of liquids generated by 0.2% partial melting of DM
{source mode: ol:0px:cpx=0.6:0.2:0.2 and melt fractions :

ol .opx:cpx=0.2:0.2:0.6) and 30% partial me!ting of PM (same source and
melt fractions) in prgPonions 30:70. Epsilon Nd is +6.2. Curves 2 and 3
represent respectively 10% and 30% tractional crystailization of A.

n B, curve 1 is a binary mix of 0.1% meit of DM (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 melting ot PM (as in Curve 1 of A) in
proportions 30:70. Epsilon Nd is +5.9. Curve 2 is a ternary mixture of the two
components in 1 plus PAAS in proportions 34 .8:64.7:0.5. Epsilon Nd is 46 C.
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Figure 4.20: Schematic illustration of the petrogenetic model for the NAT
roup. Limited amounts of partial melting of the "OIB" source can‘account
or 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 "OIB" field). If %silon Nd of this source is
assumed to be +4 or lower, mixing with DM 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 4.19B). However, by assuming a small amount of garnet in the \

residue, the REE patterns are steepened and a close approximation to the observed - S

compositions can be achieved by approximately 4% partial melting of the *OIB" source.

Consideration of incompatible element ratios (Figure 4.21) suggests that the process is
actually more complex than the mode! would suggest. In particular, there is a range of
incompatible element ratios that suggests that the observed range of compositions does not

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
. rp.lot (Figure 4.21B). In terms of the modelling, this is probably best interpreted as a feature of the
"OIB" source which may itself be a mixture of two or more other distinct mantle sources (as
suggested by Zindlér and Har.t, 1986, for their "prevatent mantle™). Alternatively, small amounts of
other mantie sources (e.g. LREE-enrithed sources which may or may not be derived from
‘ recycled crustal material, partial melts of normal depleted mantle) may be contributing to the final
>

prgducts. These could be accommodated in the models without difficulty by varying the amounts
of partial 'mehiné and mixing.

The small positive Nb and Ta anomalies are not explained by the mode!. The fact that these

are much better developed in the NAE group (see below) suggests a genetic link that will be

explored following discussion of the NAE data in the following Section. M

+ 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 and summarized below:
1) Epsilonpq of the samples overlap in the range +4.810 +5.7,

2) very low Mg#, suggesting extensive fractional crystatlization;

3) high LREE and MREE abundances and more LREE -enrichment than the NAT samples;
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Figure 4.21: Ratio-ratio plots for the NAT group. Variations due 1o bi ry
mixing should plot along a smooth curve in A and a straight line in the
reciprocal plot B (Langmuir et al., 1980). There is considerable scatter
about very diffuse trends suggesting that atthough some of the variation
in the NAT group may refiect binary mixing, this process is not the
principal control on geochemical variations.
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4) HREE abundances similar 1o the New Bay suite;
5 pronounced positive Ta and Nb and negative Th anomalies;
6) negative Ti anomaly._

The NAE group is the most LREE-enriched in the non-arc suites. Epsilonpy is similar to that

in the New Bay Suite but lower than much of the Side Harbour suite suggesting that a major

contribution from ;he *oB*” gource can likewise be invokgd to_model the petrogenés'is ot these"
rocks. ) ' o
Figure 4.23 illustrates that a small amount of partial melting of the "OIB" source invqlving
. pyroxene and olivi‘ne fractionation can produce a close approximation to the observed NAE
group composttions (also illustrated schematically on Figure 4.24). The HREE are slightly higher
than observed compesitions, perhaps suggesliﬁg that a small amount of garnet should be E
included in the model ;esidue.

Mixing models involving sm.ail amounts of ;;anial melting of DM and "OIB" sources can also
successfully account for the composition of the NAE group (Curves 2 and 3, Figure 4.23). This is
also illustrdted on Figure 4.24.

Howaever, melting of a single homogeneous source or binary mixing between melts of two
homogeneous sources does not satisfactorily account for other features of the NAé group
magmas inclu'ding their positive T4 and Nb and negative Ti anomalies;:ln addition, trace element
ratio-ratio plots like that in Figure, 4.25 indicate that simple binary mixing does not adequatsly
account for the variation in magma characteristics. As in the case of the NAT group, it seemsr
necessary to postudate either a complex "OIB* source or the incorporation of small amounts of
additional sources to _explain the trace element ratio characteristics.

The positive Ta and Nb anomaties (Figure 4.22) are the complement of the negative
anomalies characteristic of the island arc suites and it is tempting to attribute themto a

noomribution from a source that was depleted in the LREE relative tb 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




S
c
re

1000

100

Rock / Chondrite

10 ¢

1ttt
La Ce Pr NdPmSm Eu Gd To Dy Ho Er Tm Yb Lu

Figure 4.23: Melting-mixing models for the NAE group. Observed

compositions are stippled field.
Curve 1 is generated by mixing of kquids den‘ved%y 0.1% partial melting

of DM (sourcd 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:ga = 0.55:0.2:0.2:0.05; melt fractions: ol:opx:cpx:ga =
0.15:0.15:0.4:0.3) in proportions 65:35. Epsilon Nd is +5.1.

Curve 2 is aternary mixing modei of 1% partial melt of DM (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), 10% pargial meit 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 72:18:10. Epsilon Nd is +5.4.
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from the mid-Atlantic ridgé have overabundant Ta and Nb with respect to the adjacent LREE, is a
-common feature of intraplate oceanic island vokanic rocks as :ell (e.g. Hawaii, see data in Basatltic
Volkanism Su;i,y Project, 1981). The contribution of such a source cannot be modelled as the '
relative REE and HFSE conceﬁtrations of the potential source are not known. However, it may be
" noted that it such a source is a strongly LREE-enriched mantle source, it may be among the first
to melt, axpléining s prominence in the meits derived from the smallest degree of partial melting
{the NAE group) and its declining importance in those formed ihréug_h progressively higher ‘
degrees of partial melting.
4.7 Magmatic History of the Wild Bight Group; Summary pnd)SVMhesls
The Nd Isotopic data, in conjunction with the gebchemical data, permit the petrogenetic
history of the Wild Bight Grou-p to be interpreted in more detail than has previously been
anemptled for any Ordovician volcanic sequence in Newfoundiand. A summary of interpretations
for the petrogenesis of the Wild Bight Group volcanic rocks is presented in Tai;le 4.4 These
intergretations are incorporated in the model for-the gedlogical develo‘pment of thé Wild Bight
Group presented in Chapter 5 and many of _the details appear in schematic form on Figure 5.3.

__ The earliest magmatic history of the Wild Bight Group is recorded in LREE -enriched islanél arc
tholeiites of the Seal Bay Bottom volcanic unit. The base of the Wild Bight Group is not exposed
andso it is- possible, even likely, that thera is an extensive prior history of island aré magmatic
activity that has not been preserved (& is preserved in other volcanic sequences elsewhere in
(‘:'er;!ral Newfoundland). The only record of this activity in the Wild Bight Group is inthe

- volcanogenic detritus in turbiditic sandstones of the basal Omega Point Formation.
The Seal Bay Bottom m:;gmatism probably reflects the iot,eraction of slab-derived crustal
.material and nomal 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 or in a metasomatic fluid. The possibility of additional contributions fromi

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 meting and a méjor contribution to depleted -
mantle from crustal sources) apparently persisted throughout the magﬁmatic history 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»sécond style of tholeiitic magmatism, with pronounced LREE-depletion agd MORB-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 record a much smaller relative ctustal contribution and more complete partial melting of
the contaminated depleted mantle.

Conceptually, the r_nagmatiém that produced the two types of island arc tholeiite can perhaps.-
be most easily visualized as partial melting of regions in the mantle wedge that have variable
conc;ntratoons of veins or plums of ennched material. The degree of LREE enrichment and the
Nd lsotoptc composition would depend on the relatlve concentration of veins or plums in the
region of mel generation. Mehing in these regions :vould initially invqlve principally the enriched
matefial (Wood, 1979) but with advénced melting, the imporance of the depleted mantla in the
mixiure would increase. it is not centain whether areas of relatively sparse veins or plums are '
necessary to produce the Nanny Bag Laké magmas. Perhaps they could be produced by partial
melting of the depleted mantle source that continued past the amount typical of the .
LREE-enriched varieties and overwhelmed the early LREE-rich compositions with
LREE-depleted liquid. '

During the later stages of arc volcanism, an enigmatic suite of very incompatible
element-depleted magmas (the IAD group) was erupted..The very dep!etéd nature of these lavas
rgquires hydrous melting of a very refractory source which, in terms of Wild Bight Group history, ts
per'haps best tr;tought ofl as the residue from production of the sarly IAI group tholeiites. This pan
of the model is comqptually similar to those proposed by Meijer (1980), Hickey and Frey (1982)

. and others for generation ofboninite's.‘ The JAD group, however, has not been modified by a

Zr-rich and/or Ti-poor fluid and its REE pattems requiré mare complex models than the simple

Y
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LREE-depleted or concave-upward patterns of boninites (particularly in viaw of the negative

epsilonng - SYNd correlation). These features can be accounted for by postulating a complex

interaction of slab-derived fluids, refractory mantle and a LREE-enriched component that can be
N delled as small amounts of the |A! groub, LREE-enriched, liqui&s. The_a very low Mg#'s suggest
\tﬁat the magmas underwent considerable fractional crystallization before eruption. Because they
did not equilibrate with each other chemically or isotopically, it seems likely that they did not poo!
) in shallow magma chambers. The implication is that they were erupted directly from their source
) regions, suggesting conditions that permitted easy e;ccess from depth 1o the surface.
Atthe séme time that these magmas were being erupted, silicic melts were éiso being

. 1
generated, probably through hydrous partial fusion of pre-existing arc crust. These melts, which

are LREE-depleted and have positive epsilonng, cannot be successfully modelied as partial

melts of observed mafic volcanic ;ompositions gsing 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 IAD group andesites 5ugge§ts a genetic
_relationship. Although it is not likely that they are directly related through partial melting or
fractional crystallization, it is very likely that both reflect a magmatic response 1o changing tectonic
conditions within the arc, the andesites requiri‘ng higher temperatures and more water in thp
mantle wedge and the felsic magmas similarly requiring hotter, more hydrous qondilion.; in the
basal arc ¢rust. This relatidnship is further explored in Chapter 5.

It is interesting that the only felsic volcanics not spatially related to 1AD group andesites occur

with the Nanny Bag Lake suite. This may suggest a temporal link between the Nanny Bag Lake

suite and the IAD group and raisesethe possibilii} that the changing tectonic conditions that
allowed generation of the IAD group and the rhyolites werg also somehow responsible for the

LREE-depleted arc tholeiites (perhaps higher temperatures promoting higher degrees of partial

melting in fess contaminated regions away from the slab?).

Magmatism following the eruption of the |AD group gerferally represents different sources

<

and in panticular shows no evidence 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 al the top of the succession

and are the last new magma type to appear during Wild Bight Group volcanic activity.

Most of the isotopic and geochemical features of the NAI, NAT and NAE Broups can be

accounted for in a unified model of magma genesis, by postulating the presence of a mantle
'source simila(r 10 that which produces "E-MORB" or oceanic island basalts in modern volcanic‘
settings. Most of the rocks in the non-arc groups can be modelled as resulting from various .
degrees of pantial mefting 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 modelied as the produds of moderate and low, iespectively, degrees of partial
meling of this source anhougr; the presence of minor amounts of melt derived from depleted
mantie cannot be ruled out. The possibility that garnet was a residual phase during production of
the Side Harbour Suite NAT group‘lavas suggests source regions deeper than approximately 30
km. Howe;/er, all other suites were probably derived from shallowér levels. .

This style of magma generation appa'rently was:prevalenl 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 “OIB" source (NAIl group). LREE-depleted
rocks also occur in this group and appear to require a substantial input from normal depleted
mantie. Variation within the NAI group can be syccessfully modelled as a mixing between these
two sources although incipient melts of depleted mantle may have also entered the melts and
locally enhancing the LREE contents.

’ As noted above, magmas with characteristics of LREE-enriched island arc tholeiites
continued to erupt sporadically through this tirﬁa and, with the NAI group, mark the end of actiye
vokcanic aclivity recorded by the Wild Bight Group. Shortly after initiation of the tHAI group activity,

magmatism ceased anq Caradocian sedimentation initiated the final phase of the oceanic

geological history of the northem Dunnage Zone.




CHAPTER 5
GEOLOGICAL AND PALEOTECTONIC DEVELOPMENT OF THE WILD BIGHT GROUP,

b MODERN ANALOGUES AND ANCIENT CORRELATIVES

5.1 Introduction

The geochemical and isotopic results presented in Chapters 3 and 4 allow a consistent
inler;}relation _ol the nature of the source regions and melling history of the Wild Bight Group
magmas. However, these data do not inthemselves provide direct evidence for the geological
and paleotectonic history recorded by the Wild Bight Group. Extrapolation of the petrogenaetic
interpretations of ancient rocks to include interpretations of paleotectonic history rely on
comparisons belwgen theselationships displayed by the ancient rocks and those in modern

) .
* settings.

‘Such comparisons were made for the individual suitqs in Chapter 3 as part of the
discussion of their geochemical relationships. In panicular, paratiels were drawn between the
arc-related suites and various fypes of islgnd arc tholeites and between the non-arc suites and
lavas erupted in modem oceanic islands and/or enriched segments of spreading ridges.r
Geological relationships provide a clear sequence of events in which an early episode of island
arc-related éctivity was succeeded and partially overiapped by a later phase of magmatism which
was not related to subduction. .

' ) e

in the following Chapter, comparisons are-drawn between the geological and geochemical
relationships in the Wild Bight Group and those in specitic modern environments where similat
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 Wild Bight Group are

applied to coeval rocks elsewhere in central Newfoundland, as a contribution towards the

understanding of the regional Lfanvirnian to Caradocian history of the Newfoundland Central

~

Mobile Belt.




5.2 Modem Atalogues :
5.2.1 General Statement
In order to present an acceptable analogue for the Wild Bight Group, a modern setling

should have, as a minimum requirement: 1) an early stage of volcanic activity in which magmas

carry a geochemical signature of subduction; 2) a transition to back-arc activity and mé‘g’rmatism

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 volc.anic rocks with disparate
petrogenesas in the stratigraphic racord. Such a stratigraphic succession is not ;:ommon in the
" modern record, although it 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 geolggist's hammer.

There is, however, at ieast one good analogue in the modern record, Fiji ind the Lau
tslands, 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

vokcanic 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 Yrawn in
Section 5.3.6.

5.2.2 Fiji: A Cenozoic Arc to Back-arc Transition ’

The islands of Fiji and the Lau Istands to the east (Figure 5.1) offer a uniq"Je opportunity to
observe t'he changing volcanic activity associated with a change in tectonic regirr;e fromisland arc
to back-arc basin. The geochemistry of the island arc volcanic rocks was described by Gill (1970)

" who showed that island arc voicanism as recorded on Viti Levu progressed from early island arc




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 shading:
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tholeiites through calc akalic andesite to shoshonite. In several later papers, Gill and co-workers

have provided an extensive geological, geochemical, geochrono_logical and isotopic dala base
for magmatic rocks on the Fiji Platform, showing that following cessation of island arc volcanism,
Fiil became a remnant arc between the Lau and North Fiji Basins (Gill, 1976). Recent volcanic
activity, consisting dominantly of alkali olivine basatt lacking any arc-related geochemical
signature, reflects back-arc magmatic processes.

Figure 5.2 is a summary of the tectonic ind magmatic history of the Fiji platiorm, compiled
from data in Gill (1970, 1976, 1984), Gill and Stork (1979), Gill et al. (1984), Whelan et al. (1985)
and Colley and Hindle (1985). In particular, geochronological data of Whelan et al. (1985) and
isotopic data of Gill (1984) are critical to understanding the magmatic history of Fiji.

Briefly the model states that from approxi‘mately 35 Mato 8 Ma before present, Fiji was pant
of the Tonga -‘i@rmadec - Vanuatu island arc formed above the Vitiaz Trench. During this time,
the pﬁncipal volcanic products in Fiji were low-K, island arc tholeiitic andesites, formed through
extensive partial mehing of sources that included components of MORB source, oceanic island
basait (OIB) source and recycled crust Eboth oceanic lithosphere and sediment). Twice during this
period, trondhjemite and gabbro plulons were intruded into the secuence. 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 Fiji from Vanuatu.
Calc alkalic andesites became the dominant magma type, representing lower degrees of parial
mehting of sources similar to the IAT sources {producing magmas with more prominent QI8 and
slab-crust components). At this time, there was also a voluminous outpouring of low-K

trondhjeritic rhyolites on Vanua Levu, interpreted to represent partial metting of early-formed
1
island arc crust (Gill and Stork, 1979; Stork and Gill, 1982). %
In the last stages of fragmentation of the Fiji arc, caic alkalic andesites were succeeded by

dominantly basaltic volcanism, ranging from shoshonite through transitional varieties to

non-alkalic basalts (geograpﬁically, 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 increass in the relative=
importance of OIB and slab-derived crustal sources. Gill (1984) suggested that this reflected
quick access to the surface of the incipient melis as a result of rifting accompanying the final arc
fragmentation. Coeval transitional and non-alkalic basalts have, respectively, high.er degrees of
partial melting and relatively less influence of the enriched sources.

With the opening of tHe Lau Basin, Fijiwas carried beyond thé influence of the Tonga
subduction zon;a~ and the last volcanic ;ctivity rep.reSents melting of mantle sources with no slab
.component. Isotopic and geochemical data suggest ti;at the sources are dominantly OIB.with a
lesser MORB-like component, alnd 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 rrpdel. Yolcanic rocks with boninitic and calc alkalic characteristics were erupted in minor
quantities during the main phase of arc volcanism (Gill, 1984) and medium-K thoieiites are
common in this imerval inthe Lau Iélands to the east (Cole e!‘ al., 1985). Boundaries between the
magmatic types are not clear cut and on a regional scale, there is temporal overlap at all traFls'nions.
In particular, there was a period of approximately 500,000 years \;\:hen lavas with arc and non-arc

geochemical signatures were erupted together in Fiji (Whelan et al., 1985), represented by the

stippled field on Figure 5.2.

5.2.3 The Mariana Trough: Coeval Back-arc and Slab-related Volcanism

Deep Sea Drili Project (DSDP) Leg 60 investigated the relationships between back-arc, arc
and fore-arc volcanic rocks in a series of holgs in a transect across the Mariana trough, ridge,
fore-arc and trench. Two of ihese holes, numbers 454 and 456A drilled ir; the respective center
apd the eastside of the Mariana Trough, penetrated an interbedded sequence of aphyric to
olivinf;-.an feldspar-phyric massive and pillowed basalts. Geochemical‘study of these basalts, »
particularly using HEE and HFSE, led Wood et a/.’(1é&1) to conclude that thez regresented a
sequence of calc alkalic baéahs with an island arc signature interbedded with N-MORB basalts

related to back-arc processes.

4
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Thae stratigraphic relationships are summarized in Figure 5.3. Wood et al. (1981) noted that
the interbedding of the wo basalt types occurred during an eary stage of back-arc basin opening
t and has important implications for¥he nature of magmatie processes during ingtial 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.

e g

Th\ere/ are {60 few data to attempt a qetailed cbmparison of the Mariana Trough magmatism
with the Wild Bight Group. In particular, it is unfikely that two holes pénetrating z_;total of less than g
200 m of section are representative of a.ll 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 r;mgmas can coexist at this stage of the tectonic
develo;)mem of a back-ar¢ Ba85IR. KYey providq af Jctualistic model fér relationships in the Upper

£

Wild Bight Group where such a process appeafs Yo be ref;drded.

N \

5.2.4 Other Evidence of Slab Infh:eyn Back-arc Magmas
In most back-arc basins, the appreximately simultaneous eruption of different magmas with
clear art and non-are signatures has not been recorded. More widely documented, however, are '
arc-like trace element char‘acl(.eristiw in some back-arc basin magmas which arg otherwise similar to \,‘..
MORB (é.g. the Lau Basin, Gill, 1976; Jenner et al., 1987; the Ea\é’t Scotia Sea, Saunders and
Tan;ey. 1979, the Mariana Trough, Hart et al., 1972; Hawkins and.Melchior, 1985). Many authors_
have suggested that back-arc basin basalts can in many cases be distinguished from MORB
formed at a major ocean spreading center &ubﬂe alkali, alkaline earth and Sr isotope

relationships (e.g9. Saunders and Tamney, 1979; Tarney ot al., 1981). However, given the mobility

of the critical elements, such distinctions are less likely to be preserved in ancient rocks.

e 3
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5.3 Geological and Palectectonic History of the Wild Bight Group

£3.1 General Statement N

Geological, geochemical and isotopic studies reported in this thesis together with
. [ ' ]
comparisons with modern settings where similar relationships have been documented indicates

that the Wila Bight Group stratigraphic succession records a transition from island arc o back-arc

enyironments. The developmental model for the Wild Bight Group, illustrated in Figure 5.4,

suggestsv a geological and paleotectonic history for the Wild Bight Group which fs consistent with

the data previously presented and wm; the sequence of events in such modern setlings. 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 described.

Additional detalls are provided by the caption to Figure 5.4. .

-
- \ :
I
5.3.2 Stage 1: The Island Arc . S
1

. The lower parn of the V\{ild Bight Group apparently preserves the final stages of the history
of anisland arc. The base ns not exposed and the extent of arc activity that occurred prior to
deposition of the exposed Wild Bight Group is not known. A sparse réoord of volcanic activity that
predated the exposed section is found in mafic and felsic volcanic detritus in basal argillites and
< distal turbidites. ‘ .
Volcanic rocks form 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 main
volcanic centers, perhaps on the) distal flank of or betwgen volcanoes. The illustration in Figure
5.4is, therefore.'vgry schematic rather than actualisti[;nd the reader should not be mislead by
the large, domipantly volcanic, arc depicted there. |

- The earliest volcanic activity, the LREE-enriched island arc thoieiitesof the Seal Bay

’ Bottom and Glover's Harbour East suites, prc{bably formed through limited to moderate partial

metting of a depleted mantle region contaminated by a slab-derived crustal component.
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Figure 5.4: Schematic illustration of the gaclogic history of the Wild Bight Group.
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Stage 1: An island arc is already in place as the basae of the-Wid Blght Group is encountered.

The lower part of the group may record the last phase of a more extensive period of island arc

volcanic activity. A - volcaniclastic sedimentation around the arc. The fine grained nature of

basal sediments and the relative sparsity of volcanic rocks suggests that the Wild BugF Group
represents a distal-voicano or inter-volcano position in the arc. B - mass transfer of LFS

elements from the subducting sidb to the overtying depleted mantle wedge. C - goneranon of ]
LAEE enriched tholaliic magmas through limhed o moderate partial mel Ugg of depleted

mantie contaminated with slab-derived material. D - eruption ot LREE-eni tholeiitic

magma.

Stage 2: Arc Fragmentation ’ x

’
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Stago 2: Rm!ng and the concomitant breakup of the arc is accompanied by a greater variety of
magma ’g%ami\ hydrous meiting of previously mefted refractory
pendotlto (Iight sm;xle) producing highly depleted tholaiitic magmas. Meits formed here
undargo soma fractional crystaliization before being ﬂoped by deep fractures and erupt
without substantial equillibration with each other. B - Advanced meiting of
contaminated, mantie peridotite (perhaps eimilar 1o that which melted in Stage 1)
produces LREE sted tholeiites. C - throusmdt ng of amphibolite at the base of the arc,
parhaps promoted y deep droulation of hydrous fluids as a result of rifting, produces
trondhjemitic liquids. D - sedirgentation accompanying block faulting, and the considerable
topographic relief that It creates, consist mainty of debris flows and proximal turbiditas. E
-empbgnofmagmasgonorahdhAthdosepmxmnybead’\om bothlnbmeand
Space,




Stage 3: Early Back Arc Basin
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Stage 3: Arc rifting is followed by development of a back arc basin and the arc products are
carried into this basin, perhaps as a remnant arc. “Enriched” or "plume" -type magmatism
commences in the back arc shortly after the waning of volcanism related 10 arc breakup,
perhaps due to the presence of a deep mantle plume (A) or fusion retated 1o deep rifting. B
-incipiant melting of ocean island-ike mantie sources produces a'kali basalt which
undergoes considgrable fractional crystaliization betore eruption. Moderate amounts of
partial meiting yield enriched tholelitic metts (C) which undergo less fractional crystallization
and appear-to have erupted first in this environment. D - subsidence related to back arc
formation produces deep water, quiet enrironments whijch are reflected M'fine grained
turbidites and pelagic tacies sadiments. £ - Magmas formed in B and C ascend and erupt
through the previous arc products, perhaps following pre-axisting conduits.

Stage 4: Late Back arc basin
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Stage 4: Further developmaent of the back arc basin indludes initiation of magmatism (A)
which is depleted in incompatible elements relative to the previously erupted magmas,
probably reflecting more advanced partiat metting. N:inor amounts of alkali and enriched
tholeiite continue to erupt (B) as does a minor amount of LREE-enviched island arc tholeiite,
the iast vestiges of the arc magmatism (C), suggesting that the back arc basin is still quite
small. Sedimentation is dominated by deep water and pelagic facies. The cessation of
voicanic activity occurs in the early Caradoc, perhaps as the Wild Bight Group drifts away from
the mantle plume and the voicanic products are covered by black shale, chert and associated
pelagic sadiments. o "
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Sedimentary rocks become progressively coarser with increasing stratigraphic height.
Minor conglomeratic debris flows, which are first in evidence immediately above the Seal Bay

Botlom volcanics, increase grédually in size and importance upward, perhaps reflecting increased v

volcadlc relief attendant with the early stages of arc breakup (¢f. Carey and Sigurdsson, 1984). " a

. 5.3.3 Stage 2: Arc Fragmentation
This stage is the transitional penod between normal island arc magmatism and the back-arc

regime which follows. it is characterized by a proliferation in the varieties of magmatic rocks and by
’ a culmination o-t tﬁé trend towards coarse-grained debris flow and proximal turbidite
sedimen:nation. |

' The tectonic environment is envisaged as being dominantly egtensional, with deep,

throughgeing, fractures that reach mantle depths. Rising geotherms in the mantle wedge
accompanying the onset of ritting are interpreted to have promoted hydrous partial melting of
refractory, highly depleted mantie. This depleted source may 66 the residue from partial melting
that formed the earlier arc tholeiites although this is not a necessary part of the model. These -

- \

melts 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 circufnstances, may
have been the Jesun of tapping by deep fractures related to the initiation of arc rifting.

/
- Al the samae time, trondhjemitic magmas were produced by hydrous partial melting of mafic

. rocks, probably in the.basal arc crust. The production of high-SiO5, low K rhyolitic magmas during
- this stage of Wild Bight Greup development may have resulted from various factors including: 1)
the arc may have att&ined sufficient thickness that temperature and pressure at the base allowed
melting for the first time; 2) fractures related to the arc rifting may l;ave allowed penetration of
hydrous fluids and this, coupled with rising geotherms resulting from deep fracturing would
produce a local environment in which basal arc crust bou!d begin to melt.

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 metting




of depleted mantle sources than was the /c/gserfor the LREE-enriched tholeiites, perhaps
reflecting a hotter sub-arc thermal reng{a.

Tﬁe thick and abundant volcan;clastic debris flows at lthis stage of Wild Bight Grqup
development also reflect the tectonic processes. As Carey and Sigurdsson (1984) have pointed
out, the enhanced relief which results from block faulting accomparving arc riting promotes the

deposition of proximal turbidites and thick debris flows.

5.3.4 Stage 3: Early Back-arc 1

. 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.

Te first volcanic rocks in the post-arc environment, enriched tholeiites of the Side
Harbour suite, signal a major change in both magma sources aﬁd melting characteristics. Volcanic
rocks resulting from deep metlting of oceanic island basah-t)'/pe sources are encountered for the
first time. One might expectthe earliest-formed melts to have b;een 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 }r1elting, appear to have erupted first. The low
Mg#'s in the alkali basalts suggest that they underwent considerably more fragtional crystallization
betore erupting than did the Side Harbour suite; for some reason they we}e apparer\my not
tapped during the earliést volcanic activity.

Partial melting may have simply resulted from rising geotherms retated to deep fracturing
during rifting. Alternatively, and by analogyr with mo\dern oceaﬁic environments, the remnant arc
may haye passed over a mantle "plume” or “hot-spot"rsoon after arc rifting which initiated the
activity. This is the scenario illustrated in Figure 5.4C.

Sedimentation 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 tactonic activity.

53.5 Stage 4: Late Back-arc

Voicanic activity in the upper part of the Wild Bight Group included continued, although
waning, enriched tholeiite and alkali Hasalt voicanism, but is characterised by the onset of less
“enriched tholeiitic volcanism which appears to pave resulted from higher degrees of partial
‘melting of the OIB sources, perhaps including incorporation of normal depleted manﬂe material.
These are the‘most MORB:-like volcanic rocks preserved in the back-arc sequences may signal a
more mature phase of back-arc development in which lessening intensity of rifting allowed more

» S
complete partial meling, reducing the influence of enricheé:l 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 early stage of development.

£ 5.3.6 Comments on the Comparison with Fiji
The changes in tectonic env'ironments and the resultant changes in magmgtis‘m that are
interpreted for the Wild Bigﬁt Group show some pz;raNe!s and some contrasts with those recorded
in Fiji. Because Fiji appears to be a particulary close modem anatogue for the Wild Bight Group,
some more detailed comments of the compansons and contrasts between them are warranted.
The thick and long-lived successions of low-K island arc¢ thél;eiiles that characterize the
¢ early history of Fiji are not present in the Wild Bight Group although the basal LREE-enriched
tholeiites may be analogous to medium-K tholeiites which are common in the main stage of island
arc vokzanism in the Lau Islands (Cale et al., 1985). These rocks in the Wild Bight Group may atso
‘ be analoééitxs to the cale alkalic andesites that form the second stage of Fiji voilcanism, from the
standpoint that both apparently represent relatively low degrees of partial melting of similar

sources. If the transition to this siyie of magmatism is characteristic of the jnitial stages of arc

’
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fragmentation, then it may be that, jn terms of the Fiji model, the Wild Bight Group preserves

events which‘have alreadyi reached this second stage, the main stage arc volcanism not having
been preserved.

The formation of low-K rhyolites at 7 Ma has been atiributed by Stork and Gitl'(1982) to
péyrtial melting of basal arc cruét promoted by rising geotherms accompanying incipient arc rifting.
This is a similar interpretation to that proposed here for the Wild Bight Gr'oup rhyolites (and the
correspondence is further heightened by the presence of volcanogenic mineralization in both
cases, see Chapter 6). In Fiji, rhyolite eruption was apparently rot accompanied in time by
eruption of depleted tholeiitic magmas, as in the Wild Bight Group. However, Cole et al. (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 Ti/V ratios as well as high Cr/Al ratios 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 ritting™.

In the Wild Bight Qroup, as in Fiji, the phase of magmatism following the LREE -enriched arc
andesites and rhyolites is dominantly basattic, resulting from very low degrees of partial melting. In
Fiji, this magmatism is s'hoshonitic and carries an arc geochemical signature. In the Wild Bight ¢
Group, it is within-plate alkalic and transitigﬁal thole;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 Wild Bight Group, these melts may represent melting and easy access to
the surface resulting from continued rifting accompanying the opening of the Caradocian ‘
back-arc basin. The deep fractures could well have had a similar influenge to those that promoted
incipient partial melting and rapid efnjplion 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 basalls in the Wild

Bight 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, atthough in the Fiji case, this
. : i ;

time period was very small.

. 5.4 The Wild Bight Group in the Context of the Geology of the Newtfoundtand Central Mobile Beit
5.4.1 General Statement -

As outlined in Chapter 1, the Wild Bight Group is part of the youngesf and most
widespread oceanic volcanic episode recorded in Central Newfoundiand. Coéval sequences
include: 1) most of the pre-Caradocian rocks ineentral Notre Dame Bay south of the Likes Arm
fault; 2) the Victoria Mine sequence, the Diversion Lake volcanics and most of the central
volcaniciastic sequences in the Vidoria 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 Newfoundliand
representing this period in the history of iapetus. They have the potential to further our
understanding of the vegional development of the Dunnage 7Zone by allowing reinterpretation of
available data for coeval sequences elsewhere in Central Noafoundland.

In the foilowing Section, the other Central Newfoundland Llanvimian to Caradocian
volcanic an;i sedimentary sequences are briefly described, compared and contrasted to the Wild

Bight Group, and integrated in a model for the Llanvirnian - Caradocian development of the

Dunnage Zone.

» 542 Centrgl and Eastern Notre Dame Bay
5.4.2.1 The Exploits Group
A The stratigraphy of the Exploits Group is very similar 10 that of the Wild Bight Group and
early worke@ in Notre Dame Bay (e8.g. Heyl, 1938) considered them to be the same unit (even

though they are not in comact). Helwig (1367, 1969) outlined the stratigraphy of the Exploits

Group, identifying three voicanic members (in ascending order the Tea Arm, Saunders Cove and




Figure 5.5 - Distribution of Cambrian and Ordovician oceanic voicanic and secfimemary 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 sequencé; WB - Wild Bight Group

Double brokeﬁ pattern is Arenigian rocks of the Buchans - Robert's Arm belt (including the
Cutwell Group): B - Buchans Group; CW - Cutwell Group; RA - Roben:s Arm Group;

Single broken patternis Cambrian to Arenigian volcanic sequences (including ophiolites):

A - Annieopsquotch Complex and related ophiclitic fragments (e.g. Star Lake, King George 1V
‘ N

Lake); BVRL - Baie Verte - Brompton Line; CP - Catchers Pond Group; CP, - Coy Pond

Complex; G - Glover Formation; GRUB - Gander River Ultrabasic Belt; LB - Lushs Bight and
Western Arm Groups; MH - Moreton's Harbour Group; PF - Pine Falls Formation; PH - Pacquet
Harbour Group; PP - Pipeslor{e Pon'd Complex and Coldspring Pond Formation; S - Skidder
basalt; SC - Sleepy Cove Group; SB - Snooks Arm Group and Betts Cove Complex; TH - Tutks
Hill volcanics; TP - Tally Pond volcanics; TT - Twillingate Tror'idh}emite

Light stipple is Cémbrian to Middle Ordovician sedimeﬁtary rocks, maintly
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), the last being overlain by the Caradocian Lawrence Harbour shale

(Heyl, 1936). The stratigraphic similarity. between the Wild Bight and Exploits Groups was

recognized by Horne and Hélwig (1968) and Helwig (1969) who correlated the two in regional

stratigraphic raconstructions of Notre Dame Bay.

Recently published geochemical studies have identified two types of volcanic rocks In the

Exploits Group: 1) Wasowski (1985) described the Tea Arm volcanics near the base of the group

as comprising 'dominantly a lower unit of very fraclionate«{'hvas with Ti05>0.89% and an upper

unit of less tractionated lavas with TiOp<0.57%. He compared these to boninites and suggested
13
that their presence was indicative of a forearc setling: 2) Wasowski and Jacobi (1984) described -

the geochemistry of the Lawrence Head volcanius at the top of the Exploits Group overlain by the
Caradocian shale, as comprising basalts with average TiOp=1.76% and with a trace element

signature indicative of E-MORB or gceanic tholeiites. They emphasized the similarity between
these rocks and oceanic seamounts. v
These chemical relationships are similar fo those in the Wildﬂ Bight Group. The Ttea Arm

volcanics appear to compare closely with the Glover's Harbour volcanic unit where

intermediate-TiO; tholeiites (Glover’'s Harbour East suite) are overlain by depléted tholeiites (the’

g A

Giover's Harbour West suite). 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 not
possible.

In any event, volcanic rocks in the Exploits Group appear to recdrd the sa.me arc to back-arc
transition as that inthe Wild Bight Group. The more detailed information available for the Wild
Bight Group suggests that the interpretations of the Tea Arm volcanics as a fo?e arc suite and the
Lawrence Head volcanics as ocea‘bic seamounts does not necessadily follow from the data. It is
here suggested that the Tea Arm rocks are actually, like the 1AD group, related to initial rifting of

the island arc and the Lawrence Head volcanics o the establishment of the back-arc basin.




5.4.2.2 The Summeriord Group

{

The Summertord Group (Horne and Helwig, 1969; HM 970; Dean 1978) comprises

dominantly pillow lavas and volcanic-lastk‘: sediments which outcrop in \severai linear, fault
bounded siices on New World Island. Slrug:tural relationships in this pa;t of Notre Dame Bay are
very complex and have deffed the best efforts of numerous workers over the years to produce a
widely accepted stratigraphic and structural model. Abundant fossil evidence shows that three
ages of :/olcanic rocks are'reb}esemed. these being Tremadodjan (Kay, 1967), late Arenigian to )
early Lianvirnian (Neuman, 1976) and late Llandeilian (Dean, 1970; Bergstrom et al,, 1974,
Fahraeus and Hu‘ﬁér, 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. Geocheimical data for the n_onhem part of

the Summertford Group'were first presented by Reusch (1983) .(who termed these rocks thé

Squid Cove volcanics) and later by Jacobi and Wasowski (1985). Only samples representing the
Arenigian/Llanvirnian and Llandeilian volcanic suiles were analysed in these studies. Reusch's

(1983) samples were drawn from a wider area than were Jacobi and Wagsowski's and are,

therefore, pfobably more representative of the Summerford Group as a whole. His samples have

a very wide range of TiOy contents (0.86 to 3.37 percent) and his interpretation that they are all
i

oceanic, non-orogen'ic tholeiites Motwithstanding, representatives ?rom more than one tectonic
sefting do not appear to be precluded. Jacobi and Wasowski (1985) presented only averages of
their data (TiO averages 1.78 with standard deviatién of 0.32 for 11 samples) which they
interpreted as indicétive of E-MORB or oceanic island basalts. They interpreted the Summeriord
Group 1o represent a chain of seamounts of various ages structurally emplaced in an accretionary
prism. |

The chemistry of the younger (Llandeilian) Summerford Group volcanics, according to
Reusch's data, suggest a correlation with the upper part of the Wild Bight Group. They may,

therefore, represent the same back-arc volcanic aclivity as the upper Wild Bight and Exploits




Groups. Ho!vever, most of Reusch’s samples with relatively low TiOs contents (e.g.<1.80 %)

<

_come *rom the older (Arenig-Llanvirn) sequence ?nd it is possible that these, in par, correlate
s yi@h 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 Mselange
The Dunnag& Melange (Kay and Eldridge, 1968) is a chaotic unit which outcrops

extensively in eastern Notre Dame ‘Bay cormrisiﬁg blocks 6! sedimentvary, volcanic and intrusive
rocks in a black_ shale matrix. Detailed mapping led Hibbard and William§ (1979) to interpret it as
an olistostrome, the formation of which probably immediately predated deposition"o! 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 histodcé! bias in f‘avour of the forearc origin (e.g. Horne,
1970; Jacobi and Schweickert, 1976; Kidd et al., 1977) has been predicated on the supposition
that the melange might l;e a trench-ill deposit and this has been a major factor in locating the
paleosubduction zone in maﬁy plate tectonic models (e.g. Dewey, 1869; Bird and Dewey, 1970).
The arguments in favour of a back-arc environment generally point out that if an east-dipping
. subduction zone is accepted for this time period, the location of most island gc rocks to the west
of the Dunnage Mélange require it to be formed in a back-arc environment. Lorenz (1984)
recently studied intrusions in the Dunnage Melange, including uni;que, ultramafic-bearing felsic
intrusions, which.she interpreted to have formed in a cmstally—thinned,'backAarc, sefting. These
remain, to this writer, the most convincing arguments, based on direct evidence, in favour of a

back-arc setting. L N

The geochemistry of volcanic blocks in the Dunnage Melange has recently been repored
by Wasowski and Jacobi (1985) who noted their geochemical similarity to both the Lawrence
Head volcanics and the Summerford Group. This confirms Hibbard and Williams' (1979)

impression that volcanic rocks in the melange could be ¢orrelated lithologically with the adjacent

)
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+ intact formations. Wasowski and Jacobi (1985) were unwilling to spacify the tectonic seﬁing on
the basis of this geochemistry. They noted that, on the one hand, a back-arc setting was
consistent with the relative positions of the arc-related rocks in an easlt-dipping subduction
system but that on the other, their earlier interpretations of the adjacent pillow lava units as
searﬁounts (see discussion of Exploits and Summeriord Groups 'above) could support an origin
in an accrefionary complex in the arc-trench gap. .

The present correlation of the Lawrence Head and (albeit more tenuously).the younger
Summerford Group volcanics witp the upper Wild Bight Group suggest a back-arc origi;\ rather
than seamounts accreted in the fore arc. ‘This woulid appear to lend furthér support to those who

. advocate a back-arc origin fof the Dunnage'Melange. ’ .

5.5!2.4 The Loon Harbour volcanics
~

The Loon Harbour volcanics (Kay, 1925) comprise mainly mafic pyroclastic and
volcaniclastic rocks with lesser pillow lava and are overlain by Caradocian shz;le. Dean (1978)
correlated them with the top of the Wild Bight Group on the basis of lithological similarity and
stratigraphic position with raspect to the Caradocian shale.

Fargo (1985) reported oln a geochemical study of the mafic volcanic rocks which he
interpreted to indicate a within plate oceanic setting. He suggésted they rhay repres;ant an
oceanic seamount but did not publish the data.
<  The presence of within plate volcamc rocks in volcamcs immediately beneath the

Caradocian shale Is consistent with re!ahonshlps in the Wiid Bight, Explouts and Summerford

Groups. They may also represent back-arc vokanic achvny following 1ragmentauon of the Wild

Bight arc.




5.4.3 South - Central Newtoundland

§43.1 The Victéria Mine sequence )

An aeﬁally restricted séquance of mafic and feisic volcanic rocks outcrops on the Victoria
River south of 'Red Indian Lake. This unit, which hosts the old Victoria Mine (Kean and Ev’ans,
1986), contains fossiliferous fimestone which has y'elded‘a Llanvirnian - Liandeitian fauna
(StoQge, 1981). Subvolcanic rhyolite near the fossiliieroug horizon has yielded a radiometric age
(U/Pb in zircon) of 462(+4/-2) Mg. (Dunning et al., 1986). The age ‘and the presence of felsic
volcanic rocks and volcanogenic sulphides are consistent with .';1 oo'rrelation 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 shaleland, therefora, are potentially time equivalents of the

L}
upper Wild Bight Group. Preliminary unpublished ggochemical data (my own and thatof B. F.
r s L7

Kean, personal communication, 1986) show these volicanics to be of non-arc character (TiOy>2

%: no negative Ta or Nb anomalies) consistent with their correlation with back-arc related volcanic
rocks of the Wild Bight Group.

5.4.4 The Hermitage Flexure /

Ordovician volcanic 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
workers to have been deposited at or near an ancient continental margin (Colmar;-Sadd. 1980,
Swinden and Thome, 1984). Recent ;adiofnetric dating of felsic volcanic rocks in the western
Hermitage Flexure has yielded ages of 466(+3/-2) (Dunning et al,™1986) for the Baie du Nord
Group and a preliminary date for tlhe Baie d'Espoir Group is also Early or Middie Ordovician

(Arenigian to Liandiglian) although not precisely known at the time of writing. {(G.R. Dunning,




personal communication, 1986). These suggest that at least some of this volcanic activity was

] K]
approximately coeval with the Wild Bight Group.

A diract relationship between volcanic rocks in the north and centralbunnage Zone arid

J
the- Hermitage Flexure is difficult to establish. Swinden and Thorpe (1984) suggeésted, on the

basis of lead isotopes in the contained sulphide deposits, that the continental margin with which
the Hermitage Flexurt; sequences were associated also con-tributed iésser 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 it is possible that these rocks are
trom differgpt parts of the same Llanvimian to Llandeil'ian 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

Central Newfoundland during later orogenesis.

545 Summa;'y of Llanvimian-Caradocian Geological Events in the
Dﬁnnage Zone
In a regional sense, the Wild Bight Group and its correlatives record the last oceanic
volcanic events in the pant of lapetus that is preserved in Central Newfoundland. This voicanic
.
event is widely represented in the Dunnage Zone east of the Buchans - Robert's Arm Groups
and south of the Lukas Arm Fault (Figyre 5.5). During Llanvirnian time, an island arc was active
throughout this region producing volcanic sequences now preserved in the northern and central
‘Dunnage Zone (lower Wild Bight and Exploits Groups, perhaps some rocks now assigned the
Summerford Group, the Victoria Mine sequence). Felsic _volca‘ni.c rocks of me Bay du Nord and
Baie d'Espoir Groups may also have been part of this island arc, erupting at or near a continental
margin to the ;:outh. . ) )
Fragmentation of the arc, recorded in the Dunnage Zone sequences, probably did not

begin before the late Lianvim - early Liandeilo (the age of fossils associated with the Victoria Mine

sequence). Once arc rifting had begun, new magma sources wera soon established in all areas,




Back-arc basin volcanism similar to that in the upper part of the Wild Bight Group is probably
recorded by the upper parts of the Exploits and Summerord Groups and the Loon Harbc;aur
volcanics in the northeast as well as in the Divérsion L ake volcanics in the southwest. This
volcanic activity was apparently short-lived as, by the beginning of'the Caradocian, black shales
containing a Nemagraptus gracilus fauna (latest Llandeil"- earliest Caradoc) were being
deposited on the products of back-arc volcanism in westem and central Notre Dame Bay. The
beginning of Caradocian pelagic sedimentation star;ed a little later in @astern Notre Dame Bay as a
Diplogréprus multidens fauna (early Caradoc) is the first fauna over the Summerford Group (Dean,
1978). This, o‘f,course, does not neéessarily mean that volcani‘c activity continued longer in this

area. The hiatus between the end of volcanic activity and the beginning of Caradocian

sedimentation is filled by déposition of the Cobbs Arm limestone.

5.4.6 Relationship of the Wiid Bight Group to oider volcanic rocks In the

Central Mobile Belt

The available geological and geochemical data suppont the hypothe.sis that Llanvirmnian-

Caradocian volcanic sequences east of the Buchans-Robert's Arm groups and south of the
Lukes Arm Fault 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 Tutks Hill volcanics. Lead isotopga data presented in Chapter 6 have a bearing on
this uestion and further discussion is deferred until this evidence Lis presented.

At present there are no compelling geological links between sequences east and south of
the Buchans - Robert's Amn belt and those to the northwest. In fact, the absence of the
posl-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 frbm lead is;lopes in volcanogenic mineralization (ChapterIS) suggest further contrasts

in volcanic environments in the two areas and the question is again addressed following  * .

presentation of these data in Chap{er 6.




‘55 Summary and Conclusions .
The Wild Bight Group is interpreted to record a Llanvirnian to Caradocian transition from
island arc to back-arc basin environmaents. The paleotsctonic history can be described in terms of
four stages : 1) late island arc; 2j arc 1régmentation; 3) early back-arc basin; and 4) late back-arc
basin. Each stage has a distinctive magmatic history which can be modelled in terms of changing
tectonic conditions. Durir;g Stage 1, only island arc tholeiites erupted (LREE-enriched members

of the 1Al group) but during Stage 2, a greater diversity of magmatism resulted from the initiation

of rifting. Very depleted tholeiites (the 1AD group), LREE-depleted islandarc tholeiites of the 1Al

group and low-K, high-SiOo rhyolites were erupted during this time. Stage 3 records the initiation

-

of back-arc volcanic éctivity, without ihe geochemical signature of the subduction siab.
Magmatism resulted from relatively low degrees of partial meling, producing alkali basalts (the
NAE}group) and transitional enriched tholeites (the NAT group). Matunng of the back-arc basin
(Stage 4) was accgmpanied by magma production resulting from higher degrees of partial melting
(the NAI group; perhaps a precursor to the eruption of N-MORB, which is not preserveq inthese
sequences) as well as waning volcanism of early back-arc basin type. Local continued eruption of
i
island arc tholeiites at this time suggest that the basin was still relatively narrow.
A good medern analogue for the Wild Bight Group is found in Olidocene to Recent

- saquances of the Fiji platform, a remnant arc between the Lau and North Fiji basins, where island
arc, arg fragmentation and back-arc formation are recorded in a volcanic history that has many
similarities with that of the Wild Bight Group. In particular, the namrow interval in which back-arc and
arc lavas were erupted simultaneously provides a time framework in which to interpret the interval
re;;esented by Stages 3 and 4 of the Wild Bight Group. Alternating eruption of ara and back—e;rc
magmas Is also recorded in the Manana Trough, suggesting that this may be characteristic of the
early history of many back-arc basins.

Parts of the Llanvimian to Caradocian, arc to back-arc transition recorded by the Wild Bight

Group are preserved thmdghout central and eastern Notre Dame Bay and south-central
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Newfoundland. Felsic volkcanic sequences of the Hermitage Flexure are also, at least in pan,

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
(Figlure 21),in decréasing order of size the Point Leamington deposit hosted by the Side
Harbour volcanic unit, the Lockport deposit, hosted by !he Glover's Harbour West suite, the
indian Cové deposit hosted by the Indian Cove volcanic unit and the Long Pond prospect
hostéd by the Long Pond volcanic unit. it is’not trfé purpose of this Chapter to' present detailed
descriptions of thé deposits, although brief descriptions are prresemed to provide necessary
information concerning their field relationships, nature, and ge<->logical setting. Rathe}, the
emphasis is on interpreting the setting of the deposils in terms of the paleotectonic models
derived in previous Chapters and to compare this with deposits in similar sequences elsewhere
irr Newfoundland 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 I'ndian Cove
deposits. 'Fhese are cempared with lead isotopic data from other deposits in various fapetan
oceanic sequences 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 Newic’mndland portion of lapetus.

6.2 Descriptions of the Deposits .

6.2.1 Tho Point Leamington Deposit

The Point Leamington deposit was discovered in the early 1970's by Noranda Exploratibn

Ltd. A brief description ot the deposit, based mainly on the résults of diamond drilling, was

published by Noranda Mines Staff (1974). Swinden (1984) later described the setting of the




deposil based on field studies and reexam}nation of core from eleven dnll holes. Grade and
tonnage figures have not been released but published dimensions indicate more than 20 million
tonnes ot massive sulphide grading approximately 0.5% Cu, 2% Zn and sporadic gold values.

Figure 6.1 is a reeresentative section of the deposit, constructed from surface mapping and
relogging of drill core. The deposit is a large, stratabound, massive sulphide (mainly pyrite with
lesser chalcopyrite and sphalerite) body underlain by an extensive quartz-sericite and
quartz-chiorite-pyrite alteration zone. The deposit occurs near the southwestern edge of the
Side Harbour volcanic unit at the contact between a footwall rhyolitic quanz and quarnz-feldspar
, crystal tutf and hanging wall mafic hyaldclastic 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.
Ber;eath the depostt, the normally pale buff 10 grey rhyolite is pervasively altered to a pale green
duartz-sericite assemblage. Locally, intense silicification has destroyed primary textures in zones
up to 1 mwide and 1 1o 5 percent disseminated pyrite is present. A later, more localized,
alteration eonsists mainly of btack chlorite in veins ranging from several mm to 2 m wide, locally
accompanied by up to 50 percent pyrvitve and chalcopyrite. This alteration is generally
concentrated in relatively restricted zones immediately beneath the massive sulphides and is
interpreted as feeders for’ the hydrothermal fluids that carried metals to the sea floor.

Beneaththe massive sulphide deposit, the felsic volcanic unit is over 130 m thick and is

underlain by pillowed mafic volcanic rocks, comprising incompatible element-depleted tholgiites

the IAD group (Chapter 3). Outcrops of pillow lava in the immediate vicinity of the deposit are
A

highty altered with extensive chlorite and epidute veining.

it) The Massive Su(ph»de: The massive sticnide is up to 65 m thick, comprising a remarkably
uniform 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 tootwall contacts are generally sharp and there are at least two separate

ore lenses in the deposit (Figure 6.1) separated by a unit of altered felsic volcanic breccia. The
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Figurg 6.1 - Representalive cross- secfion of the Point Leamington volcanogenic sulphide
deposit, constructed from re;iogging of diamond drill holes. Line of section is approximafely
nonhea‘;t. (right) - southwest. No vertical exaggeration. - . .

Legend: 1 - mdlic intrusive rocks; 2 - epiclastic turbiditic éreywacke, argillite; 3 - jasperar}d
jasper-bearing breccia; 4 - mafic pyroclastic and hyaloclastic rocks; 5 - ‘grey chert, pyritic argillite; 6
- massive sulphide; 7 - rhyolite, rhyolite breccia; 8 - matic volcanic rocll('; Stratigraphic top is to the
left. Stippled area beneath the deposit is area of intense chlorite - quartz - sulbhide footwall

v .
i

alteration. , .







deposit strikes approximately northwest, dips to the west at about 50° and plunges shallowly to
the southeast. Near surface $ections 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 dip and down plunge to continuing exploration.
~ The massive sulphide is capped by a thin unit of sulphidic argiliite ranging from less than 3 m
to more than 20 m thick, comprising grey chert interbedded with black argillite which locally has /
laminae up to 1 cm thick of massive pyrite. >

iily The Hangingwall sequence. The massive sulphide is immediately overlain by 75 to 100
m of mafic hyaloclastite (pitiow breccia) and pyroclastic rocks comprising mafic vokanic and
sedimentary rock fragments in a black, fine grained tuffaceous matrix. Thin beds of red to orange
jasper are locally present. Above this, the succession is dominantly volcaniclastic rocks, green
turbiditic sandstone, silistone and lesser conglomerate. All hangingwall rocks are intruded by
matic 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 rocks are interpreted as a rhyolite dome following a period of mafic ’
volcanic activity. Hydrothermal circulation, pessibly related to the felsic magmas, altered both the
felsic rocks and the basement maic 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 extended period of matic pyroclastic and

[
volcaniclastic deposition.

.6.2.2 The LockCOr\t Depostt

Tr;e Lockport depqsit was apparently discovered in the late 1870's or 1880's {although the
discoverer:s identity is not known) and received sporadic a{tention from exploration bompanies
through the first half of the century. i 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 underain to the northwest by approximately 392,000




tc;nnes grading 0.75% Cu (Fogwill, 1965). DeZoysa (1969) studied the old workings and the
surrounding rocks and concluded that the deposit was probably voicanogenic in origin. __

The deposit (Figure 6.2) is hosted by incompatible element- depleted pillow lava of the
Glover's Harbour West suite (IAD group, Chapter 3). It occurs near the center of the exposed
area of this suite, slightly east of the axis of a nonheasl»trending. anticling and near the exposed
base of the sequence (Figure 2.5). There is a small (400 m x 200 m) rhyolite dome approximately
400 m to the southwest along strike. Several other minor hydrothermal alteration zones are
found in the immediate vicinity.

Mineralizatibn is best exposed in a series of open cuts on the northwest side of the deposit
and is well represented in dumps from the open cuts and several old shatfts. The open‘cuts
expose a pyrite- and chalcopyrite - bearing stockwork in which matic pillow lavas of tﬁe host
Glover's Harbour volcanic unit have been intensely altered to quantz-sericite t chlorite
assemblage. This stockwork apparently represents the copper-rich deposit describad by
(Fogwill, 1965). The overlying Zn-rich zone does nol outcrop, nor is it well represem@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 130 m) massive sulphide bady. ;

fhe Lockport deposit, like the Point Leamington deposit, is a volcanogenic massive
sulphide deposit with footwall stockwork zone. Although small and without present economic y
potential, the deposit demonstrates the operation of érocesses similar to those that formed the
larger deposit to the south. In contrast to the Point Leamington, this deposit is hosted by mafic
volcanic rocks and massive sulphide depos'rtion’did not mark a major change in volcanic and
volcaniclastic activity. Rhyolitic rocks occur nearby along strike and may be genetically related to

the depostt, although this relationship cannot be unequivocally demonstrated.

6.2.3 The Indian Cove Deposit

The Indian Cove deposit was discovered in the late 1800°s, and received sporadic




Figure 6.2 - Cross section of tha Lockport deposit compiled from diamond drill logs and redrawn
after Howse and Collins (1979). Northwest is 1o the feft.

Legend: 1 - silicified, sericitized pillow lava and volcanic breccia; 2 - mafic 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 early and mid 1900's. Hydrothermal alteration and mineralization is
present throughout the felsic volcanic rocks of the host Indian Cove volcanic unit and several
distinct showings, consisting mainly of dissemir;ated pyrite and minor chaloopyn'te,’have been
identified. The siratigraphy of the Indian Cove voicanic unit was pr'evious'ly described in Section
2512

The Indian Cove prospect is located approximatety 300 m southwest of Indian Cove (Figure
2.1, 2.4) where disseminated and stringer pyrﬁe, chaicopyrite, lesser sphaler'ne‘anc; rare galena
occur in gossan-covered outcrops, several small trenches and a 2 m long adit. In addition, there
is drill core on file at the Newfoundland Department of Mines core Library in Pasadena,
recovered from eigfn drill holes that tested this Showing in 1375. A schematic representation of
the stratigraphy and mineralizalionr in the Indian Cove unit is shown in Figure 6.3. The sulphides
occur mainly in felslc pyroclastic rocks, near their contact with the basal rhyolite dome. The host
rocks are strongly silicified, sericitized and locally chioritized. Sulphide mineravls exceed 5 volume
percant only in the most intensely ditered zones, \;vhere they are associated with black chlorite
andiquartz. A single mafic volcanic flow in the volcanic unit consists ot incompatible
. element-dépleled tholeiites of the IAD group, but is not spatially related to the mineralization.

The Indian Cove deposit is interpreted as a particularly ihtense ahteration facies of a
hydrothenﬁal system related to the Indian Cove felsic volcanic activity. There do not appear to be
any exhalative sulbhides associated with this mineralizing system. However, the abundant red
chert that overlies the volcanic rocks (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 fiuids related to the underlying alteration.

6.2.4 The Long Pond Prospect )

Thé 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 diséeminated (1 to 5 percent) pyrite and minor chalcopyrite associated
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Indian Cove prospect

000000

E ~ hydrothermally attered rhyolite dome % red argillite and chen, lesser green and black sutphidic argilite
vokcanic breccia, associated pyroclastic' rocks very coarse slump breccias; ’
@ pillow lava ) epiclastic rocks; mainly turbiditic greywacke, lesser conglomeratq

€  Locally intense atteration with base meta I- bearing suiphides

Figure 6.3: Schematic representation of the Indian Cove volcanic complex and the associated voicanogenic
mineralization. Hydrothermal activity related to the felsic magmatism results in alteration of the rhyolite dome and
the overlying pyroclastic apron. Locally, particularly intense atteration 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. :




- with pervasive chlorite - sericile - gilica 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 argillite outcropping on the shores o; Long
Pond approximately 150 m to the west of the deposit. This may have forme}i from exhalations

related to the hydrothermal system, similar 10 the situalion at Indian Cove.

6.2.5 Summary of Deposit Characteristics

The principal characteristics of the four volcanogenic suiphide deposits in the Wild Bight ‘
Gioup are summarized in Tabie 6.1. The deposits are not identical; each is distinctive and
exhiblts physical and stratigraphic features that reflec! the local setting of the hydrothermal
atteration system within the respective volcanic sequence. There are, however, unifying
characteristics of all deposits tha! indicate similarities in the processes of mineralization.

Two of the four deposits have exhalative sulphide bodies overlying footwall stockwork; the
remaining two comprise >mainly stockwork but have ferruginous sediments nearby which may
record a hydrothermal exhalative oomponém. This is not a fuﬁdaménlally important difference
but one of local environment, pos-sibly reflecting the relative vigour of the hydrothermal systems,
the presence or absence of reduced sulphur at the rock-water interface, and/or 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.

Thq'deposits occur in settings characterized by a distinctive volcanic rock association.

Three of the four deposits are hosted by and/or directly overlis a felsié volcanic accumulation
while the fourth (Lockpont) is stratigraphicaily associated with a small rhyolite do‘me. Furthermore,
two of the four deposits are intimately associated with inoombaiible element-depleted tholeiites
of the IAD group and a third (Indian Cove) has IAD group rocks in the immediate stratigraphic
suocgssbn (the fourth, Long Pond, has no analysed mafic volcanigs). The association of the two
rock types (incompatible element-depleted tholeiite and rhyolite) seems to be an important

prerequisite for volcanogeanic mineralization. it may be noted that the only major felsic volcanic




Table 6.%: Summary of characteristics of volcan

fel

¢ ogenic sulphide deposits in the Wild
Bight Group. .
DEPQSIT DEPOS!IT
:ngAE AND TYPE ASSOCIATED
VOLCANIC STRATIGRAPHY %\*gm
UNIT MASSIVE STOCKWORK LCANICS
SULPHIDE
BN
. ) Deposit ias altop of
;:_': on]on;oa. immediatety we st-facing volcanic 1AD group
Polnt Leamington orainad py. undertias rocks. immediale \
9 cp. lesser sph. massive ; Gepleted
’ erralic - sulphide.Per- |moolwal I":c'#? yoll: tholestes
(Side >20 milion vasive sﬁr-qz dlow bwasa.‘on s
Harbow tonnes. aheration, local ngingwal is matic
voicanic : intense black hyaloclasiie,
unit) chi-qz-sulphide pyrodastic and
volcaniclastic rocks
very small, zinc- immaediatet Depost hosted by
Lockport rich, massive underlies nrnsswo pilowed andesite. No
suiphid o i marked 8 in IAD group
{Glover's e sulphide, intense ati rapct:“:gove doploted
rbour inierpralad but parvasve qz-ser- | SR : tholeines
nat observed chi with dissem. Small rhyolitic dom
Waest and siringer py, cp] 250 m along stnke bu
volcanic ! genetic relalionship
unit) uncertain
. Extensive V Alteration wide spread
indian C None. Possibly aleration in rhyolite tiow and
ndian Cove represenled by (qz-ser-chi) overlying pyroclastic
ferruginous red | agaodiated with rocks. Wcﬂl imense IAD group
argillte and rhyolfte dome and | and metakrich tacies is depleted
(Indian Cove chert pyrociastics, near contad between tholeites
volcanic unit) dissem. and fiows and ovedying
stringer py.cp. pyrociastics. Mafic
losser 3p, minar volcanics present but
Qa. not intimalely assoc.
with minerakzation
Long Pond dissem py, minor | mineralization hosted by
(Long Pond voicanic As for Indian Cove | cp in qz-ser-chi rhyciite and a very unknown
urWt) . stockwork narrow piiow brecaa
unk -
L
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accumulation in the Wild Bight Group that does not have prominent hydrothermal afteration and
minaralization is the Nanny Bag Lake rhyolite, where the associated mafic volcanic rocks are
normal, rather than highly depléted, arc tholeiites. : |
L
6.3 Paleotectonic Setting of Volcanogeriic Sulphide Deposits
©  6.3.1 Setting of the Wiid Bight Group Deposits, Modern and. Anclent
Analogues.’ ’
All volcanogenic sulphide deposits in the Wild Bight Group occur in the same geological
. setting, charaderised by the association of IAD group depleted tholeiites and rhyolil_e. This
Lf-strong|y indicates that the mineralizing event(s) were localized in Stage 2 of the development of
the Wild Bight Group, interpreted as a period of rifling associated with fragmentation of the Wild
Bight arc. The association of mineralization with depieted tholeiite and rhyolite, and the lack of
mineralization in other rocks associatgd with Stage 2 magmatism, further suggests a specific

control on the mineralization within this environment.

The tormation of volcanogenic massive sulphides during periods of tensional stresses in

) 4 [
island arcs has been a fashionable notion in recent years. It has been proposed for many ancient

deposits previously thought to be associated with island arc calc alkaline volcanic activity {e.g.
Mitchell and Beﬂ—, 1973, Mitchell and Garson, 1976), inciuding 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,
Stephené. 1986).

A particularly cogent‘case for tho generation 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 Tuff belt, simultaneous generation of deposits throughout this belt
BéMeen 15.6 and 11 Ma and uneven intanéity of mineralization on a regional scale; 2) change

In volcanism from voluminous arc tholeiites to bimodal basalt-dacite quiéscent volcanism; 3)




rapid pre-mineralization subsidence and post-mineralization uplift; 4) apparent control of

mineralization by basement fractures. These, and other features considered by these authors,

waere interpreted in terms of a model which views the igjroko 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 centres which are also areas of anomalously
high heat flow and permeability. Bimodal volcanism is a consequence of tapping of
asthenospheric magma chamBers by fractures related to the rifting. The principal differences
between thi§ model and tt;e present model for the Wild Bight 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 et al. (1983) were sufficiently
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).

Voicanogenic massive sulphide deposits in the Miocene-Pliocene Undu Group felsic
vol&anics in Vanua Levu, Fiji (Colley and Greenbaum, 1980) probably provide a good tectonic
analogue for the sett/ing ot the Wild Bight Group deposits. As previously noted, th-is period of
felsic volcanic activity marked the early stages of fragmentation of the Fiji arc (see Figure 5.3) and
is interpreted t‘o be a good analogy for Stage 2 ot the Wiid Bight Group development. 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 sulpﬁides in the Appalachian-Caledonian orogen are related to
rifting events within the lapetan island arcs is, likewise, not new. Stephens (1982), in a detailed
pétrogeneiic study of the Stekenjokk volcanites in western Sweden, was able 10 show that
massive sulphides represented by the Stekenjokk-Levi deposits formed during a period of
transition from arc tholeiitic to MORB-type volcanism. He interpreted this as a period of arc fifting.

Reinsbakken (1986) has documented a similar setting for the Gjersvik deposit in nearby eastern




Norway. Stephens et al. (1984) suggested that volcanogenic mineralization related to arc rifting
was brobably a common feature of Caledonian-Appalachian metallogenesis. They noted that, for
example, massive sujphide deposits in the B.athurst District, New Bruns_wic}g, and the Bald
Mountain area, Maine, are associated with volumino;s telsic voicanics w?‘ﬁch are overlain by
alkalic basalts of probable non-arc origin, rperhaps recording a rifted arf sequence.

Elsewhere in Newfoundland, evidence for the association o‘t massive sulphide
mineralizatian with arc rifting is less well documented. However, Coish et al. (1982) interpreted
geochemical and Nd isotopic results from the Betts Cove ophiolite to indicate arc ritting
(recorded in lower komatiitic basalts) followed by back-arc, MORB-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 suggésling that they may
represent a supra-subduction zone riiﬁng environrhent {which is, however, considérably older
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 Cbnsolidaled Rambler Mines deposits (Tuach and Kennedy,
1975; Tuach, 1984) may also have formed in such an environment.

R :

6.3.2 Genetic Aspects of the Reiationships :etween Mineralization and

Tectonic Setting |

Rifting events, whether iﬁtra-oceanic, intra-continental or intra-arc, provide a good
opportunity for vc;lcanogenic 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 increeised heat
tlow which, in rifted arc regimes, may be an order of magnitude greater than in the normal arc
(Cathles ot al. 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
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Wild Bight Group is, therefore, entirely consistent with current concepts of island arc

metallogenesis.

Howevaer, the precise relationship between mineralization and the depleted

-

tholeiite/rhyolite association (and the lack of mineralization in the normal island arc

tholeiite/rhyolite association at Nanny Bag Lake) is less clear. The relationship between the small

dacite domes.and the assqgiated sulphide deposits in the Kuroko district has beqn addressed

by Cathles (1978), Urabe and Sato (1978), Ohmoto (1978) and Cathles ef a (1983). The

-consensus is that the domes themselves are probably not large enough to have had a cause

and eftect relationship with the associated sulphides. Cathles et a. (1983) pastulated that the
sulphide/dacite association is indirect, indicating that hydrothermal fiuids and magmas utitized
the same zones of crustal we akness created by the ?itting.

It this is the case for the Wi!d Bight Group, then there would appear 1o bs at least one other
factor that particularly favoured the localization of mineralizgtion in areas where depieted tholeiite
was being erupted. This factor mai be anomalously high heat tlow associated with the depleted
tholeiite magmas. These liquids would certainly have melted at higher temperatures than either
normal arc tholeiites or telsic magmas. Lack of isotopic equilibration between these magmas (see
Chapter 4) suggésts that they did not pool in shallow magma chambers; the implication is that
they were tapped at depth and brought to the surance‘ rapidly and with most of their heat intact. It
will be recalled that secondary amphiobole is cc;mmon only in the Glover's Harbour and Nanny
Bag Lake suiles , perhaps also a manifestation of higher ambient heat flow during this phase of
Wild Bight Group histdry {Section 2.8, Figure 2.10). The rise of such hot magma would be an
additional factor in promoting vigorous hydrothermat circulation. The ability of the fracture
systems to bring these magmas to the surtace 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.




63.2 Coeval ’Mlnemllzaﬂon Elsewhere in Cehtral Newfoundland

By considering the comelations proposed in Chapter 5 for Llanvimian to Caradocian volcanic
sequances in Central Newfoundland, it is possible to suggest scme volcanogenic deposits that
may be temporai and paleotectonic equivalents of deposils in the Wild Bight Group.

The most obvious correlations are with the Exploits Group, where w;ell developed
volkcanogenic 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 vblcanics are similar to the I1AD group depleted tholeiites
inthe 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 # further data show that the middle or lower Summerford Gnoup
volcanics have island arc charactenshcs further exploration in this area may be warranted.

The only well - daled correlative deposit in south-central Newfoundland is the Victoria
deposit, associated with late Llanwrn fo early Llandenlo mafic and felsic volcanic rocks. The
affinity of these rocks is not known as there are no published geochemical data but the
presence of lels?c volcanic rocks suggests a probable arc setting, by analogy with the 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 Flaxure are probably coeval with the Wild Bight Group deposits. Two principalla‘
deposits, the Strickland (Stackhouse, 1976; Wynne and Strong, 1984) and the Baraswaytde
Cerf (Swinden, 1982), are dominantly Zn-Pb-Ag deposits reflecting the déminance'of felsic

volcanic rocks (and perhaps continental crust) in the Substrate. It is not clear whether the
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transition to back-arc conditions is recorded in these sequences as there are no rﬁaﬁc volcaﬁic
focks 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 P:ani‘r’\sum (Little Bay;

Whalesback, numerous smaller deposits) 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 composition of lead in 25 volcanoge nic sulphide deposits and occurrences in
Central Newfoundland has peen determined and compiled from the literature, in order to aliow
comparison with the Wild Bight Group and to provide turther evidence for regional correlations
and paleotectonic interpretations within the Central Mobile Belt. In most cases, lead in galena
was analysed. However, when galena was not available, trace amounts of ‘.Iead M pyrite,
sphalerite or stibnite were analysed.

Lead isotope data from volcanogenic mineral deposits complement whole rock radiogenic
isotope data. As Gill (1984) has pointed out, the lead in any volcanogenic sulphide deposit is a
oompo.site of alt thé lead sources that are present within the volume leached by the
hydrothermal convection celis. it, therefore, presents an integrated lead isotopic composition for
the underlying rocks which, of course, is weighted towards those sources with abundant lead
(e.q. sialic crustal sources) as opposed 1o depleted or primitive mantle sources. it should be
poémed out that isotopic studies of volcanic rocks in modern cceanic islands suggest that some
mantie sources are enriched in radiogenic lead with respect to primitive mantle (e.g. White,
1985; Zindier and Hart, 1986) and the presence of evolved lead in volcanogenic sulphide

deposit may, therefore, not necessarily reflect a direct arc-related, sialic input. Interpretation of




* observed relationships compared 1o, for example, the Zartman and Doe (1981) model growth
curves srbuld, therefore, be undertaken with caution.

Any observed lead isotogic composition measured in a volcanogenic sulphide deposit will
probably be the résult of at least two stages of mixing of lead from various sources, the ﬁr"st stage
occurnng 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 tormed .through mixing and partial melting of two or more
isotopically distinct source areas (Chapter 4). Lead is an incompatible element in these
circumstances and will be concentrated in the melts. Each magma inlI have a lead isotopic
composition which reflects the proportions and degree of partial melting of the different sources
that contribute 16 the melt. Ascent and eruption of these magmas will produce a voicanic
stratigraphy, with rocks of various isotopic compositions which have not equilibrated with éach
other isolopically and whose isotopic compositions retlect source area mixing processes. in
some island arcs, this substrate may also include 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
factor§ including: 1) the ability of the fluid in any particuiar part of the hydrothermal cell to extract
lead and transport it, for example, the lead that prevails in areés where the fluids are hone;t and
most acidic might have a correspondingly greater influence in the mi.x 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 will concentrate lead further in the felsic producls. The relati_vely high
lead concentration in these rocks will allow ilto exert a disproportionate influence on a mixture
subsequently produced in hydrothermal fluids. 3) Presence of sediments in the stlratigraphy,

sadiments are relatively porous with respect to most voicanic rocks and the effective surface

area of the feldspars with respect to fluid circulation will be correspondingly higher. This lead will,

therefore, be more readily acquired by the hydrothermal fluids.




This discussion is meant to highlight three ‘pertinent points with respact to interpreting lead
isotopic data in volkcanogenic ore deposits: 1) all lead isotope compositions In volcanogenic
sulphide deposits rasult from 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 isolopic
compositions that are related té the magma source‘s and magmatic history of the complex; 3)
stratigraphic variations and or varations 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, it distinctive, may provide a useful fingerprint for
classifying sequences of unknown affinity.

In ancient terranes, the integrated lead isotope composition of a volcanic pile, as reflected in
the ore lead, permits comparison and correlation of volcanic 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 ditferent nappe
slices in northermn 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 deposits from various volcanic sequences across
the Central Mobile Bett are compared and correlated to support geologically and geochemically
based correlations of the host volcanic sequences. These data are then used to fest
conclusions about the paleotectonic history of the Central Mobile Belt reached in Chapler 5 and

to fbntatively evaiuate the significance of major structural discontinuities within the bet.

6.4.2 Analytical Methods

The data used in this study are a combination 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 Connelf




Option and the Sk;dder basalt by Cumming and Krstic (in press).

The new data presented in this ihesis was produced by Geospec Consultants, Edmonton,
rAlbeQa. under contract to the ‘Geological Survey of Canada. Analytical methods have been
described by Thorpe et al. (1984).

- Analyses were performed on a Micromass MM-30 mass spectrometer and all measured
isotope ratios have been normalized to approximafely absolute values on the basis of numerous
measuretnerts of the U.S. National Bureau of Standards reterence lead NBS-981.

Analytical uncertainty limits, estimated by the Geological Survey of Canada based on
duplicate measurements of a large‘number of specimens over the period 1982 to 19886, are:
206p,204pp + 0.064%, 207P0i204p + 0.068% and 208Pué°4pb 1 0.075% (R.I. Thorpe,
pars. comm., 1986). Duplicates reported in Table 6.2 tor the Tulks Hill, Victoria E\nd York Harbour

deposits are within these uncertainty limits.

6.4.3 Results

6.4.3.1 Introduction

Analytical 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 and each deposit class is plotted

separately. Model lead evolution curves from Zartman a‘nd Doe (1981) are shown and, for ease
of reference, three fields representing: 1) deposits in the Buchans-Robed's Arm Bel, the
Lushs Bight Group and the Bay of Islands ophiolite; 2) deposits in late Cambrian island arc
sequences; and 3) deposits in Llanvim-Liandeilo istand arc sequences so(jth and east of the

Buchans-Robert's Arm Belt.
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Table 8:2: Isotopic composition of lead in volcanogenic sulpide deposits in Central Newfoundiand
° - new data acquired for this study. Other data sources are referenced in text.

SPL.NO.
TQB83-146
TQ86-22 -
TQ 86-29
TQ 83-30
TQ 83-151
TQ83-151
TQ83-152
TQ83-150
TQ 83-153
TQ 80-85
TQ 80-85a
TQ 821
TQ 81-50
TQ 81-54
TQ83-29
TQ 86-19°
TQ 86-29
TQ 80-83
TQ 80-84
TQ 831
TQ 86-84
TQ 86-85
TQ 88-86
TQ 86-87
TQ 81-52
TQ 81-51
TQ81-53
TQ 72-63
TQ 72-62
SP 2999
SP 3033
TQ 86-88
TQ 86-89
TQ 83-58
TQ 72-78
TQ 72-78
TQ72-78
SP €89
TQ 72-67
TQ 72-69
KQ 81-55
KQB 82-4
XQB 82-12.
KQ 74-18
KQ 81-58
KQ83-33
KQ 83-21
KQ 83-22
KQ 83-17
KQ 83-19A
KQ 74-28
1884-1097

KQ83-72
KQ 82-73
KQ 83-78
KQ 83-78
'KQ 83-77
KQ 83-77
KQ 83-08
KQ 83-08

DEPOSIT NAME
Luscomb Point
Taylors Room

Stuckless { Moreton's Hbr.)

Seal Bay

Point Leamington
Point Leamington
Point Leamington
Point Leamington
Point Leamington
Victoria

Victoria

Tulks Hil

Tulks Hill

Burnt Pond

Tally Pond

Duck Pond
Hayden Steady
Barasway de Ce:f
Strickland
Facheux Bay
Great Burnt Lake
Great Burnt Lake
Great Burnt Lake
Great Burnt Lake
Shamrock

Qil islands
Catchers Pond
Pilleys Isiand
Pilleys Island
Ming

Ming
Whalesback

‘Whalesback

Betts Cove

" York Harbour

York Harbour

York Harbour
Maclean

Maclean

MaclLean

MaclLean Extension
Maclean Extension
Maclean Extension
Oid Buchans
Oriental #1 East Pit
Oriental Extension
Lucky Strike

Lucky Strike

Lucky Strike North
Lucky Strike North
Engineer
Clementine

Connel Option
Connel Option
Connet Option
Skidder

Skidder

Skidder

Skidder

Skidder

Skidder

Skidder

Skidder

HOST
Shoal Arm Fm

Moreton's Harbour Gp.
Moreton's Harbour Gp.

Wild Bight Group
Wiid Bight Group
Wild Bight Group
Wid Bight Group
Wild Bight Group
Wild Bight Group -
Tuike Hitl voicanics
Tulks Hili volcanics
Tulks Hill voleanics
Tulks Hitl volcanics
Tally Pond voicanics
Tally Pond volcanics
Tally Pond volcanics
Tally Pond volcanics
Hermitage Flexure
Hermitage Flexure
Hermitage Flexure

Cold Spring Pond Fm.
Cold Spring Pond Fm,
Cold Spring Pond Fm.
Cold Spring Pond Fm.

Cutwell Group
Cutwelt Group
Catchers Pond Gp.
Roberts Arm Gp.
Roberts Asm Gp.
Pacquet Hbr. Gp.
Pacquet Hbr. Gp.
Lushs Bight Group
Lushs Bight Group
Betts Cove Complex

Bay ot Islands Complex
Bay of Islands Complex
Bay of Islands Complex

Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp
Buchans Gp

. Buchans Gp

Buchans Gp
Buchans Gp
Buchans Gp.
Buchans Gp.
Buchans Gp.
Skidder basait
Skidder basalt
Skidder basalt «
Skidder basait
Skidder basalt
Skidder basalt
Skidder basalt
Skidder basaft

MINERAL  206/204 2077204

galena
palena
stibnite
palena
sphalerite’
pyrite
pyrite
pyrite
pyrite
galena
galena
galena
galena
gaiena
galena
galena
galena
galena
galena
galena
pyfite
pyfite
pyrite
pyrite
galena
galena
galena .
galena
galena
galena
galena
pyrite

- pyrite

galena
galena
galena
galena
galena
galena
galena
galena
galena
palena
galena
galena
galena
galena
galena
galena
palena
galena
galena
sphalerite
sphalerite
sphalerite
galena
galena
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite

18.180
18.163
18.156
18.212
18.223
18.214
18.211
18:883
18.342
18.161
18.159
18.144
18.142

18.138:

18.156
18.153
18.156
18.235
18.333
18.217
17.745
17.846
17.768
17.797
17.844
17.894
17.544
17.922
17.937
18.175
18.169
17.843
17.903
17.997
17.851
17.857
17.864
17.829
17.823
17.823
17.621
17.820
17.832
17818

©17.823

17.825
17.832
17.829
17.828
17.815
17.883
17.828
17.735
17.731
17.732
17.639
17.586
17.629
17.834
17.644
17.638
17.684
17.685

15.607
15574
15.580
15.608
15621
15.607
15.613
15 664
15818
15619
15.624
15.571
15.575
15.576
15.583
15 568
15.580
15.660
15.663
15.630
15.484
15.485

T 15478

15.488
15.488
15.499
15.428
15.522
15529
15.613
15.508
15.543
15.513
15.571
15.489
15.498

*15.508

15 492
15.430
15.488
15.488
15.490
15.498
15.496
15.491
15.497
15.496
15493
15.492
15.489
15495
15.491
15488
15.488
15.488
15457
15.445
15442
15.445
15.445
15.452
15.455
15.455




Figure 6.4 - Location of deposits represented by lead isotope data. Base map and Iegend same

as Figure 5.5. Deposit numbers are keyed to Table 6.2.
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Fi?ure 6.5 Iso!orﬁic composition of lead in Central Newfoundiand voicanogenic sulphide deposits, subdivided tor egse of
relerence into different geological and/or interpreted paleotectonic settings. Solid curves are model lead growth curves after
Zanman and Doe (1981). UG - upper crust; O - Orogene; M - mantie. A - deposits in Llanvimian to Caradocian sequences; B -
deposits in late Cambrian, arc-related rocks; C - deposits in the Buchans, Robert's Arm and Cutwell 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 Lianvimian-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)(Figure 6.5A)

These deposits 'have the most radiogenic lead of any volkcanogenic sulphide deposits in the
Central Mobile Belt and plot mainly along a ditfuse, steep trend between the Orogene and
Upper Crustal growth curves on the 207pb/204pp piot.

Two deposits iﬁ the Wild Bight Groub are represented, the Indian Cove and‘ Point
Leamington deposits. Because there is no galena in the latter, pyr’ite and sphalerite were-

7 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 moditied 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 compasition.
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 206pb204py, ratio than the

207ppy204py, bacause of the relative scarcity of 238U in the Phanerozoic environment.

Lead data from pyrite and sphalerite must, 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 samples that deviate significantly from the mean are
rejected as probably contaminated.

In the case of the Point Leamington deposit, three of five samples 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 Bight Group.
Two samples that are anomalously enriched in radiogenic lead are interpreted to be
contaminated and are not included in the discussion that follows.

Lead isotopes in approximately coeval deposits elsewhere in the Central Mobile Belt are




generally similar to those in the Wild Bight éroup. The Victoria deposit and one analysis from a
stratiform occurrence in the Caradocian Shoal Arm Formation plot with the Wild Bight Group
samples suggesting similar lead sources.l Deposits in the Hermitage Flexure area contain lead
which has 207Pb/204pp ratios consistently more radiogenic than in the other Llanvirnian -

Caradocian deposits but 208pPb/204py 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

t
Newioundland 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 intruded by the 507 Ma Twillingate
Trondhjemite (Strong and Payne, 1973). Despite their geographical seRaration and contrasts in
their stratigfaphic succession (compare Strong and Payne, 1973, and Kean and Jayasinghe,
1980, 1982), the measured lead isotopic compositions in the three sequénces are very similar,
clustering near the Crogene model curve on the 207pp/204pp 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 Cutwell Group )(Figure
6.5C)
The isotopic composition of lead in deposits in Arenigian volcanic rocks of the Buchans -

Robert's Arm Belt and the Cutwell Group is consistently less radiogenic than in bdth late

. ‘

Cambrian and Llanvirian-Caradocian deposits to the south and east. The various deposits piot
in a relatively shallow, linear, trend which generally lies between the Mantle and 0rog"ene model
curves on the 207 pp/204pyp diagram. There are significant variations between deposits in

ditferent parts of the belt but deposits in each specific area have distinctive and, in the case of

356
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multiple deposits in the Buchans area, unitorm, lead isotope compositions. The ﬁ’illeys Island
deposits are significantly richer in 207 Pb/204pp but not in 208pPw204py refative to the

Buchans deposits.

6.4.3.5 Deposits in western Dunnage Zone ophiolitic rocks (Figure 6.5D)

Lead isotopes in deposits hosted by ophiolitic sequences north and west of the Buchans -
Robert's Arm Belt appéar to fall in three groups: 1) deposits in the Lushs Bight Group and the
Bay of Islands Complex which are similar to the Pilleys Island deposit; 2) the Skidder depostt,
which is less rébiogenic than the Buchans deposits, particular in 206Pb/204Pb, and 3) deposits
associated with ophiolitic rocks on the Burlington Peninsula, (the Ming deposit in the Pacquet
Harbour Group and the Betts Cove deposit) the former having relatively fadiogenic I'ead and
plotting with the Ltanvim - Llandeilo eastem arc deposits and the latter having Ie_ss radiogenic

lead, plotting closer 1o the field of Buchans - Rober's Arm Belt deposits.

6.4.3.6 Deposits of uncenain affinity (Figure 6.5€)

Two deposits are included under this headir;g. Both are in fault bounded sequences of
uncertain relationship 10 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 Belt.

The Great Burnt Lake deposit is hosted by basalt of the Coid Spring Pond Formation
(Swinden, in press). This is the only analysed deposit south and east of the Buchans - Robert's
Arm Belt which has non - radiogenic lead compositions. Lead isotopes in this deposit are
distinctive; 207ptv204py is similar to the Buchans deposits but 298pPb/204Pb is much lower
and plots outside the Buchans - Robert's Arm field on the 208Pty204pp versus 206p5,204pp

diagram.
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6.44 Correlation of Geological Units and their Tectonostratigraphic Relaﬂohshlpa

The lead is:otope data generally support correlations previously suggested by geological
and geo<;hemical data, particularly with respect to the ptace of the Wild Bight Group in Central
Mobile Belt development. The consistency of Iead'is'olopic compositions in deposits ffom
geographically separate but geologically correlaliv:a units in Central Newfoundland {e.g. the Wild
Bight Group and the Victoria déposit) suggests that fhese deposits indeed record the
integrated lead isotope composition of their volcanic hosts and probably represent a single
tectonostratigraphic environment. A corollary tovthis’is that consistent co:;:sts in lead isolc;pic
compositions betwean ggologic units (which may or may not be distinguished on geological
grounds) serve to identify teclonostratigraphic terranes with contrasting lead sources and
po‘ssibly different pal_eotectonic iﬁstories.

The data are consistent with the interpretation that the Lianvirn-Llandeilo, arc—related'
volcanic sequences are par of a single tectbnostratigraphic terrane (Chapter 5). Taken as a
whole, the integrated lead isotope com;l)osition of this terrane is the most 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, :1 980). 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; seb Figure 6 5A).

The steep, diffuse, linear trend that the deposits, as a whole, define, is best inlerpreted as
a mixing line. Continental crustal material, with lead isol;apic cor.nposition similar to the Hermitage
Flexure deposits, is probably the most radiogenic end member. Lead from the Hermitage
Flexure subarc crust is most likely to have been introduced to the intra-oceanic arcs of the
Victoria Lake and Notre Dame Bay area thfough subauction of continentally-derived Isedim_ems
Such a process is consistent with the postuléted influence of schducted sedim;nls
on the Wild Bight Group magmas interpreted from geochemical and isolopic aata (Cha;’mer 3).

The less radiogenic end member may be a mantig source (cf. the Mantle model curve of

\
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Zantman and Doe. 1981). However, a more plausible suggestionis_that' nt 'is ihe lead inthe fate
C_ambrian arc sequences. Older aﬂ ):ounger rocks are stméturztly juxtaposed in>mos! areas ‘
(e.g. the Tally Pond volcanics w'nh- the younger parts of the Victoria Lake Group and the |

Moreton's Hari:vour Grdup with the Exploits and Summerford Gro;Jps). the older sequences may

record the early history of a long-lived, intermittently active, sub_dt)ction complex, the end of

xS

which is rec;orded by the Wild Bight Group and equivalents. During the Llanvirn - Llandeilo, the
Cambrian sequences may have been basement to youngef arc,-providing a mechanism for the
incorporation of lead from them in the younger deposits. )
Volcanoge nic sulphide deposits in the Buchans - Robert's Arm Belt, and in island-arc

related rocks of the Catchers Pond Group (Jenner and Szybinski, 1987) have mur:h less )
‘radiogenic lead and in this respect are sirhila( to deposits in adjacent ophiolitic rocks (the L'ushs-
Bight Group and the Skidder basalt) and to the Bay of Islands ophiciite. The data spread out
along a diﬂﬁse trend which, as tfor the depo;its previously discﬁssed. can be in;erpreted as a
mixing line. Bell and Blenkinsop (1981) previbusly commented on the relatively non-radiogenic -
nature of the Buchans lead, sugge_s.ting ;hat the lead must have evolved in a low-u environment._
They noted that similardy non-radiogenic lead had been shown to be characteristic of the
Grenville Province in Ontario by Fletcher and Farquhafg’(1977) (subsequently expanded upon by
Fletcher and Farquhar, 1982). Swinden et al. (in press)' have recéntly shiown that very
non'-radioge.nic lead is also characteristic of epigenetic deposits in Carpbrian carbonate rocks
which overlie the Grenvillian basement in western Newfoundland and interprete'd it to reflect ar
very iow-;i basement saurce. The inﬁlication is that sedimentary lead sources in the istand arcs
of the Buchans - Roben's Arrﬁ belt m;y' have been derived fro_rﬁ crust w?_!h a cohsiderably less

radiogenic bulk radiogenic lead composition than those in the arcs to ‘the east. The results of
- Fletcher and Farquhar’(i<982) and Swinden et al. (in press) indiéate that such a source'was
probably present in the Grenwvillian metamorphic terranes »f the ancient North American

continental margin.

Similarly non-radiogenic lead in the Lushs Bight Group may also include a contribution from
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these non-radiegenic crustal sources. Preliminary geochemical data (G. A. Jenner and B. F.|

- -

Kean, personal communication, 1987) indicate that at least some rocks in the Lushs Bight Group

probably evolved in a supra-subduction zone environment. It is réasonab!e 1o suggest, on this
basis, that lead from subducted sediments may have found its way into the magmas and the
non-radiogeﬁic compositions of the deposits suggests that this ied was similar to that which
contributed to the Buchans deposits. The Skidder basah has the least radiogenic uranogenic
Jead of all the ophiciitic sequences although thorogenic lead is anoma'lc:usly high (at cbnsta'nt
206py204p). The contributing sources were radiogenic Iead'-depletjed but appear.to have
had Somewhat diﬁérent Iead parent ratios. There are no independent data to suggest whether ‘
crustal lead may be a component in the Skidder magmas. However, the factthat it lies on an
apparent mixing line between the Catchers.Pond anci Buchans deposits suggests a cp_mbonent
of the same non:radiogenic lead (e.Q. Grenvillian crust?) as these seduences. .

Leadinthe York Harbour depoéit in the Bay of Islands Compléx has isotopically similar lead
to the Lushs Bight and Robert's Arm Group deposits. Although recent workers are agreed that
this ophiolite probably formed in a back-arc basin (eig. Upadhyay and N\eale, 1979; Dunning and .
Krogr}1§85),-geocr:emical data (Malpas, 1976, 1978) and Nd isotopié data» {Jacobsen and
Wasserburg, 1979y suggest that the magmas are’N—MORé type and unlikely to have received
' much input from either crus.tal or enriched mantle sources. This being the case, the'aeposit may
record awgpproximate composition for Early Ordovician depleted mantle

The position of the deposits on the Burlinglon Peninsula in this framework is equivocal. The
very fadiogenic lead in thg’lvﬁng deposit suggests a correlation with the Llanvim-Liandeilo arc ’
sequencss. However, stratigraphic rel:ationships. particulér!y the cqrrelation of the Betts Cove
Conplex-Snook;s Arm Group transition with the Lushs Bight Group-Waestern Arm Group
transition (Marten, 1971), suggest that a correlation between these rocks and the Lushs Bight
Groub is more geologically acceptable. Fu’nhem\ore, lead in the Betts Cove deposit is rather less
radiogenic than the LIanvimian—Caradocian deposits, cioserl in comyposition to the =

. . ]
Buchans-Robert's Arm belt. f the Betts Cove and Ming deposits are stratigraphically equivalent

>




(e Q. H»bbard 1983) the range of lead isotope oomposmons ir'this area must be considerably
different than (alben overlapping) the field of younger deposits. It Is possible that Ordovician
volcanic sequences on the Burlmgton Peninsula are not tectonostrat»graphucally relaled to
either the Buchans-Robert's Armor younger seque}\ces. but are part of a separate subduction
cdmplex withr independent lead isoto_pic charécteristics. For the time being, this question
remains’unresolved.

The affinity of the Cold Spnng Pond'Formahon is hkemse unresolved. Basans:h;t host the

\ 'Grea_t Burnt Lake deposit have a geochemistry suggestive of an oceanic island or E-MORB.

affinity (Swinden, in press) and, therefore, may not contain a contributioﬁ of slab-derived crustal
lead trom any continental area. Its distinclive lead sotop;c corhposmon particularly with regard to
the low 208pp/204pp at constant 206pp204pp, does not suggest a corrglation with any ather
deposits in Central Newfoundland but probably reflects an integration of mantle sources in a
back-arc basin. The age of the Cold Spring Pond Formation is unconstrain'ed 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 1orthé Paleotectonic History of Central Newfoundland

The tectonostratigraphic history of the Dunnage Zoneé is appa}enlly'bomple;, ana
considerable dat‘a are still needed to clarify most of its aspects. However, the availablggata_allow
intérpretation as tosome 6! the Ordo-vician relationships of the various elements and encourage

speculation as to some others.

There is a clear bipartite subdivision of geological units in the Central Mobile Bett base:‘og

the isotopic composttion of lead in their volcanogenic sulphide deposits (Figure 6.6). The more
radiog;nic‘group comprises island arc sequences south and east of the Buchans - Robert's Arm
beh (irrespective of age) and the less radiogénic. the island arc and ophiolitic sequences in and
northwest of the Buchans- Rot_)ert's Arm Bén (also inrespective of age). Within this framework,

7 there are two anomalies; deposits in ophiolitic rocks of the Burtington Peninsula hava isotopic

\
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characteristics which appear to be intermediate between the two major subdivision while those
in the Cold Spring Pond Formation in the southeastern Dunnage Zone have a thorogenic lead

signature that is distinctl;l lower than any other in the Central Mobile Belt at equivalent -

208pp,204pp. “ 4
This bipartite distribution of lead isotopicoconp;sitions is best interpreted as reflecting the

presence of at least two majog-tect.onostratigraphic terranes'in the Central Mobile Belt, here

termed for convengence the Hermitage-Exploits Terrane to the southeast and the Red

Indian-Green Bay Terrane to the no;lhwest (Figure 6.7). The ;:ontact between these terrar;es is

a major structural discontinuity wh;ch has several names along its strike extent. In the southwest,__»

it is termed the Lloyds River - Red Indian Lake Fault. Further north, this fault can .t;e recognized

[
east of Great Gull Pond as a zone of extensive ductile shear and mylonitization (Swinden and

Sacks, 1986) and close to Notre Dame Bay, it is correlated with the Tommy'’s Arm Fault which

forms the base of the Robert's Arm Group '5n this area. InEastem Notre Dame Bay, this boundary

’

is represented by the Luke Arm Fault, which can be traced from the Forlune Harbour Peninsula

&

eastwards to New World island.
. . Y
The Hermitage - Exploits Terrane is interpreted to record a subduction complex that was

active 1rom‘the late Cambrian to atest Llandéiliafl or earligst Caradocian time. By a'na1ogy with
modern plate margins, it is unlikely that this was a contiriuously active island arc for approximately
60 Ma. Réther, itis e\r;wisaged as a long-lived plate margin which probably saw intermittent

- subduction and back-arc activity. Two ages of island arcs have been‘identiﬁed to date; mc;re may,
be identitied as geochemical and isotopic studies are expanded in this area. The fatest island arc
activity may have spanne‘d (0( .at least approached) a continental margin which lay under or .
direcﬁy south and east of the Hermitage Flexure. The polarity of this subduction system is not
knowh. It the interpretation of the sourc-:e 6( lead in the intra-oceanic cieposits is corre')ct, it implies
:hat detritus from the Hermitage Flexure was being subducted, perhaps indicating subduction

towards the north and west. if this is correct, the subduction zone must fiave been sited behind

(i.e. south and east of) the present Hermitdge Flexure in order for arc volkanism to have occurred
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Figure 6.7 - Tectonostratigraphic subdivision of the Dunnage Zone based on lead isotope data.

Base a‘rd legend as for Figure 5.5.
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~ o
slmttltaneously in this area and in the ocean to the north and west. Alternatively, subduction may -
have been towards the fouth and east dﬂd sedlment may have been carried across the forearc .

. into (h'e trench. - ' ‘

The only identified rocks of back-arc affinity associated with this subdt_:ction complex are
those immediately beneath the Caradocian shale. it is possible that ophiolitic rocks of the GRUB
and the Pipestone Pond-Coy Pond Complexes formed in a back-arc basi.n related fo this

subduction complex. Their age (approximately 494 Ma, Dunning and Krogh, 1986) is consistent

with such an interpretation (i.e. they couki have formed in a back-arc basin related to the late
Cambrian arc sequences). l
/\ The Red Indian - Green Bay Terrane is interpreted to represent a different sttbduction
| oomple;t in which lead from the ancient North American continental margin was a major
contributor to the magmas and hence the associated pres. Thig is consistent with the long-held
.view of eastward subduction in Central Ne;vtoundland (Church and Stevens 1971; Strong et
al., 1974b Searle and Stevens, 1985), followed by collision of the island arc and obduction ot
ceanlc sedimentary and ophiolitic rocks (the Taconian Orogeny). The apparent presence of
éad in the arcs derived from a low-p 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 .Gtoup, the Skidder basait and
-the Bay of Islands Complex in this view could represent a complex series of arc and bat:k-qrc
~ sequerces of various ages related to this subduction complex. Other sequences which may be
, part of this system but for which t&re are no lead isotope data include thie Annieopsquotch
Complex and related rocks (Dunning and Chorlton, 1985; Dunning, 1987) and the Mansfield
Cove/ Hall Hilt Complexes immediately west of the Raben's Ann Group (Dunning et al., 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 eastem

Notre Dame Bay (l.e. the Sansom and Pomt Leamington greywickes 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\_lancing southwestwards as thrust sﬁeets dl:ll’ihg the late Or-dovician - sarly
Silurian. If this interpretation is correct, the Robeﬂ's ;rm Group and rocks 1o the west were
sheg¢ling detritus 9aétwards into a back-arc basin that was partly floored by the upper Wild Bight
Group (because there is a conformable sequence from the Wild éight Group upward into the

Caradocian shale and, thence, into the Point Leamington greywackae). The structura! boundary
between the Robert's Arm Group and the sequences to the southeast, then, may be more
significant thanumerely another back-arc thrust (e .g. Kusky and Kidg, 1985). it may, in' fact, reco@
the tectonic juxtaposition of two §epafate paleotectonic terranes during continued telescoping
of the remains of lapetus.following the Taconian event. '

The place of the Burlington peninsula ophiolites in this framework is equivocal. The lead
isotopic evidence does not clearly relate them to-either terrane. Their boundary with the Red
Indian-Green Ba.y Terrane is the Gr\een Bay fault, a major structure whose latest movement ‘

appears to be strike slip (Coyle ané Strong, 1987; A. Z. Szybinski, pers. comm., 1987), but the

amount of displacement is uncertain. L atest movement on this fault is at least as y:ung as

Silurian because it affects Springda.le Group rocks of this age. Any earli‘er mévement histofy is, to

date, unresolved. The lead isotopic evidence does not suggest a clear correlation with any
deposits in the Burlington Peninsula whht\"e Red Indian - Green Bay Terrane and, infact, 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
nAecessary 10 assess their relati{onship with the sequences in the Red Indian-Green Bay Terrane.

" The correlation of the Moreton's Harbour Group in easte;'n Notre Dame Bay with the arcs of

the Hermitage - Exploits Terrane (suggested by the lead isotope data), as well as correlation of

the Char‘1ceport and Cottrells Cove Groups in this area with the Robert's Arm Group, raise a
_question of structural style in this area. if the comelations 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
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betwéen Triton Island and the Fortune Habour Peninlc,ula (Dean and Strong, 1976, 1977).
While th;se faults define the structural top of the Buchans - Robert's Arm Belt in their réspec;ive
areas, it now appears t{\gmhe hangip'gwall rocks are of quite different affinity iﬁ 'éast‘ern and
weastemn areal. In westt;(n Nolre Dan)e Bay, the Lobster Cove Fault is only one of lhany strike slip
- faults (A. Z. Szybinski, bérs.' ﬁo ., 1987) within the Red‘lndian - Green Bey Terrane and
]u;taposés rocks (the Robert's Arm and Cutyvell Groups) whiéh may not be greatly d_ifferent iﬁ
age. In eagtem Notre Dame Bay; however, the Chanpepbrt Fault bring.. in much older rocks,
which are apparently tqclonostfatigraphit’.:ally unrelated to ha'ngingwall rocks in the Greén Bay
area. This would appear to obviate the major rationale 16r a;rrelating {hese faults to begin with
(i.e. the inference that comelalive rocks were present to the norih and south in both areas). The
current view of this fault as a single.l)sinuous\, structure \f:hich traverses virtually all o! Notre Dame
Bay needs fo be reexamined. The Lobster Cove Fault may equally 'wéll trend northeastwards out
to sea from Triton Island, the C.hancepon Fault being an allogether separate structure.

A final possibility that migr;t be entertained is that the Burlington Paninsula and the
Mqreton's Harbour-Twillingate area are part of a single large structural terrane, isofopically relat éd

o the Hermitage:Exploits Terrane but separated from it structurally. This is consistent with the

lead isotopic data and would require that the Green Bay Fault swings around to the southeast

under Notre Dame Bay, joining up with the Chanceport Fault on the Fortune Harbour Peninsula. N

There are toc; few data'to further test this idea at the present time.

itis clear from the above discussion that there are still major problems to be addressed in
reconstructing the Ordovician geological history of the Nev.ffoundland Central Mobile Belt. It is
equally clear that detailed geochemicgl and isotopic studies have the capability of both pointing
Qut 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
tectonos;ratigraphic environments in this area and lead to a broad, and undoubtedly still
oversimplified, subdivision of the Mobile Belt into three contrasting regimes. If this subdivision is

corredt, the bouﬁdaﬁes of these tectonostratigraphic terranes can be well defined on the
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, ground. This proyides a good opportunity for détailed structural studies alor.mg these boundaries;
aimed at dgtermining whglher the sense and timing of movements a) are compatible v'vilh the'
proposals presented in this thesis arid b) further constrain the timing oftmajor structural events in

the Central Mobile Ben.

s

6.6 Summary and Conclusions

There are four volcanogenic mineral deposiis in the V\nid Bight Group. They occur

exclusively in rocks associated with Stage 2 (arc rifting) of Wild Bight Group development and‘
withih this environment, are c;ommonly associated with depleted tholeiites and rhyolites. The
mineralizi‘ng'event is interpreted 1o have been promoted by open fractures and rising geotherms
related to the onset of arc Nfting and, in this respect, is similar to well documented modern and
ancient deposits elsewhere.

The volcanogenic sulphide depc;‘sits in tﬁe Wild Bight Group can be correlated on the basis
of their paleotectonic setting with deposits in the Exploits Group and the Victoria Mine
sequence, strengthening correlations previously suggested by geochemical data (Chapter 5).

!;_ead isotopic studies of volcanogenic sulphide deposh§ in the Wild Bight Group and 23
’other volcanogenic sulphide deposits in Central Newfoundland, show that deposits in |h9
Hermitage Fle)fure and those in Cambrian arc sequences in the Victoria'Rive_r and easterﬁ N‘olre'
Dame Bay areas can also be correlated with the Wild Bight Group deposits (as tentatively
suggested in Chapter 5)-. The relatively radiogenic isotopic composition of lead in these
deposits comrasts‘sharpiy with less radiogenic lead in the Buchans - Robert's Arm Belt and

adjacent ophiolitic rocks and this is interpreted to reflect the presence of two distinct

tectonostratigraphk; terranes in th.e Mobile Beﬁ, termed_t‘t‘we Hermitage - Exploits and Red Indian
- Green Bay Terranes. These terranes are interPreted to have 1orm'g1 over separate subduction
complexes and to have been juxtaposeg during the late Ordovician and/or early Silurian during

telesoqu of the remnants of lapetus following the Taconian Orogeny.




. CHAPTER7

SUMMARY AND PRINCIPALY'CONCLUSIONS OF THE THESIS

7.1 Introduction

This thesis presents the results of a detailed geological, petrological, geochemical and
isotopic study of Ordovician volcanic rocks and their associated mineral deposits in the Wild Bight
Grbup, Central Ne;l;doundland. It is the first detailea study 61 the geologicai relationships in the
\;Vild Bight Group as a whole but, per’haps more sig;wilicanlly, ttis the fost detailed geochemical
and isotgpic study to dat; of‘aﬁy Ordovician volcaerc seduence in the New10ur;dland Dﬁnnage
Zone. The 34 Nd isotope analyses presented in Chapter 4 probably are the largest data set of this
kind for similar rocksA in the yhole Appalachian Orogen.

The thesis presenis a body of precise, interqaﬂy consistent, geochemical and isotopic déta
for a comprehensive, carefully chosen and prebared, sample suite. These data provide an
opportunity to examine felationships between whole rock geochehistw and both whole rock Nd
an(:J ore lead isotopes, and present a detailed picture of the changing magmatic and
paleotect_onic cénditions that accompanied continued _\_/olcanic activity refwrded by the Wild Bight ;

' .

Group. R
_. The Insights into the geclogical evolution of the Wild Bight Group provided by these daté

have important wider implications with raspect to the paleotectenic development of the

Newfoundland Cent"ral Mobile Belt. Correlations with coeval volcanic rocks, for which there are

fewer geochemical data, permit a tentative interpretation of their significance with respect to

paleotectonic events recorded By the Wild Bight Group.

The study has important implications for economic geology. particulany 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 tavoured mineralization. It provides a basis for focussing further exploration for this deposit

“type both in the Wild Bight Group and in nearby stratigraphically equivalent volcanic rock units.




7.2 Principal Results and Conclusions . | :
1) The Wlld Bight Group is a thtck (probably >8 km) sequence of domtnantty eptclastoc ‘
(~75%) and volcantc (~ 5%) rOcks The base of the Gioup is not axposed. The top is overlain
conformably by fossiliterous Caradocian (Middle Ordovician) shale.
Epiclastic rocks showa broad facies change t.hrougth the stratigraphic sequence. Basal
units are dommantly tine grained greywacke siltstone and argslhte These pass upwards intoa -
thick central suocessnon of mterbedded turbiditic greywacke and coarse, polylithic, chaotic

e

conglomerates interpreted as debris flows. The top ot the succession'is characterized by a

. finer-grained facies, with argillite and fine epiclastic greywacke, but gen'erally lacking

éonglomerates.

Volcanic rocks, dominantly pillow lava with lesser 'massive basalt and minor rhyolite. occur ht
all strattgraphtc levels in the succession. All rocks are cut by fine to coarse gratned malic sills a
dykes. Fteld geochemical and isotopic data are all consistent with thesé |ntnTs+ons etng
cogenetic wuth the Wild Bight Group mafic volcanic rocks.

1
' 2) Elevén separate volcanic accumulations have been i_dentitie_d within the \{Vild Bight
Group. Pillow lava dominates the matic succession in ten of these, massive basalt the other.
Felsic volcanic rocks oceur in five of these successions, generally forming small'rh.)ﬁnlite dc;mes
within the sequence. Volcanogenic sulphide mineralization is present in four of the volcanic™
sequenceé. '

3) Matie volcanic rocks now consist of a spilitic assemblage including some or all of chiarite -
albite - quarntz - epidote - sphene - amphibole - magnetite - calkeite, indicating metamorphism in the
greenschist facies. The ortly pmeser(led primary mineral is clinopyroxene, dccurring most
eommonly as phenociysts and less commonly in the groundmass The metamorphtsm is

mterpreted as resultmg trom sub-seatloor, hydrothermal activity, generally involving low (probably}

.
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less thari 3) water/rock ratios and |empératUrés in the range 200° 10 300° C. It has taused
considerable redl)siributi_on of the alkali and alkaline earth elements in ihe matic volcanic and
subvoicanic rocks but has not significantly affec;ed the less msbile transition metals, HFSE, REE,
or the Mg#, which can be used in most cases as an index of differentiation.

4) The Wild Bight Group ;'naﬁc volcanic rocks are geochemicatlQ heterogeneous. They |
have bundergone variable fractional crystallization and none are believed to repfesent primary
liquids in equilibrium with mantle phases. Two broad paleotec!onic environments, respectively of
island arc and non-arc affinity, have been identified using HFSE and REE relationships. Further
subdivision can be accor;{plished, using incompatible element rlelationships, a'nd.tive groups are
recognized, two of iéland ar¢ afﬁnﬁy and three of non-arc aifinity.

The tive geocherrnica| groupS show intemény consistent Nd isotopic cqmpositions and

relationships, supporting the validity of the subdivision.
<

The principal geochamical and isotopic chara(;lerislics of the geochemical groups, and the
petrog;enetic interpretations resulting from these characteristics, can be summarized as follows: ’
1) Island Arc Affinity
.i) IAD group: These rocks have severe depleiion in all incompatible elements, low Cr and
Ni contents, d%stinctive REE patterns with flat LREE at 1 to 5 times ohondritic and flat HREE at 6 to

8 times chondritic with a ‘step’ up between Nd and Eu.

-

Ep§iBnNd ranges from -1.210 +4.8 and there is a good negative correlation between

epsilony g and both 1475y 14ANd and Mg#.

These rocks are interpreted to result from a complex, multi-stage partial melting history that
involved hydroud partial melting of a very retractory sourcé. The source may have been.the

residue from panial meling o depleted mantle to form the 1Al group magmas (see below). The

s_ources' contain components of both dépleted mantle and crustally-derived material from the

subducted-slab;,
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ii) 1Al group: These rocks have incomﬁatible element concentrations and relationships

typical of island arc tholeiites. They include both L REE -depleted (low-K tholeiites) and

. "~
LREE-enriched (medium- to high-K tholeitte$) varietics. -,

[+4
For the LREE-enriched varieties, low epsilonNd (slightly negative to slightly positive)

, . .
indicates mixing between depleted mantle and slab-derived crustal sources. Petrogenatic -

modelling indicates moderate degrees;of partial melting. For the LﬁEE-depleted varieties,

epsilonng inthe range +6 to +7 indicates relatively lowar proportions of crustal source, ‘perhaps.

as a result of more complete paria! melting of the depleted mantle sources. Thege are typical
low-K island arc tholeiites;
2) Non-arc Affinity

iii) NAI group: These rocks are non-alkalic basalls with incompatible element

N .

concentrations similar to the [AI group but lacking the island arc geochemical signature. REE

patterns are flat to moderate!y LREE-enriched.

LREE-enriched varieties have epsilonyq in mé range +6 to +7.5 indicating mixing

between sources typical of some oceanic island basalis and normal depleted mantle. The most
LREE-enriched varieties have the lowest epsilonn g and may represent moderate amounts of

partial melting of only the OIB source; =

iv) NAT group: These rocks are LREE-enriched tholeiites which are transitional between

tholeiitic and alkatic basats. They have epsilonpq in the range +4.7 1o +7.0 and can be modelled

-

as limited partial meits’of an oceanic island basalt source .

.

v) NAE group: These rocks are alkalic basalts with epsilonpnginthe range +4.8 10 +5.7
. .
L

They can be modelled as the products of very smatl amounts of partial metting of an oceanic island
\ B

basalt source.

5) Felsic volcanic rocks are similar in composition to low-Al> O3 trondhjemiles. They have




.
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melting of plagioclase - pyroxene cumulate rocks near the base of the arc crust. Felsic volcanic
rocks are onjy associated with mafic volcanic rocks of island are affinity. Volcanogenic

mineralization is confined to sequences with an IAD group/rhyolite association.

6) As ageneral rule, volcanic rocks of island arc affinity are Interpreted to occur
stratigraphically below rocks of non-arc affinity {athough arc-related rocks do occur Ioca{ly at the
top of the sequence). Subvolcanic intrusives of arc aftinity cut only arc-related stratitied rocks
while those of non-'arc affinity cut all stratified rbclgs, indicating that the two paleotectonic
environments are stratigraphically linked and not merely structurally juxtaposed.

r

7) Geochemical and isotopic data can be integrated in a developmentat model for the Wild
Bighl‘Gropp through comparisons with modern oceanic environments. The geological history of
the Fiji platform provides a particularly good modern anatogue. Medium- to high-K arc tholeiites at
the base of the group probably record lhg 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 1AD group, LREE-depleted
arc tholeiites and rhyolites. Following the fragmentation of the arc, volcanic activity in a back-arc
region was eslablished with the initiation of magmatic activity witho;n the slab-related geochemical
signature, The broad environment was probz-xlbly still in the supra-subduction zone setting,
howevaer, as arc tholeiites, interbedded-with non-arc basalts, continued to erupt untit the

cessation of Witd Bight Group volcanic activity. » e

8) The association of volcanogenic mingralization with LAD.group pillow lavas and rhyolites
indicates that | oocurred during, and was a result 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{ning is probably rek%d to anomalously high heat flow

slightly LREE-depleted patterns’ at approximately 10 times chondritic, and may result from partial -

.
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. associated with eruption of the |AD group magmas.

-

9) Lead isotope data for sulphide minerals in the Wild Bight Group and throughout the

Newloundland Central Mobile Belt provide a good complerﬁent to the whole rock geochemical
data and suggest some correlations and patterns of lectonostratigraphic development across
cen-tral Newaoundland‘ Lead isotope data suggest deposil's in late Cambrian ;nd Llanvimian to
Caradocian deposits scuth and east of the base of the Buchans-Robert's Arm belt reprasen; a
broad tectonostratigraphic terrane which is different from that to the north and west. Within the
former terrane, lead isotope distribution in the younger deposits can be interpreted as resulling
from mixing between lead from the Cambrian sequences ar 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-radiogenic, lead which may have originated in th:a mantle or in the Grenvillian
rocks of the North American continental margin.

The two tectonosiratigraphic terranes, idgntified on the basus of lead isotopes 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: Volkeanic rocks are ordered by suite, subvoicanic rocks by fine grained and
coarse grained rocks respectively. Numbers refer 1o visually estimated modal percentage: no

point counting was undertaken.

Abbreviations: Ab - albite; Am - secondary amphibole; Bi - biotite; Ca - calcite; £h - chiorite: crptx -
cryptocrystalline material; Cpx - clinopyroxane; Ep - epidote; glx - glomerocryst; Hm - hematite: If -

iimenite; Mag - magnetite; Ol - olivine; Opq - opaque minerals; Opx - othopyroxens; Pl -

plagioclase; Ser - sericite; Sp - sphene; Qz - quartz.
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Petrographa: tabies {or the matc voicar rocks
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Petrograptuc tabies for the matic volcanc rocks {continued)
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Petrographic‘!abm for mafic intrusive rocks
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Petrographic tables for feisic voicanic rocks .
Suite Sample No. Groundmass mineralogy . Phenocryst mineralogy Vanie! mineralogy
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2140513 5
2140525, 10
2140535
2140537 -
2140538

60
75
90"
17 3
10
30
10
7
7

L

.
.
.
.
.
.

\Y
.
.
.
»
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" APPENDIX 2

ELECTRON MICROPROBE OPERATING CONDITIONS AND ANALYSES OF STANDARDS

‘ Cli:"-opyroxene, plagiociase, chiorite and secondary amphibole were analysed atMemcrial
. Universi;y of Newfoundland using a‘JEOL JX-5A electron microprobe microanalyser with threa
automated wavelength dispersive spectrometers.run by the Krisel control system.

+ All analyses were performed using a beam current of 0.220 mA and an operating voltage of
. 15 kv. Data reduction wa;e. carred odl by tﬁe Alpha program provided by Krisel using the Bence
;nd Albee (1968) correction reethod. Pyroxene standards ACPX (Kakanui augite) and FCF.’X
(Frisch pyroxene) wers use;d tor calibration. i

Table A2.1 shows the results of replicatg analyses/éfthe standards, including standard

deviation of the oxides and the homogeneily index. The latter index is a measure of the

homogeneity of element distri in the grain. Values less than 3 are generally considered to

indicate a homogeneous distribution. Minot elements may show an inhomogeneous distribution

because the calculation does not consider Background counts.
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Table A2.1 Replicate analyses of pyroxene standards

ACPX * ACPX FCPX

Averge3 Standard Homogeneity * Averge 4  Standard Homogeneity Averge 4 Standard Homogeneity
spots Deviation Index ¢ spots Deviation Index spots Deviation . Index

50.88 0.08 0.84 ° 50.08 0.21 2.30 o 51.53 0.27

8.18 0.07 098 * 8.10 0.07 1.11 7.79 0.05

6.07 0.14 190 ° 6.17 0.05 0.75 5.82 ~¥.0.04

16.02 0.17 1.51 16.15 0.11 0.92 15.31 0.19

1558 . 0.30 3.51 16.21 0.27 3.0} 17.51 0.25

1.36 0.02 0.39 1.38 0.04 0.61 1.25 0.08

0:01 0.00 ~ 3.71 0.01 0.00 3.55 0.00 0.01

0.82 0.02 1.40 0.85 0.03 2.1 0.79 0.02

0.14 0.05 7.1 . 0.15 - 0.02 2.60 0.13 0.02

0.16 0.03 8.00 0.18 0.09 6.40 0.02 0.01

99.22 99.28 100,15

1.853 - 1.831 1.864
0.350 0.349 0.331
0.184 0.188 0.175
0.870 0.879 0.825
0.608 0635 0678
0.096 0.09% 0.087
0.000 0.000 0.000
0.022 0.022 0.021
0.004 0.004 0.003
0.004 0.004 0.000
3.991 " 4.009 3.984
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Table A3.1: Ebdrmniawmb.uulysndphghchsothdBigNG:mpm!k:vdmﬁcms

Sample No. 140553 2140553 2140483 2140473 2140473 2140473 2140477 2140477 2140477
Volcanic unt* shb sbh oh gh oh oh gh gh

Analysis No. P177-1 P177-2 P78 P66-1 P66-2 P66-3 P70-1 P70-2 P70 3
Si02 71.08 71.79 nn 7381 7158 72.68 7306 68 71 7259
ARO3 2013 20.19 19.77 19.50 19.14 19.32 1967 2025 1978
FeO(tot) X 012 083 012 0.27 0.19 178 022 016
MgO 0.02 0.01 0.16 006 0.04 07 000 000
Ca0 : 054 070 | 0.00 009 014 023 012
Na20 ’ 995 750 . 11.44 11.30 885 11.92 1103
K20 : 0.09 013 ! 0.07 005 010 7 012 008
TiO2 0.02 000 ! 0.00 0.00 000 003 000
MnO : 0.00 020 : 0.00 0.00 007 001 000
Cr203 X 0.04 001 | 0.00 0.00 000 0.00 002
Total . 102.75 101.10 . 102.62 103.67 104 38 101.39 10376

Si : 3.027 2056 . 3035 3045 3.040 2.968 3039
Al ; 1.003 0.993 . 0957 0954 0.964 1.030 0975
Fe 0.003 0.029 . 0.008 0006 0.061 0007 0005
Mg 0 001 ) 0.002 0002 0044 0000 0 000
Ca . 0.024 0.031 0.003 0003 0.005 0010 0005
Na 0812 | 0626 ‘ 0.941 0917 0.714 0.989 0.894
K 0.003 0.008 0.003 0.002 0005 0006 0002
Ti 0 0 , 0.000 0.000 0000 . 0000 0000
Mn 0 0.008 , 0.000 0.000 0 001 0.000 0000
cr ’ 0 0 0.000 0.000 0000 0 000 000Q 0000
Total (8 Ox.) . 4872 476 4 495 4829 4834 5010 4020

Sample No. 2140554 2140554 2140554 2140554
Volcanic unt* gh gh gh gh
Analysis No. P1771 P177-2 P177-3 P177-4
Si02 71.19 70.76 70.50 7068
AROJ 1865 20.01 1968 19.27
FeO(lot) 0.18 0.07 007 027
MgO 0.00 0.02 001 0.11
CaO 0.36 0.31 0.16 028
Na20 . 10.74 945 9.04 721
K20 0.07 0.16 008 130
TiO2 0.00 0.05 0.04 0.03
MnO 0.01 0.01 0.01 003
Cr203 0.00 0.00 0.01 0.00
- Total 102.20 100.84 99 60 89.18

Si 3025 3.030 3048 3.073
Al 0.964 1.009 1.002 0.966
Fe 0.006 0.002 0.002 0.009
Mg 0.000 0.001 0.000 0.006
Ca 1016 0.014 0.008 0.013
Na 0.884 0.784 0.757 0.607
K 0.003 0007 .  0.003 0.071
Ti 0.000 0.001 0.001 0.000
Mn 0.000 0.000 0.000 0.000
Cr 0.000 0.000 0.000 0.000
Total (8 Ox)) 4518 485 4819 4765

° gh - Glover's Harbour; sbb - Seal Bay Bottom; sbh - Seal Bay Head




Table A3 2 Ebdmmwwmdwmlmwuﬂv‘u&mpm!kvmm :

Sample No. ’140473 2140473 2140477 2140477 2140477 2140532 2140532 2140532 .2140532
Volcanic unit* nbl nbl nbl nb}

gh . gh oh gh
Aralysis No.  A66-1 A68-2 A70-1 A70-2 A70-3 A152-1 A152-2  A152-3  A1524

Sio2 52.30 50.00 53.88 53.12 54.26 49.49 49.46 47.15 48.74
ARO3 2% 437 162 208 236 572 765 g 459
FeO(tot) 14.30 18.86 18.71 18.07 16.29 16.33 19.99 . 18.14
MgO 13.15 1228 12.81 13.08 11.68 10.96 11.18 . 1.27
Ca0 12.28 1.38 11.78 10.65 11.14 8.46 ) 11.42
Na20 , 0.44 0.05 050 2 132 083 121 ) 063
K20 004 0.01 007 ! 0.0 0.13 0.15 ; 0.17
102 0.01 0.68 . S 0.00 0.18 0.27 ) 0.16
MnO 030 038 , 0.14 056 0.54 . 0.64
Cr203 0.02 -0.00 ) Y 0.02 0.05 0.03 . 002
Total 95 9500 : : 95.39 98.91 97.27 9578

Si 7.739 7527 ) . 7.968 7.454 7.250 7.107 7.408
Al os 07N 0. . . 1.012 1.320 1.331 0.820
fe “1767 1.983 X . X 2.056 2.445 2.477 2306
Mg 2.901 2743 . . . 2458 2434 2158 2551
Ca 1.645 1.828 . - X . 1.795 ‘1.324 1.791 1.855
Na . 0128 0013 X . 0.238 0.339 0.248 0.183
K 0.004 0.000 ! . X 0.022 0.025 0.044 0031
Ti 0.000 0.075 . z 0.018 0.025 0.057 0.018
Mn 0.047 0.044 . X 0.070 0064 -  0.066 0.080
Cr 0.000 0.000 ! . ! 0.004 0.000 0.008 0.000
Total (23 Ox ) 15049 . 14991 | . 15127 15.227 15279 15.252
Mg/Mg+Fe 0621 0578 . ) 0.545 0.490 0.466 0525

Sampile No. 2140540 2140540 2140540 2140540 2140540
Volcanic un*  nbi nbl nbl nbl nbil :
Analysis No.  A162-1  A162-2 A162-1 A162-2  A162-3
SiI02 4850 4873 . 48.50 46.73 50.58
ARO3J 8.13 7.77 . 9.13 7.77 6.34
FeOftot) 19.22 19.22 z 19.22 19.22 19.98
MgO 8.70 917 . 8.70 9.7 9.35
CaO 12.05, 10.80 12.05 10.80 11.25
Na20 0.73 0.95 ) : 073 0.95 072
K20 048 ° OM 0.18 048 0.11 0.18
L?z . 012 027 0.16 0.12 0.27 0.16
le] 043 0.58 058 . X 043 0.58 058
Cr203 0.04 0.02 0.02 X 0.04 0.02 0.02

Total 80.40 05.62 90.16 . 96.40 95.62

si 7.118 7150 7.432 ) 7.118 7.150
Al 1576 1.396 1,008 820 1576 139
Fe 2365 2457 2453 . 2355
Mg 1800 2088 2043 1.899
Ca 1.890 1770 1.767 . 1.800
Na - 0207 0278 0.202 0207
K 0088 0018 0030 . 0.086
n 001 0027 0017 0013
Mn - 0,081 0.072 0069 0.051
cr 0000 0000 0000 . 0.000
Total (23 Ox ) 1520 15256  15.108 15.20
Mg/MgFe 0448 0450 0454 0.446

* oh - Glovers Harbolir; nbl - Nanny Bag Lake

2140532
nb!
A152-5
50.20
558
18.70
10.13
11.34
0.76
0.15
0.12
0.61
0.02
97.61

7.458
0.976
2.323
2240
1.805
0218
0026
0013
0.074
0.000
15133
0.491




Tabie A3.3: Electr >n microprobe analyses of chiorite from Wild Bight Group mafic volcanic rocks

Sample No.
Voicanic unit*
Analysis No.
Grain type**
Sioc2

AROJ
FeO(tot)
MgO

CaO
N0
K20
TiO2
MnO
Cr203
Total

Si

Al

Fe

Mg

Ca

Na

K

Ti

Mn

Cr

Total (28 Ox.)
Fo/Fa+Mg

Sample No.
Volcanic unt*
Analysis No.
Grain type“*
Si02

AROJ
FeO(tat)
MgO

CeaQ
Na20
K20
TO2
MnO
Cr203
Total

St

Al

" )
Ca

Na

K

]

Mn

Cr

Total (28 Ox.)
Fe/Fe+Mg

2140553
nbl
C152-1
om
26.068
19.33
26.75
14.14
0.09
0.09
0.14
0.04
0.32
0.00
86.96

5.595
4.889
4.801
4.523
0.019
0.031
0.038
0.006
0.057
0 000
19.959

%‘515

2140477
gh
c70-8

om
28.60
15.96
28.41
1509
0.24

000 °

0.03
0.00
0.14
0.02
88.49

6.060
3.968
5.034
4.768
0.049
0.000
0.006
0.000
0.019
0.000
19.0
0.514

2140553 2140553 2140477

nbi bl
c1522 C1523
om
26.34 25.89
. 18.65 18.29
2795 2732
- 13.09 1372
0.08 0.08
0.00 000
007 0.03
0.06 0.09
0.40 0.41
0.02 002
86.66 85.85
5.704 5.664
4763 4713
5062 4.996
4.229 4.476
0.013 0013
0.000 0.000
0.019 0.008
0.006 0.013
0.070 0.070
0.000 0.000
19.866 19.95
0.545 0527

2140553 . 2140553

sb sbb
1771 C1T7-2
om
2654 2820
16.39 1623
27.48 28.§A
1340 3339
013 < 009
010 ¢ 011
001, 001
004 002
0.61 0.60
0.0 0.00
847 86.98
5.908 6.109
4.300 4125
5117 5.102
4444 -~ 4310
0026 0019
0038  0.044
0.000 0000
0.000 0.000
0111 0.107
0.000 0.000
19945 10818
0.535 0.542

4 gh - Glover's Harbour; rbi - Nanny Bag Lake .
** gm - groundmass; am - amygduie

.

N

C70-1
am

29.77
15.68
27.09
16.34
0.37
0.05
003
0.00
0.18

0
89.54

6.175
3.838
4.701
5.054
0.079
07018
0.006
0.000
0.030
0.000
1990
0482

2140553
sbh
C177-3
om
28.38
- 16
2752
1348
0.04
0.09
0.00
0.00
065
0.02
87.10

6.085
42m
4904
4311
0.008
0.031
0.000
0.000
0113
0.000
19.753
0534

2140477 2140477 2140477 2140477 2140477 2140477

gh oh
C70-2 Cc703

am am
2785 31.30
15.75 1499
26.61 27.42
15.18 1479
0.07 026
0.04 007
0.01 003
0.00 0.00
0.13 0.02
0.00 017
85.64 89.05

6.060 6.508
4015 3675
4840 4768
4923 4588
0013 0.055
0013 0.024
0000 0006
0.000 0.000
0019 0024
0.000 0.000
1990  19.645

0406 0510
2140553 2140553
stb sbb
C1774 C1774
gm om
2023 28.18
17.55 16.99
2865 2855
14.40 1354
0.06 0.08
0.03 007
0.01 o001
0.02 0.01
0.61 065
002" ]
8958 8805
5917 6017

4.336 4275
5019 5.006
4496 4.306
0.012 0.006
0.012 0.025

0.000 0
0.000 0
0.104 0113
0.000 0
19.806 19.838
0.527 \0 542

o
C70-4

am
29.64
1502
2765
14.69
027
0.02
001
001
0.18
0.04
8753

6.316
m
4.928
4.6668
0.058
0.006
. 0.000
0.000
0031
0 000
19.774
0514

2140553
b
ci1776

gm
27.86
16.84
2773
1378
000
01
0.01
002
06
0.03
87.07

5 998
4272
4993
4424
0.019
0.044

0

0
0.107

0
19.857
0530

oh
C70-5

28.43
15.59
27 65
13.87
0.20
011
0
000
0.20
0.0t
86 09

6.182
393
5.027
4491
0.044
0.038
0.006
0000
0.032
0.000
18813
0528

2140553
shb
c177.7
om
27 .68
17 7
28.13
14.46
007
015
0.03
0.01°
066
[+]
88.37

5.884
4200
4 908
4.58
0012
056
0.008
0
0.118
0
19.953
0522

oh
T8

om
20.49
1519
2657
1452
024
000
0.04
000
018
002
86 25

6.340
388
4778
4648
0.050
0000
0 006
0000
0.031
0000

_19.700
0.507

2140553
sbb
C1778

287
1683
27
1382
01
0.12
003
0.02

003
8739

6119
4254
4812
4382
0018
0 043
0 008

0.112

19.757
0523

o

C70-7

om
30 3%
1593
2783
144
030
006
001
002
018
000
8913

6333
3016
4 852
4479
0 061
o018
0 000
0 000
0030
0 000
19 689
0 520

2140458

oh
C52-1

om
20.44
1564
1951
187
005
015
0
0
017
002
8368

6287
3.836
3485
5 965
0 006
0 056

0

0
0028
0

19750
0360

411
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(confinued)

: Sample No. 2140458 2140458 2140458 2140510 2140510 2140510 2140510 2140510 2140510 2140478

Volcanic unt’  gh gh gh ] bit bit 5] ] b

AnalysisNo.  C52-2 C523 C524 C1131  C1132  C1133  C1134  C1135  Cl136 C71-1

Grain type ™ om on on am am am om om on gm

Sio2 28.58 28.63 2965 20.17 30.31 31.07 28.01 3069 31.84 29.29

' ARO3 15.21 16.38 1559 14.66 14.42 10.04 120.43 17.93 16.48 177

FeO(tol) 19.04 199 20.13 16.66 15.64 16.97 16.48 1482 . 1538 2632

MgO 17.73 19.19 1762 18.44 20.07 19.98 19.59 20.79 266 16.37 &

Ca0 005 - 007 0.09 0.02 007 048 0.08 0.08 0.05 0.09

Na20 3 0.18 0.15 021 0.19 0.98 0.13 023 0.17 017 0.03

K20 0.01 001 001 003 001 0 0.01 0.01 0.02 0.01

Tio2 : 0 0 0 0 0.01 064 0.02 001 0 ( 0.02

MnO 0.22 0.14 0.18 0.16 019 - 02 02 0.11 017 0.41

Cr203 0 0.02 0 0.08 0.02 6.01 0.01 0.01 0.14 002 |

Total 8192 84.49 8348 79.80 81.72 88.49 85.06 84.72 86.91 90.26

. % 1

Si 6272 6.075 636 6.454 6508 6.149 5782 6277 6.363 5.992

Al 3.038 4083 3.942 387 3648 4436 4.968 432 3.882 427

Fe 3.658 3532 3.608 3.117 2.804 2.804 2842 258 2.569 4.503

Mg 5.765 6075 5.636 6.078 6.42 5.888 603 6.331 675 4.969

Ca 0.008 0012 0010 0 0012 0.093 0.012 0012 -« 0006 0014 ‘

Na 0071 ° 0056 0.082 0.078 0.403 0.046 0.091 0.066 0.064 0.019

K 0 0 0 0.006 0 0 0 0 0.006 0

Ti 0 0 0 0 0 0.093 0 0 0 0.005

Mn - 07039 0.025 0.031 0.026 0.031 0.029 003" 0018 0.023 0.051

Cr 0 0 0 0.013 0 0 0 0 0.018 0

Total (28 Ox.  19.776 10.868 19 678 19.642 19826 19538 19756 19574 19.681 19 843 B

Fe/Fe+Mg 0.387 0.368 0.390 0.339 0.304 0323 0.320 0.287 0276 0.474

* gh- Glovers Harbour, nbl - Nanny Bag Lake
** gm - groundmass: am - amygdule
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had Table A34: Electron microprobe analyses of clinopyroxenes from the IAD growp ’
Sample No. 2140458 2140458 2140458 2140458 2140458 2140458 2140473 2140473
Volcanic unit® ghw ohw © ghw ghw ohw ghw ghw |
Analysis No. P52-1 pP52-2 Ps2.3 Ps2-4 Ps2-5 P52-6 P66-1 Pg6-2
Analysis type** pc pc pc pc pc pc pc pr
Rock Type voicanic volcanic volkcanic  voicanic volcanic  volcanic ¢ Volcanic voicanic
Si02 53.07 53.21 52.39 54.05 54.77 5327 5363 5268
AI203 2.02 1.96 1.80 241 169 1.80 156 165
. FeO(tot) 6.66 599 6.88 7.42 673 695 782 853
MgO 17.79 18.07 17 .46 17.49 1766 1726 16 71 17.54
[e:10] 19.04 2057 20.03 19.27 20.30 20.19 18 21 50
Na20 0.26 0.10 0.12 011 0.12 0.10 042 036
K20 ' 0.03 0.01 0.01 000 001~ 0.00 01 013
TiOR 0.08 0.13 0.1 0.11 0.1 008 010 o
MnO 0.14 0.16 0.18 023 o1 019 024 028
Cr203 0.15 024 010 010 0.14 009 006 006
Total 99 24 100.04 99.08 101.19 101.64 99 94 98.86 98 23
- Si 1955 1.940 1942 195 1968 1956 1988 1069
Al 0.083 0.087 0078 0102 ~ 0070 0077 0067 0072
Fe - 0.205 0.183 0213 0224 0201 0213 0,242 0267
"Mg 0.977 0.982 0.965 0.943 0.946 0.944 0923 0877
Ga 0.752 . 0.804 0785 0.747 0.781 0.754 0.723 0677
Na . 0019 0.007 0.007 0.007 0.008 0.006 0.030 0.026
K 0.001 0.000 0.000 0000 . 0.000 0.000 0.005 0.006
Ti a 0.002 0.004 0.002 0.002 0.002 0 002 0003 0.003
. Mn 0.004 0.005 0.005 0.006 0003 0.005 0.008 0 008
[ Cr 0.004 0.007 . 0,002 0.002 0003 0.002 0.002 0002
t Total(6Ox) 4002 ' 4.019 4009 3989 3.983 3.699 3991 4007
Fe/Fe+Mg 0.159 0.144 . 0.166 0176 0.161 0.160 0.191 0,197,
Sample No. 2140473 2140473 2140473 2140473 2140478 2140478 2140478
Vokcanic unit* ghw ghw ghw ghw ghw ghw ghw 9
Analysis No. P66-3 P66-4 P66-5 P66-6 P71-2 P71-3 P71-4
Analysis type** pr pr pr pc pc pc pc
- Rock Type volcanic volcanic volcanic vokcanic volcanic voicanic voicanic . J
Sio2 5334 . 5421 5411 53.54 53 69 5226 54 00
Al203 1.98 1.53 162 198 224 257 199
s FeQ(toy) 8.31 8.03 825 831 567 7.38 <y 754
MgO 16.62 17.75 17.85 16.62 17.52 1714 7 17 94
CaO 18.49 18.58 18.46 18.49 20.01 19.91 1853
Na20O 0.39 0.09 013 0.39 - 0.12 0.07 016
. K20 0.07 0.02 0.00 0.07 0.00 0.00 000
T2 on 0.12 0.15 0.11 0.09 0.13 0.09
MnO 0.25 0.21 0.30 025 0.14 028 020
Cr203 0.08 0.05 0.08 0.08 0.16 0.16 014
Total 99.64 100.59 101.05 99.83 99.64 99 80 100.5¢9
Si 1.971 1973 1965 1971 1.960 1.924 1062
) A 0.086 0.085 0.068 0.085 0.095 0.t11 0.084
Fe . 0.256 0243 0.250 0.256 0.172 0227 - 0228
Mg 0.918 0962 0.971 0912 0.954 0.940 0972
Ca 0.729 0724 0718 0729 0.782 0.786 0.721
Na 0.028 0.005 0.008 0.028 0.008 0.004 0010
K 0.003 0.000 0.000 0.003 0.000 0.000 0000 .
Ti 0.003 0.003 0.003 0.003 0002 0.003 0002 \
' Mn 0.008 0005 = 0008 0.008 0.003 0008 0005
Cr © 0002 * 0001 0.002 0.002 0.004 0004 ,0.003 N
. . Total (6 Ox.) 4,004 3.881 3983 3997 3.9680 4007 3087
Fe/Fe+Mg 0.201 0.185 0.188 0202 0.140 0179 0174

° ghw - Glover's Harbour West -
** pe - phenocrystrim; pr - phenocryst core; gm - groundmass -

bl




Table A3 5: E!oclron microprobe analyses of clinopyroxenes from the |Al group

Sampie No. 2140468 2140468 2140468 2140554 2140554 2140554 2140554 2140554
volcanic unt® ghe ghe ghe sbb sbb sbb sbb sbb
Analysis No. PE1-1 P61-2 Pe1-5 P178-1 P178-2 P178-3 P178-4 P178-5
Analysis type™* pc pc pc . [ P gm pc pr
" Rock type voicanic voicanic volcanic voicanic volcaric volcanic volcanic voicanic
Sio2 50.08 50.67 §1.32 51.11 8256, 5326 52.77 5157
A203 - - 480 350 3.70 282 234 1.84 2.17 226
FeO(tot) 956 1155 11.31 - 4.95 520 6.05 7.39 6.71
M 14.24 13.76 15.21 16.89 16.79 17.36 16.76 16.42
CaO 19.96 17.84 17.56 21.38 2069 1902 19.96 19.88
Na20 . 062 032 0.38 0.33 025, 0.27 0.47 048
K20 0.01 0.00 0.01 0.02 oot 0.0t 0.01 0.03
Tio2 . 138 115 1.23 0.36 0.39 0.30 053 - 051
MnO 024 034 045 0.13 0.18 0.15 0.30 0.26
Cr203 0.07 005 0.08 0.83 080 054 0.3s 0.51
Total 101.04 99.18 101.26 98 80 9923 88.79 - 100.7% 98.63

Si 1.850 1.908 1.890 1.898 1.936 1.96S 1.932 1.927
Al 0.212 0.154 0.160 0.123 0.102 0.079 0.093 0.098
Fe . 0.205 0.363 0.348 0.153 0.160 0.186 0226 . 0210
Mg 0.784 o 0834 0.934 0922 0.954 0915 0914
Ca 0.790 0.719 0.692 0.850 0816 0.751 0.783 0.796
Na 0.044 0.022 0.027 0.022 0017 0.018 0.033 0035
K 0.000 0.000 0000 - 0.000 0.000 0.000 0.000 0.001
Ti 0.038 0.032 0.033 0.010 0.009 0.007 0.015 0014
Mn 0.008 0.010 0014 0.003 0.005 0.004 0.009 0.008
Cr 0.002 0.001 0.002 0.024 0.022 0.015 0.010 0015
Total (6 Ox ) 4.023 3.880 4.000 4017 3.989 3.979 4016 4018

Fe/FeoMé 0.253 0.298 0.273 0.128 0.135 © 0.149 0.182 0.171

Sampie No. 2140555 2140555 2140555 2140555 2150512 2140512 2140512
volcanic unit* sbb \ sbb sbb sbb .
P479-2 P179-3 _ P179-4 P179-6 P117-1 P117-2 P117-3
pc pc pc pc pr (o4 gm
volcanic volcanic voicanic volcanic intru sive intrusive intrusive
53.01 52.63 '50.64 52.89 31.88 52.51 5307
251 ' 268 419 2.23 193 1.64 220
508 851 7.26 6.84 10.05 6.38 5.85
16.86 15.65 1541 15.95 15.87 17.23 1713
2091 19.17 19.52 20.72 17.67 20.21 20.68
0.15 027 0.27 0.14 0.30 0.21 0.24
0.00 0.01 0.00 0.01 0.00 0.01 0.01
0.40 0.51 0.80 0.44 043 0.40 0.46
0.16 029 0.21 0.20 033 0.25 0.22
0.80 008 0.13 0.10 0.14 0.38 058
90 88 99.80 98 43 99 52 98.61 9924 100.46

1.939 1.943 '1.885 1952 T 1849 1.944 1.937
0.107 0.116 0.184 0.006 0.084 0.070 0.094
0.154 0.262 0.226 0210 0.315 0.198 0179
0919 0.861 0.858 0877 0.889 0.851 0932
0819 . 0.758 0.781 0819. 0.7114 0.802 0.8089
0.010 0.018 0.019 0.009 0.021 0.015 0017
0.000 0000 ~ 0.000 0.000 0.000 0.000 0.000
0.010 0.014 0.021 0.012 0.012 0.011 0013
Mn 0.022 0.008 0.005 0.005 0.01 0.008 0.007
Ct 0.004 0.002 0.003 0.002 0.003 0011 0017
Total (6 Ox ) 3,984 3982 3992 3.882 3995 4010 4005

Fo/Fe+Mg 0.131 0.215 0.192 0177 0.242 0.158 0.147

* ghe - Glover's Harbour East; sbb - Seal Bay Bottom
** pc - phenocryst core: pr - phenocryst im; 9m groundmass

/




Table A3.6: Electron microprobe analyses of dlinopyroxene from the NAI group 1

s /]
Sample No. 2140510 2140510 2140510 2140510 2140510 2140510 2140510 2140510
volcanic unit* bl bl bil bil bil il bi bit
Analysis No. P11314 P1132 P113-3 P113-4 P113.5 P113.7 P113.8 P113-9
Analysis type** pc pc pc pc pc pc pc pc
Rock Type volcanic volcanic volcanic volcanic volcanic volcanic voicanic volcanic
Si02 5121 5218 50.89 4858 5256 5368 5328 50.55
A203 : 372 an 350 566 . 420 232 200 3130
FeO(lot) 541 509 585 6.97 668 673 650 4.78
MgO 16 .05 . 1697 15.59 1560 1575 1711 17.10 16 45
Ca0 20 84 2021 21.20 19.09 20.32 1998 19.48 21 46
. Na20 0.61 042 038 V027 . 027 0.17 0.26 0.18
. K20 005 0.03 0.02 0.00 002 002 002 0.01
) TiO2 1.09 0.46 0.96 182 1.01 059 067 072 v
. MnO 0.14 0.06 009 0.17 0.2 017 015 011
Cr203 0.88 0.96 082 0.19 068 046 043 088
Total 100.01 99.50 99.37. 98.45 101.71 101.23 99 89 98 44
Si 1.883° 1916 1.888 1821 1.897 1640 1.951 1884
AN 0.161 0.134 0.157 0.249 0.178 0.099 0.086 0144
Fo 0.166 0.156 0.181 0217 0.201 0.203 0.199 0148
Mg 0.879 0928 0862 0.869 0.847 0922 0932 0913
Ca 0.821 .0.795 0842 0.765 0.786 0773 0.764 0856
Na ) 0.043 0,030 0.025 0019, 0.018 0011 0018 0013
K 0.002 0.001 0.000 0.000 0.001 0.000 0 000 0000
Ti 0.030 0.013 0.026 0.050 _ 0.026 0016 0018 .. 0020
Mn 0.004 0.002 0.002 0.004 0 006 0.004 0004 0003
Cr 0.026 0.028 0.024 0.005 0.019 0013 0012 0025
o Total (6 Ox ) 4015 4.004 4.007 3099 3979 3981 3984 - 4006
Fe/Fe+Mg 0.145 0.131 0.159 0184 0.176 0.165 0.161 0127
- Sample No. 2140495 2140485 2140495 2140495 2140495 2140495
volcanic unit*
Analysis No. Pg1-1 P91-3 P91-4 P91-5 P91-6 P91.7
Analysis type** pc pc pc pc pc pc
' " Rock Type intrusive intrusive intrusive intrusive  ,intrusive intrusive
Sic2 51.10 5237 53.45 53.52 51.76 51.30
Al203 202 281, 3.03 198 334 287
FeOxtot) 878 420 6.57 504 558 931
MgO 1509 1586 16.16 17.23 16.89 1402
CaO 19 61 2148 2102 2078 2101 2001
Na20 053 057 025 0.19 029 039
K20 0.04 008 0.00 000 001 oo
TiO2 094 053 0.78 056 0.68 1.30
MnO 0.25 on 017’ 0.14 0.12 0.15
Cr203 0.02 048 0.07 0.05 021 000
Total 98.38 08.59 10150 100.39 9989 10026
Si 1.631 1939 1.930 1.649 1.898 1.007
Al 0.088 0.122 0.128 0.084 0.144 0.125
Fo 0.277 0.130 0.168 0.180 017 0289
Mg - 0.849 0875 0870 0935 0923 0777
Ca v 0.793 0.856 0.813 0810 0825 0.832
*Na 0.038 0,041 0017 0.01%F 0.019 0028
K 0.001 5 004 0.000 0.000 0.000 0 000 .
Ti : 0026 0.015 0.020 0015 0018 0036
Mn 0.007 0.003 0.004 0.004 0.003 0.004 -
Cr 0.000 0014 - 000t 0.001 0 005 0000
Total (6 Ox.) 4.010 3.999 3081 3 991 4.006 3908 ,
Fe/Fa+Mg 0.227 0.118 0.170 0.148 0143 0 251 \,
N |

* bl - Big Lewis Lake
**pc - phenocryst core; pr - phenocryst im; gm - groundmass




Table A3 7. Electron microprobe analyses of clinopyroxenes from the NALmqmup

Sample No 2140497 ‘2140546 2140548 2140546 2140549 2140548 2140549 ¢ 2140549
Volcanic unit* nb sh sh sh sh sh sh
Analysis No. P$3-1 P168-1 P168-2 | P168-3 P171-1 P171-2 P171-3 P171-4
Analysis typa®* pc pc pr om om pc pr gm
Rock type volcanic volcanic volcanic volcanic voicanic volcanic volcanic . volcanic
SIO2 48 82 5214 5203 51.02 52.64 5143 5042 5270
Al203 B ¥ 220 23 451 193 352 416 208
FeO(lof) 10498 . 737 6.37 6.33 6.22 6.02 6.70 7.03
MgO 13.65 - 1679 16.64 15.41 1728 1544 15.34 17.55
CaO . 19.20 18.82 20.86 2112 19.83 2142 21.00 18.52
Na20 0.42 037 020 038 0.25 034 025 013
K20 0.01 0.03 0.02 0.01 0.00 000 0.00 0.01
Tio2 1.57 066 on 098 062 075 1.31 0.51
MnO 028 0.18 0.14 0.10 0.18 013 0.16 021
Cr203 0.02 0.06 0.04 044 038 047 023 0.31
Total 9927 98 .62 6935 100.30 99.24 99 .52 99.57 99.05
Si 1.845 1.042 1928 1874 1.941 1.802 1.870 1947
Al 0.209 0.006 0.101 0.185 0.083 0.153 0.182 0.090
Fe 0.330 0.230 0.187 0.194 0.192 d.186 0.208 0.217
Mg 0.768 0.932 0.918 0844 0.850 0.851 0.848 0.966
Ca 0.780 0751 0.827 0831 0.784 0.849 0.835 0733
Na 0.030 0.027 0014 0.8‘2)3 0.018 0.024 0.018 0.009
K 0000 0.001 0.001 0. 0.000 0.000 0.000 0.000
m 0044 0018 0.020 0.027 0.017 0.021 0.037 0.014
Mn 0.000 0.006 0.004 0.003 0.006 0.004 0.005 0.0Q7
Cr 0:000 0.002 0.001 0013 0.011 0.014 0.007 0.009
Total (6 Ox) 4015 4.005 4.008 4.008 4002 = 4004 4010 3.992
Fe/Fe+Mg 0279 0.182 0.162 0171 0.154 Q.164 p.181 0.168

Sample No 2140550 2140550 2140550 2140553 2140553 2140553 2140553 2140482
sh

Volcanic unit’ sh sh sh sh sh sh
AnalysisNo. - P1721 P172-2 P172-3 P177-1 P177-2 . P177-3 P177-4 1007511
Analysis typs** pe pr om om gm om ogm pe
Rock type volcanic volcanic volcanic volcanic volcanic volcanic volcanic intrusive
Si02 5289 51.21 4950 61.29 51.70 49.66 6207 50.21
AlI203 215 4. an 280 270 431 3.38 423
FeO(lo1) 657 557 607 799 837 807 9.20 869
MgO 16.64 1581 1501 16.11 15.37 1554 1575 14.26
CaO 20 62 2043 2045 20.39 20.85 19.54 18.58 2065
Na20 015 0.29 0.31 027 035 Q.19 021 0.46
K20 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.03
To2 08s - 087 1.12 070 083 1.01 087 1.52
MnO 012 010 0.13 028 027 0.21 0.24 0.06
Cr203 0.08 0.96 i1 017 0.05 0.08 .. 0.04 0.08
Total o 100.04 99.58 98.42 100.00 100.49 98 61 100.04 100.19
S 1.940 1.885 1.855 1.902 1.011 1.864 1.920 1.856
Allv 0.002 0.184 0.208 o122 - 0.117 0.190 0.146 0.184
Fe 0.202 0171 0.190 0247 0.258 0.253 0.283 0.270
Mg 0910 0873 0.838 0.890 0.846 0.869 0.865 0:790
Ca 08t1 0.806 0.821 0810 0.825 0.786 0.722 0822
Na 0011 0.021 0.023 0018 0.025 0.013 0014 0.033
K - P 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Ti i 0023 0.024 0.032 0018 0.022 0.027 0023 0.042
Mn T 0.004 0.003 0.004 0.008 0.007 0.006 0.006 0.002
- Cr 0.001 0.028 0.033 0004 0.001 0.002 0.001 0.002
Totat (6 Ox ) 3.904 3.995 4.004 4019 4012 4.010 3.980 4012
Fe/Fe+Mg 0.167 0.150 0.168 0.200 0.215 0.208 0.227 0235

* sh - Side Harbour; nb - New Bay
** pc - phenocryst core pr - phenocryst im gm - groundmass
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Table A3.8: Electron microprobe analyses of dlinopyroxenes in e NAE group

Sample No. 2140483 2140483 2140483 2140483 2140483 2140483 2140483 2140483
Volkcanic unit*® sbh sbh sbh sbh sbh sbh sbh sbh
Analysis No. P78-1 P78-2 P78.-3 P78-4 P78-5 P78-6 P787 P78-8
Analysis type*® pe pc e pc pc . pc pe P
Rock Type volcanic volcanic voicanic volcanic volcanic voicanic  volcanic volcanic
Si02 4343 5198 52.16 50.22 50.85 5043 5180 5149
Al203 3.74 208 1.41 411 326 n 2 245
FeO(tot) 12.11 10.10 1157 11.86 10.98 11095 10.36 1571
MgO 1243 1386 1303 12.08 13.38 13.29 14 46 1023
CaQ” 19.45 1969 ' 20.08 2048 19 41 19.19 20.14 1973
Na20 0.41 0.19 0.30 057 0 038 033 032
K20 0.00 0.00 0.00 002 0. 0.00 001 000
TiOo2 1.74 1.05 0.7 212 173 158 1.36 103
MnO 034 023 0.31 038 034 0.36 (3] 052
Cr203 0.00 0.00 0.00 0.02 0.00 0 002 0.01
, TJotal 99.65 99.18 99.61 101.86 100.34 100 B9 101 48 101 46
Si 1874 1.952 1.973 1863 1898 1.881 1.908 1940
Al 0.167 0.091 0.062 0.178 °0.143 0.163 0120 0.108
Feo 0384 0.317 0.3566 0.368 0.341 ~0.372 0.319 0 494
Mg 0.702 0.776 0.735 0667 0744 0.739 0783 0574
Ca - 0790 0.792 0814 0813 0775 0.766 0.794 0.796
Na 0030 0.014 0.022 0.040 0.028 0027 . . 0022 . 0023
K 0.000 0.000 . 0.000" 0.000 0.000 0.000 0000 0 000
Ti 0.060 0.030 0.021 0059 0.048 0.043 0.037 0.028
Mn 0.011 0.007 0.010 0011 0.010 s 0.011 0.006 0.016
Cr 0000 .  0.000 0.0Q0 0.000 0.000 0.000 0000 0 000
Total (6 Ox.) 4008 3.979 4.003 3999 3.987 4.002 3999 3979
FegFe+Mg 0.330 0.269 0.309 0332 02082 0312 0.266 0436
Sample No. 2140484 2140484 2140484 2140450 2140450 2140450 2140486 2140486
Volcanic unit* sbh sbh sbh
Analysis No. P79-2 P79-3 P794 P1-2 P1-3 P1-4 1008121 1008131
Analysis type®* pc pc pc pc pec pc < pc
Rock Type volcanic volcanic volcanic intrustve intrusive intrusive intrusive intrustve
Sio2 4 50.21 50.45 49 85 50.16 5168 50 55 5214 5116
Al203 3.18 361 4.54 a4 205 3.61 224 « 321
FeO(tot) 7 1180 11.30 12.03 834 863 s~ 932 985 937
MgO 12.88 13.00 11.01 14,59 15.69 13.93 1564 14 22
Ca0O 1892 19.87 18.69 21.16 2005 2018 18.66 2118
Na20 0.38 034 0.54 044 041 047 0.45 042
K20 002 0.01 , 0.00 0.00 002 Q.00 - 00 002
TiO2 162 1.86 234 174 1.04 1.84 1.14 134
MnO - 035 0.28 o021 018 0.32 0.31 03 027 -
Cr203 0.04 0.02 0.00 0.00 0.04 004 0.05 003
Total 99 40 100.74 101.11 100.45 9083 100 26 100 57 101 22
Si 1.800 1.882 1.857 1861 1922 1.881 1.927 1.800
Al 0.141 0.187 0.198 0.167 0.089 0157 0 006 0139
Fe 0373 0.353 0374 0.250 0.268 0.280 0.308 0290
Mg 0726 0.723 0 661 0.807 0.870 0773 0 862 0783
Ca 0.766 0.793 0.781 0841 0799 0805 © 0.739 0838
Na 0.027 0.024 0.038 0032 0030 0034 - 0032 0030
K 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0001
Ti 0.045 0.051 0.065 0.049 0028 0.052 0.032 0037
Mn 0.011 0.008 0 006 0.008 0010 0010 0.011 0 008
Cr 0000 - 0.000 0.000 0.000 0.001 0 001 0 001 0001
Total /6 Ox.) 3.988 3.991 3981 4022 4019 4 003 4 007 4017
Fe/Fe+Mg 0316 0.305% 0337 0224 0217 0252 0.242 0.250

° sbh - Seal Bay Head
L. pc - phenocryst core; pr - phenocryst im; gm - groundmass




APPENDIX 4 /

DESCRIPTION OF SAMPLING AND SAMPLE PREPARATION METHODS

.

Three to five kg. samples were collected in the field with an 8 kg. sledge hammer and

chisel. When sampling pillow lavas, samples were taken from as near the center of the interior of

v
the pillow as possible. Pillow lava samples in all cases are taken lrowésingb pillow. When

sampling intrusive rock&, samples were taken from thé interiors of the intrusion, avoiding chilled
 margins. Samples were selected in thé field so as to minimize veining and secondary alteration.

In the laboratory, sémples were cut into 5 to 10 mm thick slabs with a diamond saw and
thoroughly washed. The slabs were then broken into chips less than 2 mm in diameter with a rock
hammer, discarding all weathered surfaces, veins, vesicles (as much as pos_§ible), areas showing
abnormal or unusual effects ofsecondary alteration and sawed surfaces'. Approximately 200
grams of material was hal;»d picked from these chips for crushing and analysis.

Before crushing, the chips were washed in distilled water and dried in an oven. The
samples were thgn pulverized in a fused aluminosilicate disk grinder and the powders stored in

clean medicine vials. The grinder was cleaned with spec.- pure silica sand between sampleg.
. - .




APPENDIX §

UNIVERSAL TRANSVERSE MERCATOR GRID CO-ORDINATES OF

GEOCHEMICAL SAMPLES

Sample No. Easting Northing Sample No. Zone N.T.S. Easling Northing

2140450 607900 5478390 2140511 21 2B 605420 5457950
2140452 608770 5478020 2140512 21 26/ 607120 5459280
2140453 608710 5477720 2140513 21 2ES 607960 5464430
2140454 607610 5479700 2140525 21  2EA 611750 5454460
2140456 608850 5479640 2140526 21 2ES 599700 5458940
2140457 609050 5479820 2140528 21 2E 599200 5459040
2140458 609140 5479830 2140530 21 2E6 609530 5456450
2140460 609520 5479920 2140531 21 2E6 609800 5456730
2140461 521430 5374010 2140532. 21 25/5 610180 5456950
2140462 . 609350 5479860 2140533 21 2E6 610320 5456960
2140463 610970 5480870 2140534 21  2EE 610980 5456980
2140464 610700 5480710 2140535 21 26 611310 5457070
2140465 518300 5375390 2140537 21 2EM 612110 5457740
2140466 602240 5471770 2140538 21 2EM 612000 5458240
2140467 610930 5481030 2140540 21 2E/8 609770 5457790
2140468 610940 5480960 2140541 21 266 609390 / 5457680
2140470 610940 5481390 2140543 21 265 608770 \ 5457590
2140471 688910 5479580 2140544 21 . 2E/6 608580 ' 5457530
2140472 608990 5479590 2140545 21 265 601370 5459920
2140546 21 2EF 599010 5461780
2140547 21 2ES 599850 5462520
2140548 21 265 589120 5464500
2140549 21 2ES 599400 5464600
2140550~ 21 266 598940 5466920
2140551 21 26/ 599950 5470740
2140553 21 25 603010 5468170
2140554 21 2EF 604730 5469000
2140555 21 2ES 604930 5488970
2140556 21 2EA  B03270 5463370
2140750 21 2Ef 604990 5468860
2140751 21 2E/ 604990 5468860
2140752 21 2EAS 604870 5468890
2140753 21 2Ef5 604850 5467920
2140754 21 2E5 604940 5467960
2140755 21 2E/ 603590 5463970
2140756 21 2E/ 603670 5463970
2140758 21 2S5 603320 5463390 .
2140761 21 2E5 601710 5459270
2140762 21 265 681810 5459250
2140763 21 2EA 599650 5460900
2140764 21 26/ 601670 5459700
2140765 21 . 599640 5458900
2140767 21 602280 5458900
2140768 21 603190 5457100
2140771 21 616560 5452160
2140772 21 616290 5451800
2140773 0 615955 5451220
2140774 20 616810 5451310

2140473 609130 5479650
2140474 609260 5479680
2140475 609400 5479750
2140476 609540 5479750
2140477 609690 5479710
2140478 609800 5479690
2140480 609590 5479830
2140481 601200 5473220
2140482 © +602370 5475820
2140483 604520 5481290
2140484 605010 5482190
2140485 605710 5482100
2140486 607690 5480890
2140487, 602700 5473900
2140488 602840 5473570
2140489 602880 5473290
2440490 602970 5473320
2140491 602900 5471410
2140492 602820 5470770
2140493 602460 5469290
2140496 604930 5474390
2140497 616350 5482650
2140498 616560 5482490
2140501 599680 5478200
2140502 597120 5473680
2140503 | : 597020 5471310
2140505 . 595960 5470750
2140506 544770 5471410
2140508 602699 5456720
2140509 603170 5457070
2140510 603810 5457180
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APPENDIX 6
GEOCHEMICAL ANALYTICAL METHODS WITH ESTIMATES OF ACCURACY AND PRECISION
Table A6.1 summarizes the methods and laboratorles used for the analysis of major and

trace elements during this study. Analytical procedures are described in detail below.
\ _ B

. 1 -
Table A6.1: Summary of anatytical methods and laboratorfes for major and trace element
geochemistry ’
"ELEMENTS ‘ METHOD LABORATORY

Major elemeni oxides; Atomic a drpt ion Nfid. Departiment of
Cu, Zn, Ni spectromel Mines and Energy

Rb, Sr, Y, Zr,Nb, Ba, X-Ray fluoresgence Memorial University of
V,Cr,REE* Newfoundfand

Hf, Sc, Ta, Th, Co, . Instrymental neutron Universiteit Leuven,
REE® activation (INAA) Leuven, Belgium

REE* - sample nos. 2140460, 2140506,2140510, 21405262140551, 2140555,2140762,
2140763, 2140767, 2140774.

REE** - other samples for which REE were determined

i) Major element oxides:
Major glements were determined in the laboratory of the Newtoundland Department of
Mines and Energy (N.D.M.E.). The analytical procedures :summarized below have been

described in detail by Wagenbauer et al. (1983).
v

\
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 to complex excess

HF. Following digestion, the solution was made up to volume and the oxides SiOp, Alx O3, total

iron as Fe03, MgO, Ca0, Naz0, K20, TiO5, and MnO were determined by atomic absorption

t
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spectrometry. ) ,

P05 was determined spectrophotometrically by reduction of the phospho- molybdate

complex with hydrazine sulphate. Fe’rrous iron was detzarmhed by addition of vanadium and
ferrous ammonium sulphate followed By titration with standard potassium' dichromate using
barium diphenylamine sulphonate.as anjindicator. |
Loss on ignition was deterhined weighing a sample:porti.on before and after heating to
. " 1000° C. \ |
Detection limits quoted by the analyst are 0.01 wt. %. Replicate analysis of standard
}aterials (Table A6.2) blind duplicates of rock samples'('Table A6.3) show goo;l agreement with
each 6ther and, in the tormer cése, with published recommended values for the materiat.
Replicate analysis of standards MRG-1 §nd SY-2tor Feb gave, respectively, 8.59 (St. Dev.«0.39)

L
and 3.63 (St. Dev. = .07). By

iy Cu, Zn, Ni:

These trace elements were determined in the N.O.M.E. laboratory. Analytical procedures

have been destribed in detail by Wagenbauer et al. (1983).
Approximately 1 g of sample was dissolved in HF, HCl and HCIOy4. Following dissolution,

the sample was evaporated and taken up in HCI and Cu, Zn and Ni determinqd directly 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

LY

error limits.




3
~

Table A6.2; Analyses of standard rock materials for major aelement oxides in the N.D.M.E ‘aboratory compared to recommended values

Standard No. of Mean St. Dev.  Abbey (1983) Standard No. of Mean St.' Dev.  Abbey (1983)
Determinations - Determinations
© SKC2 RGM-1 5 73.26 058 _ 7347 BCR-1 5 54.12 0.29 5453
A203 RGM-1 5 13.87 0.16 13.8 BCR-1 5 13.66 0.25 13.72
Fe203 RGM-1 5 1.78 0.03 1.89 BCR-1 5 1356 0.15 13.41 -
MgO RGM-1 5 0.29 0.01 0.28 BCR-1 5 352 0.02 3.48
Ca0 RGM-1 5 1.19 0.01 1.15 BCR-1 5 7.00 0.09 6.97
Na20 RGM-1 5 4.15 0.03 412 BCR-1 5 3.25 0.04 330
K20 RGM-1 5 4.42- 005 435 BCR-1 5 1,72 0.04 1.70
TIO2 RGM-1 5 0.29 0.03 0.27 BCR-1 5 227 0.03 2.26
MO  RGM-1 5 0.04 0.01 0.04 BCR-1 5 0.18 0.00 0.17
P205 RGM-i 5 0.05 ool 0.05 BCR-1 5 0.06 0.01 0.06
Standard No. of Mean St. Dev. Abbey (1983) Standard No. of Mean St.Dev.  Abbey (1983)

: Determinations Determinations

Si02 BHVO-1 6 49.63 0.29 499 MGR-1 6 39 0.24 39.32
A203 BHVO-1 6 13.93 0.16 13.85~ MGR-1 6 8.72 0.06 8.5
Fe203 BHVO-1 6 12.35 002 1224 MGR-1 6 17.71 0.26 17.82
MgO BHVO-1 6 7.41 0.12 7.3 MGR-1 6 13.73 0.23 13.49
Ca0 BHVO-1 6 11.6 0.07 1133 MGR-1 - 8 14.79 0.17 14.77
Na20 BHVO-1 B 222 0.02 2.29 MGR-1 6 071 001 071+ ®
K20 BHVO-1 8 0.51 0.02 0.54 MGR-1 6 0.16 0.01 0.18
TiO2 BHVO-1 6 2.76 0.04 2.69 MGR-1 6 3.76 0.09 3.69 :
MnO  BHVO-1 6 0.18 0.01 0.17 MGR:1 6 0.18 o . 0.17 .
P205 BHVO-1 6 0.27 0.01 0.28 MGR-1 6 0.06 0.01 0.06

] o
AU v
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Table A6.3: Comparison of biind duplicate analyses of major elemaent oxides,
< recaiculated to 100% anhydrous

Sample 2140468 2140468 2140512 - 2140512 2140546 2140546
Si02 55.79 55.71 5234 52.72 50.31 50.10
AI203 15.90 1557 17.29 17.00% 14.10 14.12
Fe203 4.14 4.28 1.98 2.04 335 354
FeO - 5.28 5.21 5.98 6.01 8.1 8.16
MgO 2.47 250 7.35 7.35 7.07 7.03
Ca0 o 7.92 10.15 10.00 937 9.32
Na20 6.49 6.47 2.31 230 450 452
K20 054 0.54 ©1.34 1.33 0.60 0.61
Tio2 1.36 1.51 1.00, .99 212 2.11
MnO 0.13 0.12 0.14 0.14 0.17 0.18
P205 0.17 0.17 0.12 0.12 030 0.31
Lol 1.60 1.60 2.97 2.90° 2.93 282

Sample 2140463 2140463 2140585 2140585 2140607 2140607
110 S 41.06 4135 51.95 52.99 54.82 5493,
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 7.80 t 477 476
4.76 4.77 7.82 7.99 6.18 6.09
Ca0 14.98 14.77 10.85 9.17 8.79 8.79
Na20 4.29 431 439 451 303 3.00
K20 0.15 0.15 <.01 <.01 0.98 097
TiO2 1.29 1.33 0.81 087 - 0.93 0.94
MnO 0.29 0.29 0.21 0.22 018 0.17
P205 0.20 0.18 0.06 0.06 0.15 0.15
LOI 15.26 15.35 12.45 13.02 1.73 1.63

Sample 2140619 2140619
Sio2 76.10 7587
Al203 13.71 14.00
Fe203 0.56
FeO 0.29
MgO 0.33
Ca0 0.73
Na20 382
K20 418
TiO2 0.19
MnO 0.07
P205 0.02
LOI . 1.40




e

Table A6.4: Replicate analyses of standard materiais and blind duplicates for Cu, Zn and Ni.
Recommended values after Abbey (1983)

STANDARDS

Recommended
Number  St.Dev. Value Number St Dev,
8 3.7 135 ) k 5 .19
6 76 190 5 7
6 29 195 A 0.06

A
BLIND DUPLICATES

2140468 2140491 2140491 2140512 2140512
27 76 80 61 60
80 65 69 66 65
3 35 37 106 106

2140530 2140530 2140546 2140546 2140563 2140563
88 80 85 81 13 11
V113 113 96 97 11 109
15 17 62 62 5 6

21]0585 2140585 2140607
32 33 27
61 60 87
52 53 60
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iiiy Rb, Sr, Y, Zr, Nb, Ba, V, Cr.

These trace elements were analysed with a Phillips 1450 X-Ray fluorescence
spectrometer. Samples of approximately 10 grams were lhorodghly mixed with approximately 1.5 -~
grams of bakelite binder and then pressed into a peliet. The pellets were baked >in anoven at
200°C for twenty minutes.ﬂ |

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 calibrated against
standards and t.he elements ratioed to it to correct for instrument drift. The Compton peak was
used for matrix corrections. The d;\edbn limit of Ba is 35 ppm, of V, 20 ppm and of C#, 5. ppm.
Analyses are quoted by the Iabqratory'as accurate to *5%. Bling! duplicate analyses tabulated in
Table A6,5 are all within thisilim'n except for oné Ba duplicate (2'40481). Comparfson of analysis
of standard materials wilth recommended values {Table Ab6.5) confirm similarl limits 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 thelr
importance in the petrogenetic interpretations. Analysis was carried out using a Rh tube and the
LiF 200 crystal. The pellets were cycled 5 to 10 times during the run and the abundances
calculated from the total counts (200 to 430 seconds of counting per element). The use of the
* LiF 200 crystal provides better discrimination of the peaks against background a?)d the extended

count times provided muc‘h 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). Nole that.lhe
calibration value for BCR-1 of 34 ppm is probably low and should be in the range 36-38 ppm (B.J.

Fryer, pers. comm. 1987). However, in the present study, this value has not been adjusted from

Taylor's value. \




Ba
Cr

Cr

Ba
Cr

Ba
Cr

MRG-1
785
554

3841

2140468
138
282

34

2140530
51
448
65

2140585
42
313
267
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Table A8.5: Replicate analyses of standard materials and blind duplicates for Ba, V and Cr,
. Recommended values after Abbey (1 983)

STANDARDS
Recommended
Number St. Dev. Value SY-2

15 49.6 507 449
15 224 520 445
15 6.9 450 4.7
, BLIND DUPLICATES

\

2140468 2140491 2140491

161 110 69" r
284 227 215

as 69 59 -

2140530 2140546 2140546

56 162 166

442 288 285

57 104 106 °

2140585 2140607 2140607

26 175~ 161

an 202 205

268 184 182

<

Number  St. Dev.

17
17
17

Recommended
Value

29.1 470

2.6 59

28 71

21405127 2140512

222
190
299

2140568
53
390
29

2140619
945
15
nd

225 !
185
299

2140563
50 .
394
28

2140619
955
12
nd.
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Table A.6.6: Compositions of international standards BCR-1 and PCC-1 used 1o calculate
element abundances from data for Rb, Sr, Y, Zr, and Nb. Abundances compiled by Dr. B.J. Fryer
from Flanagan (1976) and retent data from spark source spectrometry at Australian National
University by Drs. S.R. Taylor and S.M. McLennan (writterycommunication, 1985).

ELEMENT BCR-1 PCC-1
Rb 46.6 0.063
Sr 330 0.41
Y 34 0.05
Zr 185 7
Nb 135 ©0.09

Detection limits for this techniqu’e ar;a quoted as 0.5 ppm for all elements. Because this is a
new tectnigue ir the M.U.N. iaboratory, 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 analy§es are tabulated in Table A6.7. For each determination,‘ the error is
expressed both as a percentage of the meah 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
ooncemratigns and are precise to +5% or 1.3 ppm-ih more than 92% of the analyses.

Analysis of international standards reported in Table 6:8 confirm the accuracy of the
technique although slightly lower Y values thén recommended reflect the slightly low values for

BCR-1 used inithe calibration..

) REE (INM)

These analyses were carried out by J. Henogenﬁ at Universiteit Leuven, Fy:sico-chemische
’ geologie, Leuven, Belgium. Approximately 800 grams of whole rock powder were’irradialed for 7
hours in the Thetis reactor, Gheqt University, Belgium, in a thermal.neutron flux of approximately

2 X 1012 neutrons cm1sec1. The gamma-ray intehsities were measured in a large volume




Rb
Sr
Y
Zr
Nb

Rb
Sr
Y
Zr
Nb

Rb
Sr
Y
Zr
Nb

Rb
Sr
Y
Zr
Nb

Rb
Sr
v
yd
Nb

Table A6.7: Duplicate analyses of Rb, Sy, Y, 2r and Nb by X-Ray flucrescence.

1(%) - difference in analyses expressed as a percentage of their mean
1(ppm) - 1/2 the difference in the analyses

2140452 Anal. 1

2140473 Anal. 1
2.6
22.4
82
6.7
nd.

2140480 Anal. 1
16
558
55
6.2
‘nd.

2140539 Anal. 1
43
68.9
n.z2
243
4.55

2140562 Anal. 1
22
147.8
209
528
0.85

2140571 Anal. 1
18.9
135.6
26.9
9.7
1.75

2140453 Anal. 1
2.8

38.4
3
903
nd.

2140474 Anal. 1
24
13.3
8.7
56
nd.

Anal.2  #(%)
6.5 1.56
374 054
332 1.04
825 0.61

nd.

Anal. 2 %) *
0.99 44.85
19 821
7.23 6.29
4.45 20.18
nd.

Anal.2 %)
nd .
52.7 286
6.1 517
. 5.7 420
nd.

Anal. 2 1(%)
435 0.58

69.7 0.58

68.7 1.79
239.2°0.79
532 780

Anal 2 +%)
208 280
1459 065
23.1 5.00
53.1 0.28
1.71 3359

Anal.2  £(%)
18.9 0.00
133.1 093
266 0.56

90§ 1.42
2.44 16.47

Anal. 2 (%)
0.17 88.55
38.4 0.00
31.5 0.64
854 279
nd.

Anal.2 (%) -
2 9.09
12 514
7.29.43
421429
nd.

tppm)
0.1
0.2

0.35
05

+(ppm)
0.805
17
0485
1.125

(ppm)

1.55
03
0.25

t(ppm)
0.25
0.4
1.25
19
0.385

~
t(ppm)

0.6
0.95
11
0.15
0.43

t(pprm)
0

1.25

0.15
1.3
0.345

1{ppm)
1.315
0

0.2
245

tppm)
0.2
0.65

0.75
07

-
-
-
-
-
-
.
-
-
.
-«
-
-
-
.
-
-
-
-
-
-
-
-
.
.
-
.
-
.
-
-
-
-
-
-
-
-
-
-
-
-
-
.
.
-
-
-
.
-
-
.
-
-
-
.

2140461 Anal. 1
n.d.
153.5
28.3
94.5
6.71

2140544 Anal. 1
n.d.
7.8
29.8
79.3

Anal. 2
3.24
152.2
26.8
94.2
6.7

(%)

043 -
2.72
0.16
0.07

(%)

) 6.63

145

2140563 Anal. 1
: 4.8

1441
24.2
60.1
0.77

2140574 Anal 1
434
36.4
174
938
2.12

2140463 Anal.1 -

14.8
1.9
16.6

63.2-

2.18

2140475 Anal. 1
14.6
401
6.9
53
1.67

K

2140495 Anal. 1
: 14.8
288.5
18.2
78.1
82

2140558 Anal. 1
8.2
165.8
8.9
1.7
nd.

Andl. 2
0.34
135.1
253
59.2
2.67

Anal. 2
43.2
36.1
17.2

- 883
225

Anal. 2
14
103.9
3.7
B1.5
.28

Angl, 2
144
376

43
3.6
n.d.

Anal, 2
15.7
287.3
- 14
79.1
7.9

Anal. 2
6.7

163

10.
13.1
nd.

2.30
0.25
33.33

(%)
86.77
3.22
222
0.75
55.23

+(%)
0.23
0.41

0.58
3.02
2.97

(%)
2.78
3.71
9.57
1.36
12.45

(%)
0.69
3.22
23.21
19.10

(%)
295
0.21
4.11
0.64
1.86

(%)
10.07
0.64
9.64
5.65




Rb
Sr
Y
Zr
Nb

Rb
Sr
Y
Zr
Nb

Rb
Sr
Y
C2r
Nb

Rb
Sr
Y
2Zr
Nb

Rb
St
Y
Zr

2140567 Anal.

2140579 Anal.

[y

2140466 Anal.

2140477 Anat.

2140512 Anal.

Nb

Rb
Sr
Y
Zr
Nb

Rb

2140560 Anal.

2140569 Anal.

Sr -

2r
Nb

Rb
Sr

Zr
Nb

2140580 Anal.

1
124
264
238
60.8
0.66

50.4
639
165
518

1.4

pu—y

0.67

39.9
438
n.d.

-

nd.
31
9.2
8.9
n.d.

—

329
269.7
20
3.6
5.44

pu—y

16.5
108.6
315
833
1.14

-

277
1183
17.3
437
n.d.

iy

0.61
1154
2238
50.6
1.33

Anal. 2
11.5
262.8
221
62
2.04

Anal. 2
529
52.8

16
525
2.33

Anal, 2
1.28
43
371
41.3
n.d.

Anal. 2
n.d.
29.9
95
9.2
n.d.

‘Anal. 2
33.1
273.7
193
945
5.42

Anal. 2
16.7
108.8
29.7
82.7
1.59

Anal. 2
28.4
120.8
17.3
46.1
1.22

Anal. 2
0.77
1121
21.4
49.7
1.01

+(%)

d.23
370
0.98
51.11

(%)
2.42
1.03

1.16 .

24.93

(%)
62.56
2.98
7.27
5.88

(%)

3.61
3.21
3.31

+{%)
0.61

1.47
3.56
0.96
0.37

(%)
1.20
0.18
5.88
0.72
3297

+(%)
2.50
2.09+
0.00
5.35

+(%)
23.19
2.90
6.33
1.79
27.35

Table A6.7 (continued)

1(ppm)
0.45

0.6
0.8%
0.6
0.69

t(ppm})
1.25
055
0.25
0.6
0.465

(ppm)
0.305
0.65
14
125

t(ppm)

0.55
0.15
0.15

1(ppm)
0.1

2
0.35
0.45

- 0.01

1(ppm)
0.1

0.1
09
0.3
0.225

+{ppm)-

0.35
1.25
0
1.2

.
® % & & * 8 5 B B 8 & 8 % 2 B & 8 & 3 8 B W 4 % ¥ & 5 % 5 5 2 2 8 B ® & B B € F % 8 % & L % & s 5 5 0 @ 8 @

2140472 Anal. 1
1.4
388
6.7
6.1
0.93

2140478 Anal. 1
14
65.1
45
225
n.d.

2140538 Anal. 1

. 21.7
379
448
74.6
nd.

2140561 Anal. 1
30.7
1233

. .o, 191
519
n.d.

2140570 Anal. 1
n.d.
1718
219
62.7
254

2140584 Anal. 1
226
93
. 238
588
276

2140587 Anal. 1
107
1418
121
26.1
087

2140592 Anal. 1
398
408
84
278
094

Anal. 2

Anal, 2

%)
1.28 4.48
36.3 333
53 11.67
5891
1.41 20.51

Anal. 2 (%)
nd.
63.6 1.17
59 13.46
2.8 10.89
nd.

Anal. 2 +(%)
21.8 0.23
38,1 0.26
426 252
732 095
nd.

Anal.2 (%)
31.8 1.76
127.1 152
204 329
53.6 1.61
1.7

Anal. 2
1.24
166.5 1.57
21.8 0.23
60.3 1.95
1.28 32.98

(%)

(%)
238 259
9258 0.11
234 085
58 0.68
214 12.65

Anal.2 . £(%)
10.7 0.00
1429 0.49
128 281
277 297

1.48 25.96

Anal.2  1(%)
382 2.05
40.8 0.00
10.9 12.95
285 1.24
1.14 962

t{ppm)
0.06
1.25
07
055
0.24

t(ppm)

0.75
0.7
0.275

t{ppm)
0.05
0.1

1.1
07,

t{ppm)
0.55
1.9
0.65
0.85

t(ppm)

265
0.05
1.2

0.63

t{ppm) ~
06

0.1
0.2
04
0.31

t(ppm)
0

07
0.35
0.8
0.305
t{ppm)
0.8

0

1.25

0.35
0.1

629




Table A6.7 (continued)

i

2140503 Anal.1  Anal.2  t(%)  t(ppm) 2140503 Anal: 1 Anal. 2 (%)
Rb " 288 273 267 0.75 28.8 27 3.23
SN 944 919134 1.25 94.4 91 1.83
Y 19 15.7 9.51 1.65 19 17.2 497
Zr 66.4 61 424 27 66.4 59.9 5.15
Nb 398  3.47 €85 0.255 398 ° 298 1437

2140503 Anal.1  Anal.2 (%)  4(ppm) * 2140566
Rb 273 27 0.55 0.15 24 232 169
Sr 91.9 91 0.49 0.45 . 2024 2016 020
Y 157  17.2456 075 : 201 207 147
Zr 61 59.9 0.91. 055 . 524 534 095
Nb 347 298 7.60 0.245 nd. 218 :




Table A6.8: Analyses of standard materials for Rb, Sr, Y, Zr and Nb compared to
with recommended 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. .

Rb (ppm)
Sr (ppm)
Y (ppm) .
Zr {ppm)
Nb (ppm)

Rb (ppm)
Sr (ppm)
Y (ppm})
¥Zr (ppm)
Nb (ppm)

Sy-.2
Measured
208

256

118

257

2

W-1
Measured
22

180

19

86
15

BHVO-1
Measured
10

378

23

160

18

Accepted
220

275

130

280

23

Accepled
21

190

26

95

9

Accepted
10

396

28

170

19.5

Rb (ppm)
Sr (ppm)
Y (ppm)

Zr {ppm)
Nb (ppm)

Rb (ppm)
Sr (ppm)
Y (ppm)

Zr (ppm)
Nb (ppm)

Rb (ppm)
Sr (ppm)
Y (ppm)

Zr (ppm)
Nb (ppm)

G-2
Measured
158

455

5

289

11

AGV - 1
Measured
68

658

14

224

125

DTS -1
Measured
0.7

1

n.d.

05

n.d.

Accepted
170

480
7
300
13

Accepted
67

660

20

230

145

Accepted




Ge(Li)-detector and a hyperpure Ge Low energy photon detector at Leuven University at
infervals 9t 7 and 20-30 days after iradiation. Element concentrations are calculated relative to a
sacondary basalt standard which has been repeatedly calibrated against BCR-1. Details of the
analytical procedure can be found in Hertogen and Gijbels {(1971). .

Analytical precision was monitored.continuously by the analyst from counting statistics and
the obsearved dispersion of results from _diﬂerer]t countings and/or differant gamma ra}s. Errors
were repo?bd by Hertogen et al. {1985) and Rautenschlein et al. {1985) for samples run at about
the same time as the present samples. They quoted the analyses as precise 1o better than 2% for
S¢, Co, Sm and‘Eu; 6% for Hf, Tb and Yb and 12% for Ce e;nd 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
sampies.

pood agreement of an analysis of the international standar‘d MRG-1 and recommended
values of Abbey‘ (1983) is illustrated in Fidure 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 unpublished data-of Dr. D.F. Strong).

v) REE (X-Rayfhzorescenoe)
t
An additional group of samples were analysed for REE using techniques modified after

Robinson et al. (1986). These analyses were all done atter-the INAA analyses were in hand and

were used o check conclusions based on the INAA data and to provide additional information in

areas not adequately represented by the INAA 'dala.
2.5 ml of Tm spike is weighed into a Ni 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 stired and a thin layer of Na,0, is sprinkled over the top.
The sample mixture Is heated in a muffle fumace at 4802C. for 1 hour, the sinter cake

placed in a beaker of 15 to 20 mi K0, the solution centrifuged and the liquid discarded. The
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Figure A6.T: Comparison of INAA REE analyses with international standards and

with results from other laboratories. In A, analyses from this study on international

standard MRG-1, compared to Abbey's (1983) recommendsd values and 1983 INAA

analyses at Nuclear Activation Services Lid. (MacMaster, University). n B, C, D,

replicate analyses of rock powdars by INAA at Leuven ahd at University de Montreal .
{(R.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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Table A6.9: INAA analyses of rock sampies and inlernalional standard MRG-1 from U niversiteil Leuven, compared with olher
INAA analylical laboratories and recommendbd values of Abbey (1983). ¢
Dala counesy ol Dr. D F. Strong {unpubiished)

Sampl JP-28 Sample TC %2 Sample TC-351

: HIGN neT HTGN RPT HTGN RPT
ta 17 16 La 56 55 La 0.24 0.29
Ce 10.2 97 Ce 153 1296 Ceo 0.92 158
Nd 2.8 s Nd 19 12 Nd nd 2.44
Sm 0.97 09 sm 3 361 -323 Sm 0.39 036
fu 013 012 © Eu 1.31 1.06 Eu 0.19 0.14
b 038 037 > 077 075 0 0.13 0.14
Yb 296 29 Yb 2.64 2.44 Yb 06 0.67
Ly 049 058 Lu 0.42 0.35 Lu 0.1 0.09
Th 2.3 25 Th 0.47 0.4 i nd nd
Ta 1.4 11 Ta 0.3 04 Ta nd nd

Sampks MUN-T Sample MAG-1
HTGN RPT HIGN NAS Abbey (1983)

La 22 75 La 89 9.7 10?
Ce 82 70 Ce %5 25 2572
Nd 28 291 Nd 177 16 197
S 6.4 56 Sm 445 414 57
Eu 069 074 Eu 145 132 - 147
AT 089 067 e 058 06 1?
b 32 25 Yo 0.84 052 17
Lu 048 049 Lu 0.14 012 027 .
™ 349 204 Th 08t 07 o042
Ta 11.7 31 Ta 0.26

HTGN - INAA analysis al Universiteit Louven, J. Hertogen, analyst
RTP - INAA analysis at Universite de Montreal, A.P. Taylor, analyst
NAS - INAA analysis by Nuclear Activation Services Lid.. MacMaster University

W

r
\




residue is rinsed with H20, centrifuged twice and dissolved in 40 10 60 mi of INHCL. -

The REE are then concentrated by standard ion exchange techniques In two stages. In
the first stage, the samples are loaded on 30 cm quartz columns with 15 ¢m of Ambaeriite CG-120
chromatographic §rade ion exchange resin and the major elements ehuted with 40 ml of 2.5N HCI.
The REE and Ba are then collected with 120 ml of 6N HCI, the solution evaporated to &ryness.

and the residue converted 1o nitrate. Ba is then removed in 12 cm pyrex columns using 3 cm of
ion exchange resin. The Ba is eluted with 26 mi of 1.5N HNOj3 and the REE collected with 15 mi

-

of 8N HNOj.

X-Ray fluoresence.

Afterzaporation, the REE are transferred 1o ion exchange paper for analysis by thin film

Figpre' A6.2 shows replicate analyses of four samples, representing the full range of REE
concentrations in the Wild Bight Group, by XRF ahd INAA. In samples 2140532, 2140498 and
2140484, the duplicates are mostly within +10% although there is a tendency for the HREE
(particularly Yb) to fall off in samples 2140532 and 2140484. Because of ﬁis problerﬁ inthe

HREE, values for Yb by XRF were not used in the thesis. Plotting La to Er in all cases produce!a
pattern which closely parallels the INAA pattern and' is generally within +10% in absolute
abundances.

The correspondence for sample 2140476 is nol as good, hardly surprising considering
the low abundances. Although the precision is not good at these levels, and Ce, Eu and Yb are
not useable becauss of in'terferenc'es. the data do suggest that én 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 to the shape of the true pattern and a rough -
idea of the true abundancgs. k

\\
\
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Figure A6.2: Comparison of
Universiteit Leuven, Leuven
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samples analysed by INAA at
» Belgium (open squares) and by

X-Ray fluoréscence at M.U:N. (closed squares).




]

437

APPENDIX 7

PRIMITIVE MANTLE NORMALIZING VALUES USED IN EXTENDED REE PLOTS

Normalizing values to primitive mantle were provided to the writer by Dr. G.A. Jenner.

These are values that are in use at Max Planck Institutt fuer Chemie. They represent the current
N |‘V .

best estimate for primitive mantle composition at that institute but have not been published to

date: They are generally in the range of 2 x chondritic but have been adjusted for some elements

to bring them all into agreement. Normalizing to these values gives extended REE patterns that

?

are essentially parallel to those resulting from chondrite normalization.

ELEMENT

La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Ti
Y
Nb
Zr
Hi
Ta
Th

PRIMITIVE
MANTLE

063
1.59
.21
0.399
0.15
0.0974
0.432
0.066
1134
39
0.65
9.8
0.28
0.04
0.088
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APPENDIX 8

. hY
DISCRIMINANT FUNCTION ANALYSIS: DESCRIPTION AND RESULTS

-

Discriminant function analysis is the technique most commonly used 10 identify variables
that are important in distinguishing among known groups, the cases of which have a number of
#nown independent vanables. it is also useful in predicling 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 classitying cases into oge df the known groups.

in the present study, functions were computed for the matfic voldanjc rocks, which were

grouped according to the geochemical criteria set out in Chapter 3. UsiggNog-transtormed data
for the varigbles 'Tioz, P,0s, Y, Zr, Nb and’V, and sample groups 1A, 1A, 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 100% of the
variance between groups. For statistical r_igour,.there should be a large 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 results for the Wild
Bight Group samples. Firstly, carrying out the calculation using only three variables (TiO2, Zr and

Y) produces a similar separation of the groups at similar probabilities. Secondly, 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.

Di'scriminanl scores were calculated for each function for each sample (Table A8.1) 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 results have been used in two ways in this thesis. Fi*t, they provide atest of the
statistical validity df the empirically-derived grouping by assessing the quality of sebaration of the |
groups and the success rate of sample classification using the derived functions. S‘econdly, they '

have been used 1o assign the matic subvolcanic focks to the appropriate geochemical groups.

v




Table A8.1: Discriminant scores lor mafic volcanic and subvolcanic rocks

SAMPLE NO. ACTUAL GROUP HIGHEST PROBABILITY PROBABILITY SECOND HIGHEST PROBABILIT‘Y DISCRIMINANT SCORES

‘ GROUP PROBABILITY GROUP
Mafic Vokcanic flocks FUNCTION 1 FUNCTION2 FUNCTION3 FUNCTION 4
2140432 0.7591 0.2341 1.2363 01715 0.7320 0.1830
2140456 1.0000 0.0000 £.0538 0.4686 18318 35827
2140458 1.0000 0.0000 8.3487 1.0633 15347 0.0502
2140460 1.0000 0.0000 -7.0368 0.4019 0.6662 -1.1116
2140462 1.0000 0.0000 53238 16490 -3.9043 37528
2140463 0.9967 0.0033 0.4605 -2.7349 -0.0868 2.0750
2140464 093935 0.0065 0.0166 -1.8915 -1.8915 11557
2140467 09577 0.0382 2.5089 -1,8065 02254 0.5949
2140468 0.9966 2.2274 -2.5304 03777 0.6468
2140470 0.9999 0.4110 -2.3235 2.4721 1.6617
2140471 1.0000 £.8529 0.8551 0.7011 0.8446
2140472 1.0000 -8.7058 3.7478 0.7747 0.7059
2140473 1.0000 81663 22578 0.6075 04217
2140474 1.0000 8.8681 1.8016 05579 0.0162
2140475 1.0000 06862 0.7728 0.3720 -1.4304
2140476 1.0000 1.0000 1.0419 04351 - 12584
2140477 1.0000 62837 02371 0.4450 06161
2140478 9.0707 32035 -1.6845 12180
2140480 79676 0.5640 0.1743 1.0657
214083 80438 2.1968 12042 0.0885
2140484 82718 2.8055 0.4587 0.1579
2140482 -7.6034 0.1150 12333 06419
2140497 40110 02761 1.3202 1.6605
2140498 39853 0.8050 2.6278 1.1942
- 2140503 16158 0.1638 1.0822 15752
2140505 22316 1.7388 1.2004 0.9262
2140506 32651 0.8742 0.7047 04759
2140509 88418 22190 -2.1558 1.1004
2140510 26015 20833 0.4868
2140511 2.0074 0.0678 11,1103
2140526 -8.0068 0.3833 1.7964
2140530 25584 0.8395 0.0962
2140531 00012 -1.7850 0.5001
2140533 0.4585 25014
0.3004 -3.7560

2140534
2140540 0.6501 -1.9276

1.0000
1.0000
1.0000
1.0000
0.9835

0.9504
0.6898
0.5668
1.0000

1.0000

0.9975
0.9995
1.0000
0.9983
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: . : « Table A8.1: (Continued)

SAMPLE NO. ACTUAL GROUP HIGHEST PROBABILITY PROBABIITY SECOND HIGHEST  PROBABILITY - DISCRIMINANT SCORES
GROUP ) PROBABILITY GROUP -
Mafic Voicanic Rocks FUNCTION 1 FUNCTION2 FIRCTION 3 FUNCTION 4
2140541 0.6001 02761 -2.7150 1.838t 0517
2140543 0.0074 0.1191 -12755 02190 0.587%
2140544 0.1005 14352 08515 0.3047 0.8005
2140545 0.0536 41160 1.3357 0.9336 0.0553
2140548 0.1520 4.2001 13942 0.3698 0.5369
2140547 =0.1590 4.1867 14246 11725 0.8205
2140548 £0.7290 3.1530 . 20070 1617 0.1272
2140540 0.2507 32237 1.7927 06709 02396
2140550 01993 35409 2.3600 0.4849 0.6473
2140551 0.0012 52837 27412 1.8372 0.0366
2140553 0.0184 21404 -1.8306. 03178 0.8249
2140554 0.0004 0.8676 -2.9345 0.4443 0.0189
2140555 0.0400 32467 -2.5803 -1.3741 0.8589
2140750 00114 1.5021 -1.9427 0.1106 0.1707
2140751 0.0025 1.0360 -2.3098 0.38%0 0.0013
2140752 0.0029 12449 -2.4875 -1.0397 -0.4558
2140753 .0.0453 16101 -1.6179 05033 £0.3213
2140754 0.0011 08313 -2.6285 02978 0.1571
2120755 0.0005 0.6224 25174 £.4100 -1.0136
2140756 0.0568 21127 -1.5444 0.1262 0.3343
2140758 0.1769 0.1201 -1.0207 0.9647 0.6927
2140761 0.1360 37829 2.1005 05868 0.4003
2140762 0.4398 2.9024 0.9984 0.6292 0.0160
2140763 0.0000 92412 1.9367 3.2482 0.1579
2140764 0.1837 " 2.9558 15144 1.0008 0.3589
2140765 #0.0000 8.1852 1.1487 14842 1.3548
2140767 02239 1.1917 -0.0061 0.3149 0.5951
2140768 60000 90554 3.9948 -1.4435 0.1049
2140771 00092 0.5607 -1.7078 02656 . 02355
2140772 0.0003 06273 -2.9675 0.5420 0.3052
2140773 0.3441 2.5905 1.7231 0.2623
2140774 0.0066 0.9827 2.1410 i 0.5054

~

2
2
2
4
4
4
4
4
4
4
2
2
2
2
2
2
2
2
2
2
2
4
-4
5
4
1
3
5
2
2
2
2
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Table A8.1: (Cmtnuqd)

e—
SAMPLE NO. ACTUAL GROUP HIGHEST PROBABILITY PROBABILITY SECOND HIGHEST PROBABILITY DISCRIMINANT SCORES
GROUP PROBABILITY GROUP

Matfic Yolcanic Rocks FUNCTION1 FUNCTION2 FUNCTION 3 FUNCTION 4
2140450 5 0.6057 4 0.3941 65360 2.9098 0.3899 0.6174
2140454 5 0.99684 4 0.0016 75345 3.7209 0.3043 0.6159
2140457 4 0.8253 5 0.1747 6.3875 53157 1.7586 0.1908
2140451 1 0.9997 2 0.0003 4.0568 C.7275 0.6112 1.4191
. 2140455 1 1.0000 2 0.0000 -10.44456 . 35929 1.4550 1.1208
- 2140481 4 0.6977 3 02702 1.8463 0.7549 1.4035 1.5625
2140482 - 4 0.9420 3 0.058) 356879 1.1962 $.5020 0.1125
2140485 4 0.9966 3 0.0014 4.7046 3.2627 23399 0.0028
2140486 5 0.9620 4 0.0380 7.0784 3.8542 0.6965 0.3348
j 2140489 4 0.8909 5 . 0.1091 6.5343 4.7597 1.9837 05748
2140491 3 0.6748 2 03110 2.0847 -0.8470 0.6643 12232
2140495 3 0.9505 4 0.0344 1.7868 0.7677 0.1010 0.6999
2140496 2 0.9979 3 0.0021 122 -2.3296 0.0789 0.4539
2140501 4 09798 5 0.0197 5.971 35721 11982 0.1949
2140502 4 0.9983 3 0.0017 3.8595 50799 3.2375 06417
2140508 4 0.8519 3 Q.1470 51980 -0.0422 0.3434 0.3405
2140512 2 0.9989 3 0.0011 1.1299 -2.7386 0.6367 027®

R
e~
—
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APPENDIX 9

. DISTRIBUTION COEFFICIENTS USED IN PETROGENETIC CALCULATIONS /

Two sets of distribution coetficients were used for fractional crystallization and partial

~ ——____ melting calculations in Chapters 3 and 4. Both have been compiled from the literature by Dr. G A
Jenner. Thé coefficients used for fractional crysiallizatibn calculations are identified on the tables
in which the calculations are reported. All partial melting calculations are donerusing the 'primitive
basan' coefiicients. Mineral abbreviations as fo.r Appendix 1.

PRIMITIVE BASALT

Distribution Coefficients
Element o Opx Cpx P Ga
La 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 0.0019 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 0.1200 0.0100 - 0.0450
Y 0.0300 0.5000 1.5000 0.0800 0.2700
Cr 21000 = 10.0000 8.4000 .0.400 - 0.1000
Ni 14.0000 4.0000 3.0000 0.0400 0.8000
FRACTIONATED BASALT
Distribution Coefficients
Element (o] Qx Cpx A le)
La 0.0089 0.0260 "1 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 0.0105 0.0790 0.4760 0.0670 0.5410
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
Vv 0.0300 0.5000 1.0000 0.0800 0.2700
Cr 3.1000 10.0000 20.0000 00400 - 0.8000

Ni 19.0000 5.0000 4.4000 0.0400 0.8000
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APPENDIX 10

Nd ISOTOPIC ANALYTICAL PROCEDURES AND DATA RELATINGTO ACCURACY AND

PRECISION OF Nd ISOTOPE ANALYSES

Chemical Procedures

Chemical separation of the REE was carried out under controlled, clean lab, conditions, at
Max Planck Institutt fuer Chemie on samples analysed there (see Téble A10.1) and at Memorial
University of Newloundland 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.

Reagents were doubly distilled in quanz in a two-bottle tefion still, Approximately 0.15 to

0.35 g of sample (depending on Nd abundance) was dissolved in 2 m! HF and 2 mi 8N HNOq in

closed teflon bombs. Following dissolution, samples were evaporated (o dryness, taken up in 6N
HC!, and split for NdIC and Nd and Sm ID analyses. Approximately 1/3 was taken off for ID analysis.
Twenty utof amixed 150Nd, 147gm spike (M.UN. spike #1) was added to samples to be
analysed by ID. The isotopic composition of the spike has been determined by Dr. B.J. Fryer at

M.UN.

The REE were then separéted using standard ion exchange procedures inthree stages as
follows: |

i} Stage 1: To separate the major elements from Ba énd the REE, samples were passed in
HClthrough 18 ¢cm of Amberlite CG-120 chromatographic grade ion exchange,resin in 30 cm
quartz columns. Major elements were eluted using approximately 40 mi of 2.5N HCI., Following

this, the REE and Ba were collected in approximately 60 m! of 6N HCl in tefion beakers. Columns

were cleaned with 6N HC, backwashed in Hy0 and re-equilibrated with 2.5N HCI.

iy Stage 2: To separate Ba from the REE, samples were passed in HNO4 through 7.5 cm of

resin as above in 12 cm pyrex columns. Samples were loaded and Ba eluted in approximately 28




Table A10.1 Analytical history for Nd IC and Sm/Nd analyses.
Sample No.  ND IC analysis Sm/Nd andlysis

2140453
2140454
2140456
2140457 -
2140458
2140463
2140465
2140467
2140473
2140476
2140481 M.UN.
2140483 GS.C.
2140491 GSC.
2140492 Max Planck
2140496 M.UN.
2140497 Max Planck
2140502 G.S.C.
2140503 GS.C.
2140506 GS.C.
2140509 M.UN. .
2140511 Max Planck
2140512 G.S.C
2140526 G.S.C.
2140532 Max Planck
2140538 GSsC.
2140544 G.S.C.

- 2140546 Max Planck
2140549 GSC.
2140553 Max Planck
2140756 G.S.C.
2140762 G.S.C.
2140763 GSC.
2140773 GSC. .N. (ICP-MS)
2140774 GS.C G.S.C. (iD)
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Max-Planck - samples runon a Finnigan-MAT, multi-collector mass spectrometer
analyst, G.A. Jenner.

G.S.C. - samples run on a Finnigan-MAT, mutti-collector mass spectrometer
analyst, H.S. Swinden

M.U.N. - samples run on a VG MM-30 single collector mass spactrometer.

, analyst, H.S. Swinden
ID - Isotope dilution
ICP-MS - inductively coupied plasma mass spectrometry
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mi of 1.5N HNO3. The REE were then collected with 12 ml of 8N HNQO3 in teflon beakers.

Columns were cleaned in8N HNO3 backwashed in H20 and re-equilibrated in 1.5N HNO;.

Stage 3: Rare earth fractions were further separated using 10 cm of tetlon powder, coated
with di-2-ethylhexy! orthophosphoric acid in 12 cm quartz columns. Following collection after
stage 2, samples were dried, diss;,olved in 4 mi 8N HNOg3 and 2 drops of HCIO4 to destroy organic
material, and converted to chlorides.

For Nd IC samples, the samples were loadgd 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 210 4 ml of 0.18N H.CI and 310 5 mlof
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

eiuted in 3 mi of 0.18N HCI. Nd was then collected with & m! of 0.25N HCI and Sm with 5 mi of
0.50N HC!.

Mass Spectrometry

Samples ;Nere analysed on three mass spectrometers as detailed in Table A10.1.

At Max Planck Institutt fuer Chemie and the Geological Survey of Canada (G.S.C),
measurements were made on a Finnigan-MAT 261 mass speclrometer. The analyses at the
former were done first, before the chemical procedures were developed in the M.UN. léboratory.
A range of samples was analysed based on preliminary geochemicél interpretations so as 1o 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 at M.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 for lhése samples were on the order of 12

to. 14 hours per sample. Sample loads of less than approximately 500 ng of Nd would generally
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not run long enough to provide a precise determination. Because more than half of the samples
1r.om the Wild Bight Group would have been atr or below tr—lis Iimii onthe 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 mutti-collector machine at the G.S.C. The
6pponuni1y to do this and much assistance-in carrying out the analyses was kindly provided by O.
van Bréeman, C. Roddick and D. Loveridge of the G.S.C. lso{ope Laboratory.

Analytical procedures at Max Planck are detailed by White aﬁd Patchett (1985) and were

carried out by Dr. G.A. Jenner.
At the Geological Survey of Canada, Nd and Sm were loaded with H3PO4 on double Re

filaments and measured as metal in multi-collector sta;tic mode. Backgrounds and imerfering
species were measured between blocks of 12 s¢ans and baselineﬁvalues 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 édequate precision. During Nd IC ar.alyses, 150Nd/144Nd was also measured as a
monitor of data quality. For Nd 1D measurements, the 150Nd/144Nd ratio was measured and
normalized to 146Nd/144Nd = 0.7219. For Sm ID measurements, 1525m/149sm was measured
and normalized to the first 147sm/149sm in the run. -

At Memorial University of Newloundiand, Nd isotopic ratios were measured on a VG

Micromass-30, single collector mass spectrometer. Samples were loaded in dilute HCI and
HaPO4 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, 150Nd/144Nd was also measured as a monitor of data quality.

Analytical accuracy was monitored with the La Jolla standard and data corrected to
143N¢/144Ng(La Jolla) = 0.51185. A funther check was made by analysing the BCR-1
international standard, for which accepted 143Nd/144Nd ratio is 0.51265.

White and Patchett (1984) gave analytical data for mul{iple analyses of La Jolla duning

1982-83, shonly before the present analyses were done there. Little change was recorded in
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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 (0.511847+21) and analyses of BCR-1 at this
laboratory reported by White and Patchett (1984) and Rautenschiein et al. (1985) afe

143Ne 144Nd = 0.512647+22 and 0.512653116 respectively. These demand no further
correction to the present data.

Repeated measurement of tlhe 143Ng/144Nd ratio of the La Jolla standard at M.U.N.
during the time that these measurements were done are shown in Figure A10.1A. They cluster in
the range of 0.51185 within analytical error (0.511859:293 where the uncertainty is‘twice the
standard deviatioﬁ of the mean) and demand no further correctior; of the present data. »

hepeated measurements of the 143Nd/144Nd ratio on the La Jolla standard at the
Geological Survey of Canada during the time of the present measurements are plotted on Figure
A10.1B. At 0.511828+14, they are generally lower than the accepted value for La Jolla. A simitar
result was obt‘ained from measurements of BCR-1 (two measurements, 143Nd/144Nd =
051261311 and 0.512610+13 respectively). Accordingly, 143Nd/144Nd ratios measured on
this instrument were standardized by addition bf +0.00003.

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 procedu}es 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 powdér from the same sample. The others are replicate analyses of
diflerent splits of the same Nd concentrate. It is clear that for very clean runs, where thé”étandard
error is very low, this statistic may underestimate the true p'recision of the analysis. In all duplicates
analysed, the worst analytical precision is 11 and most are betier than this. in the use of analytical
data in the téxt. therefore, analytical precision is conservatively reported 1o be, atbest, +15 and

this is considered to more than account for imprecision above and beyond that introduced by the

instrumental analysis.
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Figure A10.1: Resutts for the La Jolla Nd standard run at the Geological
Survey of Canada and Memorial University of Newfoundland during the
periocl; that analyses for this study were carried out. The former are
mutti-collector data, the latter single collector data, fractionation corrected to
146Nd / 144Nd = 0.7219. Error bars are twice the standard error on the mean
tor individual runs. Mean indicated by solid line and 2 sigma for the )
population by dotted lines.




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 concantrate. Quoted analytical uncenainties are twice
the standard error on the mean based on in-run statistics

Sample No. Analysis 1 Analysis 2 Ditference

2140456 0.512942 +13 0.512925 15 0.000017
2140544° 0.512907 +11 0.512928 11 0.000021
2140491 0.512718 7 ’ 0.512740 17 0.000022
2140483 0.512737 13 0.512728 17 0.000009
2140571 0.512425 19 0.512418 110 0.000006
2140506 0.512813 16 0.512795 18 0.000018
2140512 0.512477 19 0.512475 +10 0.000002
2140756 0.512520 18 0.512537 +12 0.000017
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Nd and Sm blanks processed in the M.U.N. clean iab at the same time as the present
samples are reporied 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 and 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 150Nd/f““Nd and 1925my/149sm

ratios respectively. Analytical errors in Sm/Nd are too small to be represented by error bars on

Figures 4.2 and 4.3 and recalculation of epsilonyg for all samples based on maximum analytical

errors produced no change in the calculated epsilonyg. For six samples, the Sm/Nd ratio was '

measured by ICP-MS at Memorial University of Newfoundland. Ana!!ytical uncertainty quoted by
the ana‘lysl based on count statistics and repeated measurement of standard materjals 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 which
ID data are also available. These are reported in Table A10.4 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 epsilonyg is

calculated from this error.




Table A10.3: Analyses of Nd and Sm blanks prepared.at the same time as the whole rocks
for Nd isotope analysis reported in Chapter 4 .

Sample No. total Nd total Sm
(picograms) (picograms)

BJF-BI-10 230 107

HSS-BI-1 97 64
The blanks were overspiked which

particularly atfects the precision of the Sm results. The
reported absolute values for Sm s

hould, therefore, be regarded as approximate.

Irrespective of this, total Nd and Sm in the blarks is negligible compared to amounts
analysed in the whole rock powders. -




Table A10.4: Comparison of analyses of Sm/ Nd ratios by isotope dilution and ICP-MS

147Sm / 144Nd

Sample. No. Nd (ppm) D ICP-MS
2140457 31.1 0.132 0.136
2140467 18.8 0.151 0.150
2140473 0.9 0.242 0.265
2140476 1.3 0.266 0.272
2140503 7.4 0.184 0.192
2140512 12.4 0.151 0.151
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