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Frontispiece
The Skidder Area: a clear day on a portion of the "vast fishing-rock, enveloped in everlasting fog,
placed in an Arctic position in the Atlantic Ocean" (quote from Alexander Murray (Murray, 1877); written
by him to point out the misconceived notion of Newfoundland that many people had at the time).
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ABSTRACT

- re
-

i The Skidder-.Basal[',- which outcrops in an drea of central Newfoundland
im'mediaxely 10 the northwest of Red Indian Laké.and approximately 12 km sou‘thWestI of.
the town of Buchans, is a spllmzed thofeuuc sub-alkaline assemblage composed mamly

»of mafic vanolmc and non-variolitic p1|5pw lava, mafic pillow breccia and masswemaﬁc
flows; leese exwusive rocks ;are interlayered with lesser amounts of mafic pyroclasnc\rocks
and chert, apd are intruded by dlabase dykes. Units typically strike nc->rtheas-f to g:ast;

i nonhcqstcrl_y and di;; steeply; facing directions are typically northwesterly, althoug}; local
reversals, pan.ic'ularly in the vicinity 6t; the Skidder Prospect, are noted. Foliations trend
northeasterly and dip steeply. Several nonhcasrcrly, nor’therly and northwesterly trending
lineaments are evident on aerial phoxqgraphs, andh..m‘ziriy _corrésp_ond 16 linear magnetic
feaFures. , r 7

Rocks of the Skidder Basalt are dominated by secondary mineral assefiblages.
Typicaily, albitized plagioclase phenocrysts occur in an intergranular to intersqrtal
groundmass of albite, chlorite, _quani, dense grahular sphene, and varlable amounts of
subhedral to acicular opaque minerals.: Prirrllary clinopyroxene and chromite, and
seéo}idéry calcite, amphibole and epidote éfc:()_nstit‘ucntﬁ of .somc samplc‘; Clino.py.ro.xﬁc;l—é-
and alb®@ed plagioclase in some low-Zr Skidder bas-alts exhibit qucnch-[cxlufc
morphologies. Formation of varioles, present in some of the low-Zr Skidder basalts, is
suggested t'o. be a result of queiching. Spilitization of the Skidder Basalt hasoinvol'ved
albifization of .plagioclasc, chloritization of baslaltic @s‘s. alteration of ferromagnesian
min_eréls to chlorite and lesser amphibole, and alteration of opaquc‘Fé-Ti oxides to der}se
mlcrgranular sphene. Gcothmlca.lly, spilitization has resulted in redistribution. of SiO,
" and toml Jron, removal of K,0O and MgO and extensive addition of Ka,0. -The spilitization
//‘

(
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a.
~ is suggested to have resulted from interaction of the rocks with circulating seawater under -

conditions of low seawater/rock ratios.

» ’ X, ,

. The chemistry of Skid.dcr\"Basalt_ clinopyr_oxcnes\ and chromites suggests it has
greateg similarity to ocean-floor basalts than to basalts formcd‘in an island arc environment.
" The Skidder Basalt rocks define tholeiitic thends and plot either within the ocean ﬂoor basalt
field or overlap the ocean floor basalt and island arc tholeiite fields on trace element
va'riation diagr’ams. It is geologically and geochemically more similar to the pillow lava
sections of ophioli’te complexes than to the Buchans Group basalts. The Skidficr Basalt
probably formed in an extensional tectonic environment at a slow-spreading océanic or
baci(-arc basin ridge. .

Low-A1203, oceanic-type trondhjemite dykes and pod§ intrude, or are interlayered
with, the Skidder Basalt in places. They are chemically similar io trondhjemites c:)nsidered
to represent late magmatic differentiates of basaltic magma. _

The Skidder Prospect is an ophiolite-type volcanogenic massive sulphide deposit
hosted by basaltic pillow lavas, mafic pillow breccias and aquagene tuffs of ths Skidder

Basalt. Brecciated, quartz-veined, unlayered and lesser. bedded jasper and jasper-rich

silistone are sgaii_gﬂ_)/_ associated with the massive sulphides. Trondhjemite dykes intrude

rocks in the Skidder Prospect area in several places. '

The deposit contains possible and probable reserves of 200 000 tonnes grading 2%

copper and 2% zinc accompanied by very m‘inor amounts of lead. 'l:hc sulphides occur

_mainly in-tu,/o lenses composed of sernimassive to massive unlayércd and layered pyrite
cbntaining lesser amounts of chalcopyrite and low-iron sphalerite. Rare galena, hematite
and magnetite are also noted. Quartz, chlorite and lesser calcite are the predominant gangue’
minerals. ﬁﬁl_?ngndant disseminated sulphides, mostly pyrite, occur in a qdanz;__*.ggd/or

chlorite + talc- rich stringer zone underlying the massive sulphides.
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| Distinct alteration zones characterized by secondary rineral assemblages envelop
thc massive sulphide lenses and flank the underlymg stringer zone, typically upto 150 m

away from the sulphlde bearing zones. The altcranon primarily involves large mcreases in

the amount of intersertal chlorite and quanz; rcplaocmcnt of mafic minerals by chlorite; and

replacement of albitized plagioclase by quartz and leése;r phengitic sericite. Quartz has been

remov nd replaced by chlorite, in places. Chlorites from the alteration zone are

significantly enriched in magnesium relative to those of typical spilitized Skidder Basalt. .

Calcite and epidote, which occur in abundance in the Skidder Basalt are absent in the most
intensely altered rocks of the Skidder E"rosp‘ect alteration zone. |

Gcochcrmcally, the alteration is characterized by sporadic ennchmem of K, Rb, Ba
and Pb; depletion of Q Sr and Na; and redistribution of Sl in most of the altered rocks.
'Magn;sium and zinc are enriched in intensely chloritized zones. The Zn probably occurs in
tiny sphélerite grains intimatc‘l'y associated with high—Mg chlorite. The sporadic‘ enrichment
of K and related elements is evident up to 400 m away from the sulphide-bearing zones; the

other geochemical effects are recognizable only about 150 m away. Incompatible elements

Zr, Y, P and, to a lesser extent, Ti; and compatible elements Cr and Ni have remained

stable, even in intensely altered rocks. Chondrite-normalized rare earth element patterns
associate®} with sulphide-poor samples, including some that are relatively unaltered to
others that are silicified and intensely chloritized, are similar to those of s})ﬂjt\ized Skidder

Basalt. Sulphide-rich samples are depleted in REE concentrations rélative to the others and

some show relative depletion of Ce and the mid@ie REE; characteristics shown by

-~

chondrite-normalized REE patterns for seawater.

) ‘ Lead isotope ratios of the Skidder prospect sulphides are some of the least
radiogenic of Newfoundland fnin;ral deposits. On the 207Pb/204Pb vs. 206Pbﬂ°“Pb
diagram, they plot along the mantle lead evolution cu.rvc of Zartm.an and Doe (1981).

-




“The genenc‘ xryd.e] su ggested for formation of the Skxddcr Prospcct is sumlar to that
proposed for other oph16{1tc relatéd massive sulphide dcposxts Metals are suggestcd to
- have been leached from underlying rocks by heated, deep circulating, modified seawater )

possibly similar in composition to that being emitted at present on the East Pacific Rise.

The metals were probably carried in solution as chloride complexes. Local faulti‘ng

. provided upward access 10 the seafloor for the metal-bearing hydrothermal fluids where the
massive sulphides are suggested to have been deposited poésibly in a manner similar to

those now forming on the East Pacific Rise. Mixing between the hot, upwelling, metal-

bearing ﬁydrbtherma] fluid and cool, shallow-convecting seawater is suggested to have
produced the associated alteration effects and the disseminated-sulphide stockwork zone.

Much of the spatially assoctated jasper has probably been produced by oxidative Icachiré\

-

of sulphides exposed on the seafloor.
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Chapter 1
INTRODUCTION

1.1 Location and Access

The Skidder area is located in central Newfoundland immediately to the northwest
of Red Indian Lake and approximately 12 km southwest of the town of Buchans. The
study area (approximately 24 km?) occupies the northwest part ofz&w Lake Ambrose map
sheet (12 A/10; scale 1:50 000) and extends into the southwest comer of the Buchans map
sheet (12 A/15; xale 1:50 000) (Figure 1-1). 'I'hcv Skidder Prospect which is located near
the centre of the study area occurs at latitude 48° = 43.5° north)and lonéimdc 56° ~ 56'
west. The northern portion of the study area is included in Reid Lot 232 and its southern
portion is covered by ground held under the Anglo Newfoundland Development
Corporation Charter. Mineral rights to the area are presently (1988) held by BP-Selco Ltd.
having been purchased from former owners Abitibi Price Mineral Resources and the
American Smelting and Refining Company (ASARCO).

Access to the southern portion of the study area and to within 900 m of the Skidder
Prospect may t\x gained by branching from paved highway Route 350 at approximately S
km east of Bucﬂans and lh%r'\c:c travelling west via 14 km of gravel-surfaced woods-access
road along the north shore of Red Indian Lake (Figure 1-1). A muskeg trail leads from the
gravel road northward to the Skidder Prospect. Road access may be restricted during times
of heavy rainfall due to washouts, and alternate means qf "access either by all-terrain
vehicle, by boat on Red Indian Lake, or by helicopter must be used. The northwestern

portion of the study area is readily accessed by helicopter only.

1.2 Physiography and Gia"ciation
Twenhofel and MacClintock (1940) show the Skidder area as part of the High
Central Plateau, a portion of the Atlantic Upland stretching from Red Indian Lake westward
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Figure 1-1: Location map for the Skidder area.



to Grand Lake. According to them, the High Central Plateau represents a glacially
modified, subaerially developed peneplain of Tertiary age. Hills rising above the general
level of the peneplain are considered to be glacially plucked monadnocks, their upper
surface marking the level of a late Cretaceous-early Tertiary peneplain which Twenhofel
and MacClintock (1940) term the Long Range Peneplain. )

The study area is dominated by a glacier- and stream-dissected ridge rising
approximately 150 m along a densely woaded slope from Red Indian Lake about 1.5 km to
the southeast. Hills having a further relief of 30 t0 40 m cap theridge. One bare outcrop
ridge immediately northwest of the arrow-s'hapcd lake in the southwestern portion of the
study area rises to about 350 m above the level of Red Indian Lake. Numerous lakes,
ponds and bogs are present. Drainage, inclu‘ding Skidder Brook, the only large stream in
the immediate area, is southcasterly into Red Indian Lake. "

According to Vanderveer and Sparkes (1979), directional glacial striae in the
vicinity of Red Indian Lake, w\ithin the study area, ir}dicatc an carly south-soﬁthcastcrly

flow of ice followedﬁby later flow to the southwest. This is substantiated by till fabric

analysis carried out by these same authors about 2 km south of the study area.

1.3 Previous Work ) ’ 3

Previous gedlogical work in the study area has been dominated by exploration and
prospecting conducted by ASARCO under agrc%@cm with the Angla Newfoundland
Development Coi'pdration which became know; as Price Newfoundland Ltd. and

subsequently as Abitibi-Price Mineral Resources. Government surveys in the area have

inciuded: regional geological mapping by the Geological Survey of Canada (Riley, 1957;

Williams, 1970) and by the Govemment of Newfoundland, Department of Mines and
<Energy (Kean, 1979; Kean and Jayasinghe, 1980); aeromagnetic surveys by the Geological
Survey of Canada (Geological Survey of Canada, 1954a; 1954b; 1968); and a regional luke
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sediment survey conducted by the Ncw‘/foundland bépartmcm of Mines and Energy (Butler
and Da;/enport, 1978).

Murray (1881) notes "a great display of igneous and eruptive rocks of various
mineral qualities which have greatly disturbed and altered the scdimcntar); formations for
the whole ]cr;gth of the Exploits River and Red Indian Pond (Lake)". }Ic correlated the
rocks jn the Red Indian Lake area with "Silurian" rocks to the north.

Sustgrove (1928) defthed the Central Mineral Belt, which includes the Skidder
a;ea, as being a southwesterly narrowing wedge extending from Notre Dame Bay

Y southwestward to the Rose Blanche-Cinq Cerf area on the south coast. He divided the
Rcd Indian Lake District” into two series: i) an older one of andesitic and trachytic lavas
and pyroclastic rocks which strike northeast and dip northwest and; ii) a later series of
granite, gmnitc pc;rphyry ‘z}xx{bas‘zlt. |

Newhouse (1931) shows miich of the Skidder area to be underlain by fine to
‘medium grained ophitic-textured diabase and the remainder by pillowed andesites an/d
basalts of the "Cambro-Ordovician" Buchans Series. He also mentions well banded white
a_nd green cherts with jasper occurring along Skidder Brook that are "pro_b_ably several
hundred feet thick”. He ci’cscribcs poorly consolidated shales, arkoses ang conglomerates
that oceur immediately to the southwc‘s: of the Skidder area and reports that thin shale beds
near the top of the stratigraphic scction contain carbonaceous material and Carboniferous
plant remains.

George (1937) shows the Skidder area geology to be dorﬁinated by diabase and
Buchans Series rocks and the staff of the Buchans Mining Compa.r{y (1955) show the area
to be underlain by basic volcanic rocks of the Basal Formation of the Buchans Series which |
th‘ey suggest to be possibly'of Ordovician age. ) |

Relly (1960) recommended changing the Buchans Series of Newhouse (1931) to

the Buchans Group. He shows the Skidder area to be underlain by Ordovician(?) or

Precambrian(?) andesite and basalt ﬁows and agglomerate.
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Swanson and Brown (1962) correlate the Buchans Group with the Roberts Arm

Group of Notre Dame Bay. They describe the Footwall Andes.u': (in which the Skidder ‘
aréa rocks Had been included) as a thick (4000' (1219 m)) sequence of prcdorﬁinamly

hasaltic pilowed and massive flows containing interbedded pyroclastic mck:c,.

- Published results of regional gcoldgical mapping by H. Wililiams for Lhé Geological '
. Survey of Canada during 1965 and 1966 (Williams, 1970) show the Skidder area as bcing
unerlain by "green to purple and red amygdaloidal lava (locally pillqwed) and

agglomerate” plus lesser massive green lava, Williams (1967, 1970) re-assigned these and

other rockz/of the B‘uchans Group to the Silurian on the basis of lithological similarities of
“the volcanic rocks\and locally interbedded red sandstones to those of the Silurian
Springdale Gr'f)up of nornh-central Newfoundland.

An ASARCO (1972) unpublished cbmpildtion map 6( the Skidder area at a scalé of
1:12 000 shows the area to be underlain prcdomin,anlly by "Silurian” basaltic to andesitic
flows, tuffs and agglomerates termed "cycle 1 - basement rocks”. Rocks cxposéd along .
Skidder Brook referred to as well banded white and green chert with jasper by Ncwhouse.
(1931) are shown as daéilic flows and tuffs. Felsic focks in the northern portion of thc.‘ ~
Skidder area are termed "orange to reddish rhyolite flows and intrusives”. ;

Results of an extensive lithogeochemical-study in the vicinity of the Buchans
polymetallic massive sulphide deposits and a description of the Buchans geology and
orebodies (Thurlow, 1973) are published in Thurlow (1974) and Thurlow et al, (1975).
Thurlow (1973; 1974) and Thurlow gt al, (1975) describe the Buchans Group as consisting
of four mafic to fc‘lsic4volcanic cycles; cycles one and two containing the-main orebodies.

\ ) The Footwall andesite interpreted as forming the base of the Buchans Group and including
rocks in the Skidder area is described as consisting of mainly "andesitic basalts,
agglomerates, tuffs and flow breccias” accompanied by "less abundant flows and only local

occurrences of pillowed flows and flow breccias” (Thurlow, 1973). “Moderate

. chloritization and development of calcite amygdules in blocks and bombs are characteristic

>
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of the unit” (Thurlow, 1973). Thurlow (1973).~.funhcr concludes, on petrochemical
grounds, that the Buchans Group is a calc-alkaline island arc rock suite (with slight island
arc tholeiite tendencies). Thurlow ¢3 al, (1975__} suggest "num;ro;xs" similarities of the
Buchans orebodies to the Kuroko deposits of Japan.

Thurlow (1975) discusses the geology and mineral deposits of the Buchans area in
a report to the Buchans Task Force. He notes the recognition of major north to south thrust
faulting and suggests a more simplified Buchans stratigraphy based on repetition of units
due to the thrusting. He divides the Buchans Group into a lower and upper subgroup. The
Footwall Andesite is re-assigned to the Red Indian Lake Formation, a 2 4000 m-thick,
north-dipping, nonh-faciﬁg sequence of basalti¢ pillow lavas, billow breccias and other
volumetrically less significant lithologies which forms the base of the Buchans Group. He
considers the Red Indian Lake Formation to be forrclativc with basalts of the Roberts Arm
Group to the nonhcasx.. Thurlow (1975) dcscﬁb;s_ the Skidder prospect as a pyrite,
chalcopyrite, sphalerite volcanogenic massive sulphide deposyg occurring in basal.ts of the
Red Indian Formation. He notes that the sulphitie deposit is associated with jasper chert
" and underlain by pynitic and siliceous stockwork. Thurlow (1975) points out the
anomalous nature of the-deposit relative to others in the Buchans area.

Barbour (1977) provides a more detailed description. ofl the geology and
mineralization of the Skidder Prospect in an unpublished company report for Price
Newfoundland Limited and ASARCO.

:I‘hc two subgroups of the Buchans Group and southwestward-directed thrusting
with later open folding about northést-trendingaxes (cf. Thurlow, 1975) are emphasized
on a geological map of the Buchans area (12A/15; s'calc 1:50 000) compiled from regional
mapping by ASARCO, Price Company Limitjcd and by B.F. Kean (Kean, 1979). The
. Skidder area is included in the Basal basalt unit (Kean, 1979) which has a similar lithologic

description to the Red Indian Lake Formation (cf. Thurlow, 1975). Felsic units in the™
4 \ .




northeast portion of the Skidder area are described as pink and purplish gri:y spheroidal
.

rhyolite (Kean, 1979; cf. ASAR::))IWZ).

Rocks of the Skidder area-afe shown as mafic volcanic and volcaniclastic rocks\of
the "Middle Ordovician and Silurian” Buchans Group by Kean and Jayasinghe (1990).
They point out the ubiquitous presence of red cherts throughout the rocks in the area, a .
particularly well exposed éccxion béing present along Skidder Brook (cf. Newhouse,
1931). They describe confbnnablc relationships southeast of Red Indian Cake v;hcre a
siltstone unit termed the Harbour Round Formation overlies the Victoria Lake Group and
underlies mafic volcanic rocks included by them in the Bﬁchans- Group. Kean and
Jayasinghe (1980) consider the Buchans Group to be post-Caradocian in age and
equivalent to the Roberts Ann Group of Notre Dame Bay (cf. Dean énd Strong, 1975;
Williams, 1967). Also included in the rc.port is a brief description of the Skidder Prospect.
They point out that the simple mincm‘logy, lower metal grades and lack of associated felsic
rocks make the deposit different from other polymethllic deposits in the Buchans-Roberts
Arm groups (cf. Thurlow, 19755 and suggest a similarity to the Gullbridge deposit (cf.
Upadhyay and Smitheringale, 1972). '

'I:wo comprehensive studies of Buchans area geology were completed in 1981.
Thurlow (1981a) completed a Ph.D. thesis on the geology and ore deposits of the Buchans
Group and the Geological lAssociation of Canada (GAC) published a commemorative
volume on the Buchans orebodies (Swanson et al,, 1981).

Thurlow (1981a) divides the Buchans Group into two subgroups, representing two
major cycles of volcanism. He describes the lower Buchans subgroup as "voluminous
basa'tic volcanics overlain by arkosic rocks followed by intermediate and felsic volcanics
which contain the major ore deposits”. He describes the Upper Buchans Subgroup as a
"second volcanic cycle” including "mafic \‘/olcanism and arkose deposition” followed by

eruption of "voluminous, dominantly felsic volcanics”. He includes the Skidder prospect

host rocks and other rocks in the Skidder area in the Footwall Basalt, the lowermost unit of




the Buch?ns Group. Thurlow (1981a) reiterates the importance of southwestward

thrusting resulting in repetition of stratigraphic units (cf. Thurlow,- 1975), and the calc-
alkaline geochemical affinity of the Buchans Group rocks (cf. Thurlow, 1973). He also
suggests a faulted relationship between the Buchans Group amd Caradocian sedimentary
rocks that overlie the Victoria Lake Group (cf. Kean and Jayasinghe, 1980).

Thurlow's in depth’ study of the Buchans Group geology, geochemistry and |
contained orebodies (Thurlow, 1981a) is synthesized in two papers (Thurlow, 1981b;
Thurlow and Swanson, 1981) included in the ¢bmmemorative GAC Buchans volume
(Swansgp etal., 19‘81). ‘Also included in the volume are papers on the mining history,
regional geology (Kean gt al,, 1981), geochronology, isotope studies and 6rc horizon
breccias of the Buchans area as well as a geological compilation map of the central volcanic
belt at a scale of 1:250 000 (10 acéompany Kean ¢t al,, 1981) and a geological map of the
Buchans area a't"';‘: scale of 1:50 000 (to accompany Thurlow and Swanson, 1981); both
maps include \the Skidde_r area. Kean ¢gal, (1981) include the Buchans Group"m théir post-
Caradocian "late arc” sequences and mention the Skidder Prospect as an example of
mineralization in mafic (vs. felsic) volcanic rocks within the "late arc” sequences. Thurlow
and Swanson (1981) include the Skidder Prospect in the Footwall Basalt unit of the

Buchans Group (cf. Thurlow, 1981a).

1.4 Present Study

The prime objectives of this study are: i) to describe the geology, perology,
geochemistry and petrogenesis of the Skidder Basalt and trondhjemites that intrude it; 1) to
describe the geology'and ore petrology of the Skidder Prospect, a volcanogenicl massive
sulphide deposit hosted by the Skidder Basalt; iii) to indicate the mineralogical and chemical
changes that have occurred in the host rocks to the Skidder Prospect as a result of the

passage of hydrothermal fluids and subsequent sulphide deposition and; iv) to assess the

environment and controls of deposition of the sulphides comprising the Skidder Prospect.




1.5 Method of Investigation

During the summer of 1983, limited regional geological mapping was‘gam'ed out in
the Skidder area and detailed geological mapping was done in the immediate vicinity of the
Skidder Prospect. This was augmented by relogging of about one half of the 7795 m of
diamond drill core from a selected number of the 38 hol::s drilled into the prospect by
Abitibi Price Mineral Resources and ASARCO Inc. Sélected outcrops were sampled for

1

major and trace elements and a select number analyzed for rare-earth elements. In addition,

mineralogical and petrographic studies. " Seventy-nine of these samples were analyzed for
extensive sampling of drill core was carried out concentrating mainly on a cross section of *
holes through the central part of the Skidder Prospect. Of these samples, 169 were

analyzed for major and trace ¢lements and a select number analyzed for rare-earth elements.




Chapter 2
REGIONAL TECTONICS AND OROGENESIS

N

2.1 Introduction

The Skidder area occurs in the Dunnage zone (Williams, 1978; 1979) or Dunnage
terrane (Williams and Hatcher, 1983), one of four tectonic lithofacies zones into which the
Newfoundland Appalachians have been divided (Figtire 2-1). The northemn part of th.e
Appalachian orogen in North America, including the geology of Newfoundland, was
considered by Williams (1964) to be a two-sided symmetrical system composed of
Precfimbrian qontincntal margins to the west (western pladorm) and east (Avalon platform)
separated by an early Paleozoic mobile belt (the Central Volcanic Belt). Subsequently,
Williams ¢t al, (1972; 1974) divided the Canadian Appalachians into a2 somewhat more
cumbersome nine zones designated alphabetically -A to I. Williams' (1978 and 1979)
;ubdivision of the Appalachian orogen lessened the number of zones to five which he
termed the Humber, Dunnage, Gander, Avalon and Meguma zones; all of these except the
Meguma zone are present in Newfoundland (Figure 2-1). * The zones are suggested to

record the dcvcldp;nent and later destruction of a late Precambrian/early Pileozoic lapetus

Ocean (Wilson, 1966; Stevens, 1970; Dewey and Bird, 1971, Williams, 1979).

2.2 Humber Zone b

Late Precambrian rifting of the Grenvillian basement of eastern North America was
accompanied by: rift-related tholeiitic volcanism, e.g. thé autochthonous Lighthouse Cove
Formation of northern Newfoundland (Williams and Stevens, 1969; Strong and Williams,
1972); intrusion of granitic and extrusion of volcanic rocks of alkaline affinity, e.g. the
Hughes Lake Complex, exposed in an allochthonous slice northwest of Deer Lake
(Williams et al,, 1985); and deposition of clastic sedimentary sequences. Deposition-of an

easteriy thickening carbonate platform and clastic prism plus shelf-edge coarse limestone
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Figure 2-1: Tectonic lithofacies map of Newfoundland (modified after Williams, 1978; 1979).



breccias, turbidites and shales record the development of a Cambro-Ordovician Atlantic-

type plate margin (Figure 2-1). Destruction of the nxa;gin was accompanied by uplift and
development of karst topography which was followed by subsidence and deposition of
deep water carbonates and later by dcposiiion of easterly derived clastic rocks containing
ophiolite debrts (Stevens, 1970). Much of the Humber zone is co}nposcd of 4 scrics‘of
westwardly emplaced allochthonous tectonic slices stacked such that successively higher
slices represent rocks derived more and more distant from the continental margin (Sievens
and Williams, 1973; Wilhams, 1979). Ophiolites, e.g. the Bay of [slunds complex
) (Malpas, 1976), the St. Anthony Complex (Jamieson, 1979; 1980; 1982) and the Ligtlc
Port Complex (e.g. Karson and Dewey, 1978) that comprise the structurally highest slices
are imcrprz:led to.be remnants of oceanic crust (e.g. Malpas, 1976) (Figure 2-1). Volcanic
rocks interpreted to be remnants of off-ndge volcanism are also preserved in the Humber
Arm altlochthon i.e. the Skinner Cove volcanic rocks (Strong, 1974), and atkalic volcanic
rocks occur in the Hare Bay allochthon (Jamieson, 1977). The boundaries between the
various tectonic slices are marked by thin, shaly mélange zbnes. Emplacement of the
Taconic allochthons was essentially complete by Middle Ordovician time as indicated by the

negautochthonous Caradocian Long Point Group (Rodgers, 1965; Williams, 1979).

2.3 Dunnage Zone
The Dunnage zone is deemed to be composed of remnants éf' the C‘umbro-
Ordovician lapetus Ocean (Wilson, 1966; Stevens, 1970; Dewey and Bird, 1971;.
Williams, 1979) that is proposed to have reached a minimum width of 1000 km (Williams,
1980). g
Dismembered to 'complelc ophiolite sequences occur in the Dunnage, Humber and
Gander zones (Figure 2-1). They represent the oldcst, rocks preserved in the Dunnage 2(3ne :

and have been interpreted as portions of oceanic crust and upper mantle. Dunning and

Krogh (1985) reviewed previous dating of most Newfoundland ophiolilfs and presepted




new U-Pb in zircon ages for several of the complexes. Their results indicate that most of

the complexes are Arenigian, their ages ranging from 493.9:2_;)5 Ma for the Pipestone Pond

Complex to 477.5_";,2_'06 Ma for the Annieopsquotch Complex.

Several partially complete east-facing ophiolite sequences, e.g. the Advocate (Kidd,
1974; Hibbard, 1983) and Grand Lake (Knapp, 1980) complexes that are overlain by
coarse conglomerates and olistostromal mélanges, in places mark a portion of the Baie
Verte-Brompton Line (Figure 2-1). This narrow zone is suggested to be the structural
boundary between the Iapetus ocean and the eastern portion of the ancient continental
margin, now represented by poly-deformed and metamorphosed rocks of the Fleur de Lys
Group (Piedmont Terrane) (Williams and St. Julien, 1982; Williams and Hatcher, 1983).

Dismembered ophiolites exposed southwest of Buchans to King George IV Lake,
e.g. the Annieopsquotch Complex (Dhnning and Herd, 1980; Dunning and Chorlton,
1985) (see Figure 2-1), are considered to represent remnants of N-type MORB Iapetus
oceanic crust (Dunning and Chorlton, 1985).

Other dismembered ophiolites, e.g. the Pipestone Pond-Coy Pond Complexes and
the Gander River Ultramafic Belt, occur at the Dunnage-Gander zone transition (Figure 2-
1). The Pipestone Pond-Coy Pond Complexes have been thrust eastwards over
continentally derived metasedimentary rocks, the Mount Cormack Terrane, (possibly
correlatives of rocks exposed in the Gander Zone) which led Colman-Sadd and Swinden
(1984) to suggest that they are exposed in a tectonic window and hence that much of the
Dunnage zone may be allochthonous. Results of a P-wave travel time residual
seismographic study led Stewart (1984) to also suggest an allochthonous model for much
of central Newfoundland resulting in "an average crustal thickening of 10 km relative to
adjacent platformal areas".

The Gander River Ultramafic Belt "GRUB Line" (Figure 2-1) has been interpreted
to mark the eastern edge of the Dunnage zone (Blackwood, 1978; Williams, 1978).

However, fossiliferous early Ordovician metavolcanic and terrigenous metasedimentary



rocks of the Indian Bay Formation that are similar to Dunnage zone rocks are exposed well
10 the east of the "GRUB Line" (Wonderley and Neuman, 1984). Wonderley and Neuman

suggest that these rocks were thrust eastward over the Gander zone.

At least two of the partially preserved ophiolite sequences in Norrc)bame Bay, the

' Lushs-Bight Group (Strong, 1973; K;a/an, 1983; 1984) and the Betts Cove Complex
(Figure 2-1) are conformably overlain by Lower Ordovician volcanic and sedimentary
sequences, the Western Arm and Snooks Arm Groups respectively, The Western Arm
Group is thought to be of island arc affinity (Marten, 197 la; 1971b; Kean, 1984) and the
Snooks Arm Group has been variably interpreted as being deposited in an island arc
(Upadhyay, 1973) or oceanic-island type of environment (Jenner and Fryer, 1980). The
ophiolitic {et(s Covc’ Complex itself is unusual in that it contains high-Mg, low-Ti flows
interpreted to be boninites by Coish ¢t al, (1982).

Development of an east-dipping subduction zone in the lower Ordovician resulted in
island arc volcanism now represented as several volcanic and volcaniclastic groups of rocks
throughout the Dunnage zone (e.g. Strong gt al., 1974; Dean, 1978; Kean ¢t al,, 1981).
Dean (1978) and Kean ¢t 3], (1981) divided the island arc volcanic and volcaniclastic rocks
of the Dunnage zone into two sequences, the pre—Caradociaﬁ or "early arc” (Figure 2-1)
and the post-Caradocian or "late arc” sequences separated by a lalerallly extensive
Caradocian shalé horizon. |

« A controversy has developed over contact relationships between the “late arc”
Roberts Arm Group (Figure 2-1) and the Caradocian sedimentary rock§ known to overlie
the "early arc” sequences. Dean (1978) states that the volcanic olistostromal Sops Head
complex of Notre Dame Bay interpreted as a "giant slump fieposit" resulted from "tectonic
disturbances durixg initiation of Roberts Arm volcanism;' and conformably overlies the
post-Caradocian Sansom Greywacke. Dean (1978) equates the Sops Head Complex with
the late Ordovician Boones Point Complex. Nelson (1981) indicates that volcanic material

in the Boones Point Complex is very similar to rocks of the Roberts Arm Group and that
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this material represents chaotic debris shed from uplifted and southeasterly thrusted Roberts
Arm Group rocks. - Thus he states that the Roberts Arm Group was laid down prior to late
Ordovician volcanism in the area.

Fossil evidence from the Buchans Group (Nowlan and Thurlow, 1984) and U-Pb
in zircon ages of 475_;3'5 Ma for the Buchans Group, 474 £ 1.5 Ma for the Roberts Arm
Group and 4623t Ma for the “"early arc” Tulks Hill Volcanics (Dunning, 1986) as well as
Pb isotope studies on massive sulphide deposits that occur in a number of the volcanic
sequences (Swinden and Thorpe, 1984) suggest that the "late arc” Buchans-Roberts Arm
Group rocks are, in fact, correlative with "early arc” sequences but prébably deposited in
areas far removed from each other. -

In the Notwe Dame Bay area the stratigraphic sﬁccessions of the "eax:ly arc”
sequences (Figure 2-1) are dominantly interbedded submarine mafic volcanic and
volcaniclastic rocks with local, areally restricted, felsic domes composed mostly of
pyroclastic rocks. The domes are suggested to represent the culmination of mafic to felsic
volcanic cycles (Dean, 1978; Swinden and Thorpe, 1984). Turbidite sequences containing
abundant volcanic detritus are associated with the volcanic and volcaniclastic rocks.

Felsic pyroclastic rocks are more abundant in the "early arc” (Figure 2-1) Victoﬁa
Lake Group of central Newfoundland. These rocks form extensive, laterally continuous
sheets of lapilli tuff, crystal lithic tuff and porphyritic rhyolite (Kean and Jayasinghe,
1980). Mafic volcanic rocks in the Victoria Lake Group are primarily pyroclastic aquagene
wffs, lapilli tuffs and volcanic breccia (Kean anél Jayasinghe, 1980). An extensive clastic
sedimentary sequence overlies the volcanic and volcaniclastic rocks of the Victoria Lake
Group. These interbedded greywackes, volcaniclastic sandstone-conglomerates and black
argillites are interpreted to be derived from surrounding volcanic terranes.

Volcanic rocks of the Summerford and Davidsville groups exposed in the eastern
portions of the bunnagc zone (Figure 2-1) and formerly included in the "early arc”

sequence (Dean, 1978) have since been interpreted to have formed in an oceanic island
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environment (Pickerill et al., 1981; Jacobi and Wasowski, 1985). Similarly, volcanic
blocks in the Dunnage mélange have also been found to be geochemically similar to ocean-
floor enriched tholeiites and have been equated to the Summerford Group (Wasowski and
Jacobi, 1985).

Volcano-sedimentary rocks along the Hermitage flexure (Figure 2-1), e.g. the Baie
d'Espoir and Bay du Nord Groups, have been considered coeval with the Victoria Lake
and Notre Dame Bay "early arc” sequences (Chorlton, 1980; Colman-Sadd, 1980;
Swinden, 1982). A U-Pb in zircon age for the Bay du Nord group of 468 + 2 Ma agrees
with this interpretation but two U-Pb in zircon dates for the L.a Poile Group (402 + 5 Ma
and 423 + 3 Ma) are considerably younger and suggest that more than one pulse of
volcanism is represented in the La Poile Group rocks (Dunning, 1986).

The Buchans-Roberts Arm Groups (Figure 2-1) are subaqueous, bimodal, basalt-
rhyolite assemblages of calc-alkaline affinity (Thurlow, 1973; Dean, 1978; Thurlow,
1981a; 1981b). The Roberts Arm Group consists predominantly of pillow lavas, massive
basalts, volcanic breccias, some chert, siltstone and greywacke (Bostock, 1978).
Accumulations of felsic volcanic rocks, interpreted to be volcanic centres, cap the more
mafic sequences (Bostock, 1978; Dean, 1978). Bostock (1978) indicates that the Roberts
Arm Belt is exposed as fault-bounded blocks.

Mafic volcanic rocks of the Buchans Group are, for the most part porphyritic,
amygdaloidal, pillowed basalts, pillow breccia, massive flows and lesser pyroclastic rocks
exhibiting features of quiet effusion (Thurlow, 1973; 1981a; Thurlow and Swanson,
1981). Felsic volcanic rocks (host to the Buchans ore bodies) are primarily dacitic to
rhyolitic tuffs and breccias that have features characteristic of explosive eruption. Clastic
sedimentary rocks including mudstone, siltstone, greywacke and polymictic volcanic

conglomerate are associated with the felsic pyroclastc rocks.
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Caradocian shales of the Dunnage Zone are overlain by late Ordovician to early
Silurian greywacke-conglomerate, flysch-turbidite scdimcntary.rocks (Strong, 1977,
Dean,1978). . |

" Several Silurian-Devonian mafic to felsic volcanic and felsic plutonic rocks occur in
the western portion of the Dunnage Zone. These volca_nic-volcaniclastic sequences, €.g.
the Springdale Group, the King's Point Complexthe Cape St. John Group (and othq:s),
and plutonic rc;cks of the Topsails Igneous Complex, have been interpreted by Coyle and
Strong (1987) to represent different sructural levels of several calderas and related
subjacent plutons. They suggest that magmatic activity at this time was related to large-
scale melting of thickened and subducted continental crust by trapped heat and basaltic
magma following closure of the Iapcru; Ocean. The magmatic actvity is suggested to have

occurred in a ranspressional tectonic regime.

2.4 Gﬁna‘er Zone
The eastern margin of Ia[j)%li;iS generally thought to be represented by the Gander
zone (Williams, 1979) (Figurc, 2-1) or Gander Terrane (Williams and Hatcher, 1982;
1983). Rocks of the Gander zone include a thick sequence of pre-Middle Ordovician
arenaceous. rocks, the Gander Group, that, in most places, ig polydeformed .and .
metdmorphosed’ The Gander Group is underlain to the east by migmatites and granitic;
(gneisses. Blackwood and Kennedy (1975) interpreted the latter which they fermed the
"Bonavista Bay gneiss complex” to be possible Precambrian basement and that the Gander
group unconformably overlay the gneisses. Jenness (1965) and Blackwood (1978), on the
other hand, suggest that the Gander Group, the granitic gneisses and migmatites are a
conformable sequence which underwent prograde metamorphism from east to west.

The Dunnage-Gander zone contact is generally considered to be marked by the

Gander River Ultramafic Belt (the "GRUB" line), GRUB line rocks having been thrust

over the Gander Group (e.g. Blackwood, 1979). The late Llanvirnian to early Llandeillian

I

-
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(Stouge, 1980) Davidsville Group nénconformably overlies the GRUB line rocks
" (Blackwood 1979) and has been interpréted to coxlfomabiy overlie the Gander Group
(Blackwood, 1980). Currie ¢t al, (1979) interpret Davidsville Group sedimentary rocks in
the Carmanvxllc arc‘x\as being a resedimented assemblage deposited on the conuncmal slope
and toe of the Iapetus ocean. Pajari g_;_‘(Iﬁ’IB) and chkcnll ctal, (1981) further suggest
that associated Carmanville volcanic rocks)\jhlch they interpret as bcmig of oceanic island
affinity aré olistoliths and that together with ultramafic olistoliths represent allochthonous
masses of lower Paleozoic oceanic crust and upper mantle and super-incumbent volcanics
that were obducted eastward. Pickerill eg al, (1981) consider the Gander Rich vltramafic

belt rocks to be tectonically emplaced remnants of oceanic crust and upper mantle.

2.5 Avalon Zone

Therd'is a general .consensus that the Avalon zone (Figure 2-1) of_Newfoun(_iland
has a separate lower Paleozoic geological history from that of the zones to the west and its
geology has been coniparcd to that of the Pan-African continent (e.g. Schenk, 1971; -
Hughes, 1972; Strong, 1.9793; O'Brien ¢t al,, 1983). It may represent a true "suspect
terrane” (Coney et al,, 1980; Williams and Hatcher, 1982; 1983). The Aval;n and Gander
zones are separated by the Dover-Hermitage Fault (Blackwood and Kcnncdy, 1975
Blackwood and O'Driscoll, 1976) (Figure 2-1 )chprcsemcd by a 300-500 m-wide mylonite
zone (Blackwood, 1978) and interpreted as a major sinistral wrench fault system
(Blackwood, 1985). Sinistral movement along the Dover-Hermitage Fault system of
eastern Newfoundland and the Long Range-Cape Ray fault systems of western
N éwfoundland is suggested to have resulted in clockwise rotation of structural elements of
the Dunnage Gan;jcr zones producing the main Hermitage (Figure 2-1) and other

substxary flexures of the Ccntral Mobile Belt (Church and Stevens, 1971; Hanmer, 1981,

O'Brien ¢t al,, 1986)




The Avalon zone consists predominantly of late Precambrian volcanic and
sedimentary sequences that are relatively undeformed and unmc\tamorphoscd corhpared to
adjacent rocks of the Gander zone (Williams, 1979).

King §_L§L (1974) divided the. stratigraphy of the Avalon Peninsula into three
assemblages. The lower assemblage consists of late Precambrian marine and terrestrial
volcanic rocks i.esthe Harbour Main and Love Cove Groups, and related plutonic rocks.
Hughes (1970) suggested that these rocks were of island arc affinity whereas Papezik
(1970) indicated a Basin and Range rift typ: of epvironmem for deposition of the Harbour
Main Group. These volcanic rocks are conf_onﬁa,bly (?) overlain by fine grained submarine’
turbidific siliceous siltstones and sandstones of the Conception and Connecting Point '
Groups (Williams and King, 1976; Stfong g_;_gL 1978). Included in the former is the
Gaskiers Formation, a late Precambrian "tillite" composed of glaciogcnic.subaqucous
debris flows (Gravenor, i980). .

The r;liddk: z;;bcmblagc includes a shallowing upward sequence from basinal deltaic
black shales (e.g. the St. John's Group) through green sandstones to molasse-like red
sandstones and conglomerates (e.g. the Cabot Group) (King, 1986). Shon-‘livc_d
Proterozoic rifting of the western Avalon zone is recorded in alkalic basalts passing upward
into ocean-floor related pillo'@z lavas and a gabbroic s represented by the Burin Group
(Strong ¢t al,, 1978; Strong, 1979a). Mild tectonism of Burin Group rocks was followed
by subaerial bimodal volcamsm as representéd By the Marystown and Mortier Bay Groups
(Stmong et al,, 1978; Strong, 19793).

The upper sequence of the Avalon Zone in Newfoundland is recorded by deposition
c;f uppermost Precambrian to Cambrian conglomerates, sané‘smnes and shales iffault-
bounded basins, e.g: the Rencontre and Chapel Island formations exposed in the Fortune
Bay zrea (S mi‘th andk Hiscott, 1984), and deposition of macrotidal cross-bedded quartz
arenites of the platformal lower Cambrian Random Formatioﬁ (Hiscott, 1982).

Volum'ctrically small amounts of basaltic volcanic rocks are interbedded with middle
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Cambrian shales on the Avalon peninsula. These rocks have alkaline geochemical affinities
and are considered to be indicative continental fracturing in an extensional tectonic ,
\
environment (Greenough and Papezik, 1985). Upper Cambrian (?) to Arenigian micaceous
sandstones, siltstones, shales and tronstones interpreted to have been laid down in a tidal

environment (e.g., Ranger et al., 1984) occur in the Bell Island area of the Avalon zone.

2.6 Accretionary History M

Williams and Hatcher (1982; 1983) describe the accretionary history of the v;ujous
tectonic zones (terranes) and suggest a relationship between accretion of the vaﬁ.ous
terranes and periods of deformation, metamorphism, and plutonism. Thus, the Middle
Ordovician Taconic orogeny affected, the cast;',rn margin of the North ;\mcrican
miogeocline, the margins of the Dunnage Terrane and most of the Gander Terrane. They
suggest that accretion of the Dunnage Terrane to the North American miogeocline was
effected by its obduction during the Taconic orogeny and that subduction of the Dunnage
Terrane beneath and/or obduction across the Gander Terrane also occurred during this
orogcnly. The mid-Paleozoic Acads orogcn‘y affected all of the Newfoundland
Appalachians except for areas of the eastern Avalon Terrane and has been suggested to be
related to "compression and shearing across the oroécn in response to the accretion of the
Avalon Terrane” (Williams and Hatcher, 1983). The late Paleozoic Alleghanian orogeny

resulted in large scale deformation of rocks in the southern Appalachians but affected rocks

in northern portions of the Ap'palag:hians only locally (Williams and Hatcher, 1982; 1983).

2.7 Granitoid Plutoﬁgsm: B
Granitoid plutonism in the Newfoundland Appalachians ranges in age from

Precambrian to Carboniferous (e.g. gﬂong, 1980; Strong, 1982). Precambrian granitic

rocks in Newfoundland are rcprcicntg:d by folded Precambrian granitoid rocks in the Long

Range Grenvillian outlier (Figure 2-1), and late Precambrian calc-alkaline granite,
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granodioritic plutons, e.g. L(lc Holyrood g;mnitc (Strong and Minatidi.s, 1975) and the Swift
) Current Granite (e.g. Dallmeyer et al., 1981a), which intrude late Precambrian volcanic
rocks of the Avalon zone (Figure 2:1).

Ordovician granitoid plutonis‘m is represented by late-differentiate ﬁondhjcmitcs
associated with ophiolites (e.g. Malpas, 1979; cf. Pederson and Malpas, 1984) or other
trondhjemites which intrude amphibolites and are interpreted as being formed as partial
melts of metamorphosed basaltic rocks, eg the Twillingate trondhjemite (Payne and
Strong, 1979). Small tonalitic 1o granitic,'pr(;bably subvolcanic stocks are associated with
felsic portions of several Ordovician volcanic sequences in Notre Dame Bay (Dean, 1978)
and in the Buchans area (e.g. Thurlow, 1981a; 1981b; Stewart, 1987). \

Dallmeyer et al. (1981b) report a U-Pb in zircon age of 460 * 20 Ma for the

Lockers Bay Granite located in the Gander zone within the immediate vicinity of the Dover

Fault. The Lockers Bay Granite is interpreted by them to have been formed by anatexis

related to migmatite formation during high grade regional metamorphism of the Hare Bay
Gneiss. 4OAr/YArin t:iotitc ages of 370 + 6 Ma for the same pluton led them to suggest a
"prolonged tectonothermal evolution for the Gander Zone".

The Ordovician or Silurian (?) tonalitic to granitic Port aux Basques granite of\
southwestern Newfoundland is intcrpreteq by Dingwell (1980) and Wilton (1985) as
having been formed by partial melting of surrounding rocks during intense metamorphism

~and tectonism po‘/ssibI)./ related to "continuation of stresses that caused ophiolite 6bduction"
(Wilton, 1985)i The tonalitic Cape?Ray Granite, also of southwestern Newfoundiand, is
suggested by Wilton (1985) to have been produced by partial melting of ophiolitic material
due to over-thickening by thrusting or obduction. However, substdiary megacrystic S-type,

ohases of the Cape Ray Granite suggest underplating by conri;wnta] crust (Wilton, 1985).
‘ Numerous granitic batholiths of Devonian age occur throughout eastem portions of

the Humber, Dunnage and Gander zones and in western portions of the Avalon zone (e.g.,

Stong and Dickson, 1978; Strong, 1980). These include hormblende- * biotite-bearing
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granites, e.g. the bimodal mafic-silicic Mount Peyton batholith (Figure 2-1) interpreted by -
(Swong, 1979b; Strong and Dupuy, 1982) as having been generated by crustal melting due

‘to intrusion of a mantle-derived magma. Other types include: biotite-microcline

mcgacrystic’granitcs,—m{ the Middle Brook Granite; muscovite-biotite "two-mica”
granites, e.g. the Middle Ridge granite; and alkaline-peralkaline granites such as the
Topsails Igncbus Complex (Strong, 1980) (Figure 2-1).

. Strong (1980) suggests that Devonian plutonism resulted from continued plate
compression and rotation after closing of Iapetus. This resulted in Jver-thickening of the
crust and "megashearing” which, in tumn, caused crustal melting. He further suggests that
the hydrous accessory minerals present in the different granitoids i.e. muscovite, biotite or
hornblende represent increasing degrees of partial melting in a compressive-shearing
environment. In co@, he suggests that the peralkaline, alkaline granitoids probably
formed in locally extensional crustal environments.” Taylor ¢t al, (1980), for example,
indicate that the peralkaline, alkaline Topsails Igneous Complex probably developed from
an "interaction of.local crustal cxtgnsion, basaltic intrusion, a;xd volatile fluxing, with‘ )
subsequent high-level intrusion and fractionation, along with metasomatism by
magmatically derived fluids". More complex intrusive histories are being suggested for
some of the all-inclusive batholithic suites. Tuach g_qL 1986, for example, identify 10
plutonic phases in the the Ackley Granite. They note that the northwestern portion of the
Ackley Granite which intrudes rocks of the Gander terrane is gcochcmiczﬂly distinct from
its southeastern portion which intrudes rocks of the Avalon terrane; reflecting differences in
the compésitjon of the source rocks. Also, althdugh the the southeastern portion of the
Ackley Granite has overall "I-type" granite (Chappell and White, 1974) affinities, more
silicic, mineralized varieties have "A-type” (Collins gf al,, 1?82) affinities. ‘

Carboniferous plutonism in Newfoundland is not widespread. The alkaline-
peralkalinc(alaskitic St. Lawrence granite (Figure 2-1) dated at 334 £ 5 Ma has been

interpreted §o have been formed in an extensional tectonic environment (Teng and Strong,

-
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1976; Stron'g%_;_a_lg 1978; Strong, 1982). The late Devonian-ecarly Carboniferous
Strawberry and Isle aux Morts granites exposed near the CapJ-Ray fault zone on the
southwest coast haye been interpreted by Wilion (1985) 1o be "A-Type" granites (Collins ¢t
al., 1982) which were formed by ;.;Enial melting of depleted granulitic crust. Since the
Strawberry granite intrude$ the ophiolitic Long Range mafic-ultramafic complex ‘Wilton
(1985) guggcsts that felsic granulite basement underlies the ophiolite complex, implying
that the Long Range ophiolite complex is allochthonous and that signif?ca’m underplating of

protc»bfonh American crust has occurred in southwestern Newfoundland.y
4

28 Carbonifel:axs/Sedinm(ary Rocks

Late Devonian to early Carboniferous right-lateral wrench faulting in western
Newfoundland is suggested to have resulted in a graben structure into which non-marine
sedimentary rocks of the Deer Lake Group wénc deposited (e.g. Hyde, 1984) (Figure 2-1).
Non-man'nc Carboniferous sandstones and conglorﬁcratcs also outcrop on the northwest

shore of Red Indian Lake immediately south of the Skidder Area (Figure 2-1).

2.9 Mesozoic Dykes
Jurassic to Cretaceous lamprpphyre dykes in Notre Dame Bay (Swong and Harris,

1974) and a Qassic northeast-trending tholeiitic diabase dyke cutting the Avalon peninsula

(Papezik and Hodych, 1980§1avc been attributed to extensional tectonics related to the

[

opening of the modern Atlantic Ocean.
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5 Chapter 3

GEOLOGY OF THE SKIDDER BASALT

3.1 Introduction ‘ ‘ A\

ﬁc Skidder Basalt underlies an area of approximately 30 km? located about 10 km
south\-ﬁf the town of Buchans in central Ncwfound]anij (Figures 1-1 and 3-1). Tt
comprises basaltic pillow lava, pillow breccia and massive ﬂ(l)ws plus lesser diabase dykes,
gabbro, mafic pyroclastic rocké and chert. Trondhjemite pods and dyfc'cs intrude the
Skidder B;salt in places.

The Skidder Basalt had previously been included in the Footwall Basalt of the
Buchax}s Group (Tﬁurlow, 1981a; 1981b). Thurlow (1981a) déscribes the Footwall Ba.salt
as being "the lowermost unit-of the Buchans Group....", consisting of "a ‘thick’ (= 3800
m), laterally continuous sequence composed mz;inly of basaltic pillow lava and pillow
breccia interbedded with lesser pyroclastic rocks and discontinuous lenses of
multicoloure‘:d, bedded chent”. Thurlow and Swanson (1987) subsequently reinterpreted
the stradgraphy of the Buchans Group; they include the Footwall Basalt in the Sandy Lake
Formation, the uppermost unit of the Buchans Group.

\T‘hurlow (personal communication to D.F. Stong, 1983) pointed out that, although
the basaltic host rocks to me. Skidder Prospect "appear to be part of the Buchans Group...",
“the proximity to the Star Lake Gabbro allows the possibility that the basalts are ophiolitic".
In contrast to those of the Footwall Basalt (Sandy Lake Formation), baéal[s in the Skidder
area are spilitized (see Chapter 4) and pillows in some Skidder area basalts are variolitic.
Also, pillows in basalts from the Skidder area contain fewer in number and smaller-sized
amygdules than those of the Footwall Basalt. The Skidder area rocks also have a higher
magnetic susceptibility than those of the Footwall Basalt (Figure 3-2). On the basis of

these differences, Pickett and Barbour (1984) assigned the Skidder area rocks to a new unit
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15 Sandstone, conglomerate; and minor amounts of limestone and siltstone

SILURIAN
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14 Amphibole = pyroxene, amphibole-biotite and biotite, one or two feldspar granites

13 Amphibole, pyroxene gabbro to syenite

DI:]EIEII 12 Agmatite comprising mafic to ultramafic blocks in a granitoid matrix

11 Red micaceous sandstone

Springdale Group

E 10 Rhyolite, rhyolite breccia, laharic breccia, minor subaerial basalt

ORDOVICIAN OR SILURIAN

9 Feeder Granodiorite

] 8 Massive to moderately foliated granodiorite containing many small mafic to
ultramafic fragments

Moderately to strongly foliated tonalite to diorite containing many matfic to
ultramafic inclusions

::'JQ-.'B
~

Hungry Mountain Complex

6 Moderately to strongly foliated hornblende gabbro, diorite, tonalite, and granodiorite;
many mafic inclusions

ORDOVICIAN

m 5a Mafic pillow lava, pillow breccia, and interpillow chert (B.F. Kean, personal
communication, 1988)

5b Mafic lava (locally pillowed), agglomerate, tuff; and minor amounts of sedimentary
rocks

................ 4 Siltstone, conglomerate; minor limestone and siltstone

........

Buchans Group

~~.~.~] 3 Mafic to intermediate volcanic rocks (locally pillowed); felsic volcanic breccia and
A agglomerate; rhyolite and dacite flows; tuff; chert; greywacke; conglomerate;
sandstone; and siltstone

Victoria Lake Group

\ 2a Mafic to intermediate tuff, lesser matfic flows, pillow lavas and minor felsic
&\\ volcanic rocks

2b Felsic pyroclastic rocks and rhyolite flows, minor unseparated mafic volcanic rocks

[RATEA
S 1c Gabbro

- 1a Skidder Basalt

|] 1b Sheeted diabase dykes

1d Layered troctolite, gabbro, pyroxenite

Legend to accompany Figure 3-1.
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Figure 3-1: Regional geology of the Skidder area: modified afier Kean (1979); Dunning (1984); Kean and Jayasinghe
(1980); Thurlow and Swanson (1981); and Whalen and Currie (1987).



Figure 3-2:
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Photograph of part of the bottom portion of GSC Aeromagnetic Map 177G (Buchans, NTS
12A/15, Scale 1:63,360), and part of the top portion of GSC Aeromagnetic Map 187G (Lake
Ambrose, NTS 12A/10, Scale 1:63,360). Note that rocks of the Skidder Basalt have a higher
magnetic susceptibility than those of the Buchans Group to the north, and higher than most
rocks of the Victoria Lake Group, which outcrops to the southeast of Red Indian Lake.
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called the Skidder Basalt. As inciicatcd below and in Chapters 4 and 5, the Skidder Basalt
probably represents the upper portion of a now dismembered ophiolite,

The \Skiddcr Basalt has not been dated either paleontologically or radiometrically.
However, the Annicopsquotch Compléx to the south and other, cphiolite sequences in
Newfoundland are Arenigian in age as indicated by .U-Pb in zircon radiometric dates

reported by Dunning (1984) and by Dunning and Krogh (1985). A similar age is Wmed

)

The Skidder Basalt forms part of the Dunnage Zone (Williams, 1979) or Dunnage

for the Skdder Basalt.
3.2 Regional Setting

Terrane (Williams and Hatcher, 1982; 1983) of ccntral‘ Newfoundland. The Dunnage Zone
comiprises: Cambro-Ordovician ophiolitic rocks and Ordovician island arc sequences
deposited during the early opening and closing of the [apetus Ocea;1 (Dean, 1978; Williams
1979); and post-closure Silurian caldera-related volcanic and voicaniclastic rock sequences
(Coyle and Strong, 1987). The ophiolitic rocks and island arc sec-1ences are overlain by
Devonian to Carboniferous terrestrial sedimentary rocks and. intruded by Ordovician to

Carboniferous intrusive rocks.

3.2.1 Surrounding rock units and contact relationships

The Skidder Basalt is bounded to the north and northwest by the car]y-Mid‘c‘ilc
Ordovician (Nowlan and Thurlow, 1984; Dunning, 1986; Dunning ¢t al,, 1987) Buchans
Groﬁp (Unit 3, Figure 3-1). Thurlow (1981a) and Thurlow and Swanson (1981) report
the Buchans Group to be a calc-alkaline suite of volcanic and volcaniclastic rocks of island
arc affinity. How&ver, the dominantly birﬁodal (basalt-rhyolite) nature of the Buchans
Group led Kirkham (1987) to suggest that rocks of the Group were formed during a period
of tectonic extension accompanying arc rifting and dismemberment after subduction-related

calc-alkaline volcanism had ceased. Kirkham and Thurlow (1987) use the similarities of




.the Buchans Group rocks and related sulphidg deposits to those in the Kuroko area of
Japan to further suggest that the Buchans Group was possib-ly formed in a submaring
resurgent caldera tectonic environment. They point out that this provides an appropriate
environment of formation for the debris flows which incorporate the MacLean channel
transported sulphide ores (Binney, 1987).

Calon and Green (1987), McClay (1987) and Thurlow and Swanson (1987)
envisage the Buchans Group as bcing a thrust belt compoéc'd of a complex array of thrust-
related duplex structures and related antiformal stacks that have resulted from south to
southeasterly directed thrusung sometime between the Middle Ordovician and the Middle
Silurian (Kirkham, 1987). Having recognized the greater structural complexity of the
Buchans Group, Thurlow and Swanson (1987) inroduced a more simplified stratigraphy
for the Buchans area removing the former division of the Buchans Group into upper and ‘
lower subgroups and consolidating the stratigraphic sequcn;cs into five formations.

Rocks of the Lundberg Hill Formation (Thurlow and Swanson, 1987), lowermost
of the Buchans Group and formerly the Wiley's Prominent Qbartz Sequence (Thurlow and
Swanson, 1(981), occur immédiatcly to the north of the Skidder Basalt. Lithologies
include: quartz-feldspar-phyric felsic pyroclastic rocks (outcrop sample location S 63,
Figure 3-3; unit 5, Figure 3-4); massive and pillowed basalts (unit 6, Figure 3-4); and lithic
arkose, aquagene tuff breccia, feldspathic tuffs, tuffaceous wacke, siltstone and cherty
mudstone (punit 7, F:igurc 3-4). )

The contact between the Buchﬁns Grodp and Skidéer Basalt was not observed in
the field by the author since areas proximal. to the contact t}wat were traversed by him are
covered by glacial drift. On Figure 3-4 the northwestern contact between the Skidder
Basalt and the Buchans Group is sho;avn 1o be a thrust fault; possibly a continuation of the
Ti]ley's Pond thrust fault (Figufe 3-2) (Thurlow and Swanson, 1987). A thrust fault

contact is considered plausible on the basis of -similar structures recognized elsewhere in the

Buchans area (Thurlow and Swanson, 1987). The assumed thrust fault follows a
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Figure 3-3: Sample location map, Skidder area.
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ORDOVICIAN
BUCHANS GROUP

Lundberg Hill Formation (Thurlow and Swanson, 1987)

SKIDDER BASALT

7 Lithic arkose, aquagene tuff-breccia, feldspathic tuffs; minor interbedded siltstone
(Thurlow and Swanson, 1981;1987)

6 Massive and pillowed basalt (Thurlow and Swanson, 1981;1987)

5 Quartz-feldspar-phyric dacitic pyroclastic rocks (Thurlow and Swanson, 1981;1987)

Pillowed and massive basalt; pillow breccia; lesser diabase dykes, gabbro, trondhjemite, mafic tuff

and jasper

4 Trondhjemite

3 Pillowed and massive basalt having Zr concentrations = 85 ppm

2 Pillowed and massive basait containing Zr > 50 < 85 ppm;
includes undivided Skidder Basalt

1 Pillowed and massive basalt having Zr concentrations < 50 ppm

SYMBOLS
Road / Bedding:
- (tops known, overturned) 70°
Stream P (tops unknown, inciined) 80°
Outcrop visited +

Geological unit;
contacts approximate ﬁ
or assumed
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Figure 3-4
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Figure 3-4: Geological compilation map, Skidder area. Legend and symbols on facing page.
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~northeasterly t;ending lineament shown both topographically and by regional magnetic

susceptibility contrasts (Figure 3-2) (Geological Survey of Canada, 1954a; 1954b; 1968).

As shown on Figure' 3-2 an easterly rending lineament (lineament A) and a north-
northwesterly trending lineament (lineament B) mark the north and east contacts between
the area of high magnetic susceptibility suggested to be underlain by Skidder Basalt rocks
and the aféa of low magnetic susceptibility possibly indicative of Buchans Group rocks.
The geometry of lineament "A" in relationship to the possible extension of the Tilley's
Pond thrust fault is consistent with stacking of thrust slicc; in a mamner similar to that
suggested for the Buchans Group to the north (Thurlow and Swanson, 1987). Lineament
"A" possibly represents a thrust fault related to southerly directed thrust faulting and along
which a slice of Buchans Group rocks have been thrust over rocks of the Skidder Basalt.
The Tilley's Pond fault possibly represents a thrust fault structurally higher than that
suggested to be represented by lineament "A”. It is possibly related to- subsequent
southeasterly directed thrusting which has thrust-Buchans Group rocks over the Skidder
Basalt and over other Buchans Group rocks in lower structural slices including those
structurally above Lineament "A" (cf. Thurlow and Swanson, 1987). Lineament "B" may
represent a high angle tear fault (cf. Thurlow and Swanson, 1987). Rocks in some ;u'cas
beheath Red Indian Lake such as in area "C" on Figure 3-2 have a high magnetic
susceptibility and in 'this way are similar to the Skidder Basalt. Assuming that thc‘arca' of”
high magnetic susceptibility labelled "C" on Figure 3-2 is underlain by Skidder Basalt, the
suggested fault represented by lineament "B” would have a right lateral displacement of 2.5
lkm.

Rocks in the Harbour Round area on the southeastern shore of Red Indian Lake
also have a high magnetic susceptibility (area "D" c;n Figure 3-2). Rocks underlying area
"D" (unit Sa, Figure 3-1) include pillow basalts, mafic pillow breccias and interpillow
chert; geochemically they have 1-1.5% TiO; and 100-150 ppm Zr (B.F. Kean, personal

communication 1988). These rocks are thus gcologicﬁy and, on the basis of limited
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information, geochemically similar to the Skidder Basalt (cf. Chapter §). Kean and
Jayasinghe (1980) included units Sawand 5b (Figurc 3-4) into one unit which they
considered to be part of the Buchans Group. The contact between unit 5 and bedded
siltstone and chert of the Harbour Round Formation (unit 4, Figure 3-1) is suggested by
Kean and Jayasinghe (1980) to be conformable in the Harbour Round area but faulted
elsewhere. However, B.F. Kean (personal communication, 1988) suggests that the
contact between the two units in the Harbour Round area is most probably a fault also. The
Harbour Round Formation conformably overlies mafic flows, pillow lavas, mafic
pyroclastic rocks (unit 2a, Figure 3-1) and felsic pyroclastic rocks (unit 2b, Fiéure 3-1) of
the pre-Caradocian Victoria Lake Group (keah, 1977, Kean and Jayasinghe, 1980).

To the west, the Skidder Basa]t'.‘xs intruded by massive to moderately foliated
granodiorite which contains many small mafic to ultramafic fragments (Whalen and Currie,
1983; 1987) (unit 8, Figure 3-1). These and similar rocks in the area, e.g. the Hungry
MOL.mtain Complex (unit 6, Figure 3-1) to the northwest of the Skidder Basalt, and mafic
and ultramafic inclusion-bearing tonalites (unit 7, Figure 3-1) exposed to the southwest, are
suggested to be post-ophiolite intrusive suites (Dunning, 1984; Whalen and Currie, 1987).
Dunning (1984) suggests that the tonalites were produced by partial melting of imbricated
and partially subducted oceanié crust but with a componefft of Grenvillian continental crust
or derived sediments; the latter is indicated by the presence in the tonalites of residual
zircons having an age of 1400 Ma.

To the south, the Skidder Basalt is unconformably overjain by brown, red and
minor grey conglomerates and sandstones of the Carboniferous Shanadithit Formation

(Unit 15, Figure 3-1) (Kean, 1978; Kean and Jayasinghe, 1980).

3.2.2 Regional synthesis
As suggested above, the Skidder Basalt probably réprescms the upper portion of a

now dismembered ophiolite. Dunning (1984) proposes that a number of ophiolitic

\
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fragments (including units 1b and 1c and probably much of unit |1 on Figure 3-1) exposed

from Buchans to the southwest tip of Newfoundland were once part of a continuc;us sheet
of oceanic crust (cf. Church and Stevens, 1971). He suggests that the slab of oceanic crust
was "'systematically decoupled from mantle lithologies along the layered; critical zone and
emplaced over the pantially subducted continental margin”. The tonalitic rocks (unit 7 and
possibly unit 8, Figure _3-1) which now completely surround small ophiolitic fragments and
partially surround the larger are considered by Dunning (1984) to have been produced by Q
partial melting of a "mixed package of subducting rocks, including oceanic crust, Fleur de
Lys-typé sediments and continental crust...” that "intruded and, in some cases, engulfed
and disrupted the ophiolitic rocks". Stewart (1984); Colman-Sadd and Swinden (1984);
and Wilton (1985) cite various types of evidence to suggest that much or even all of the
Dunnage zone may be allochthonous.

N
3.3 RocK Types

The Skidder Basalt comprises a sequence of mafic pillow lava, pillow breccia and
massive flows plus lesser diabase dykes, gabbro, mafic pyroclastic rocks and chert. The
rocks are altered as indicated by the presence of secondary calcite, epidote and ubiquitous
chlorite. Secondary minerals fill vcs}clcs. irregular vugs, fractures and intergranular
spaces. In places, they partially to completely replace primary minerals throughout the
rock. ,

On Figure 3-4, rocks of the Skidder Basalt have been subdivided into three types to
show the distribution, in>the Skidder area, of basalts of different composition based on
their Zr concentrations. The types are low-Zr basalts (< 50 ppm), intermediate Zr basalts
(50-85 bpm). and high Zr basalts (> 85 ppm). Although there is no implication that rocks
comprising these various subdivisions have different source regions or are of otherwise

consistent.y different character, they are distributed as coherent clusters on Figure 3-4 (see

Chapter 5).
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33.1 Mafic rocks having Zr concentrations < 50 ppm s

Approximately one third of the analyzed mafic outcrop samples, which include
massive and pillowed basalt, pillow breccia and diabase dykes, have Zr concentrations
below 50 ppm (see Chapter 5). These low-Zr mafic rocks occur in the nonhwestém and
southern portions of the area mapped and in the vicinity of the Skiddcf Prospect (Figyre 3-
4). About two thirds of the low-Zr lavas show well developgd, close-packed pillow -
structures. Pillows are typically less than 500 cm across but locally are up to 1 m in
diameter. They are round but irregular in cross-section. Interpillow material, typically-
hyaloclastite, is generally more chloritic than that making up the pillows themselves. In
some areas small irregular jasper bodies fill pillow interstices.

The léw-_Zr basz;lts. both pillowed and massive, are light green and are fine- to
medium-grained. An estimated 25 per cent of them are amygdaloidgl. The amygdules
which are filled by calcite and to a lesser extent by epidote, quartz or chlorite are typically
2-4 mm in diameter and make up less than 10 per cent of the rock.

S_omc pillows contain light grey variolcs,_3-6 mm ih diameter, within a green,

.chloritic matrix (Figure 3%5). In general, these pillows have a 2-3 cm-thick, chlorite-rich,
non-variolitic outer rim. T:he varioles 'arc typically 3-4 mm in diameter, are individually
distinct in outer portions of the pillow but coalesce to form a continuous mass in pillow
cores. Smaller variolitic pillows (< 20 cm in diameter) generally do not have coalesced

cores (Figure 3-6).

3.3.2 Mafic rocks having Zr concentrations of 51-85 bpm

- _Abéut one half of the mafic outctop samples analyzéd have Zr concenirations
between 51 and 85 ppm (Chapter 5). Close-packed pillow lava comprise about one half,
massive flows approximately one quarter, pillow 'breccia about 10% and mafic dykes about

15% of these intermcdiate-Zr mafic rocks. They occur throughout the Skidder area (Figure

3-4), ¥
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Figure 3-5: Variolitic pillow lava, sample location S 35 (Figures 3-3 and 3-4).

Figure 3-6: Small variolitic pillow showing incomplete coalescence of varioles in its centre, sample
location S 35 (Figures 3-3 and 3-4).
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The rocks are medium green and fine- tc} medium-grained. Locally the mdssive
flows have been auto-brecciated. Pillows are similar in size and outline to t.hosc of the low-
Zr basalts. However, none of‘thc intermediate-Zr pillowed flows observed in oulcrop are
variolitic. Pillow interstices are filled by chlorite-rich hyaloclastitc and, in places, irregular
jasper bodies. About one quarter of the flows are amygdaloidal; amygdules are filled: by
cilcite and lesser epidote, chlorite or quartz. A
Pillow breccias include broken-pillow breccia (Carlisle, 1963) coﬁsisting of angular
basaltic fragments within a chloritic and, in some places, epidote-rich matrix (Figufc 3-7).
Other pillow breccias dré more characteristic of isolated piilow bre_ccia (Carlisle, 1963).
These consist c;f rounded "min‘i-pillows" 5-20 cm in diameter that occur within a darker
green, more chloritic, hyaloclastite matrix. The matrix characteristically comprises 30 to 60
per cent of the rock.
Calcite, epidote and chlorite fill open spaces as well as intergranular areas
throughout the rock. 'ln’addition, fibrous actinolite rosettes#ccur as fracture fillings in

basalts cxpos:;d on Halfway Mountain in the vicinity of rock sample locations S 23 to S 28

(Figures 3-3 and 3-4).

3.33 Maﬁ‘c rocks having Zr concentrations > 85 ppm
. About 15% of the mafic outcrop samples analyzed have Zr concentrations > 85 ppm
(Chapter 5). About 50% of these high-Zr mafic rocks consist of close-packed pillow lava,

the rerriaining 50% being massive flows. High-Zr mafic rocks outcrop northwest and

irhmediately south of the Skidder Prospect as well as along the road in the eastern portion

of ihe Skidder area (Figure 3-4).
The rocks are medium to dark green-grey and fine to medium grained. Pillows are
subrounded and about (1.5-0.75 m across. About one half of the flows contain calcite-filled

. ) . .
amygdu’es; in a few areas the amygdules are up to 2 cm across which is larger than those
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Figure 3-7: Broken pillow breccia; located about 50 m northwest of sample location S 28 (Figures 3-3 and
34).




o

found in the lower-Zr mafic rocks. Calcite, epidote, chlorite and locally quartz fill open

spaces as well as intergranular areas throughout the rock.

3.4 Mafic Intrusive Rocks

Diabdsé dykes occur‘jn several areas (Figure 3-4) intruding both massive and
pillow lava as well as pillow breccia (Figure 3-8). Samples S 37 and S 27A, two of four
of the mafic dykes analyzed, have Zr concentrations of 30 and 32 ppm respectively. One
of these low-Zr dykes, S 37, intrudes low-Zr mafic rocks but the other intrudes mafic
rocks having intermediate Zr concentrations. The remaining two dykes have higher Zr
concentrations (61 and 73 ppm) and intrude intermediate-Zr mafic rocks. The dykes are
light to medium green, (higher-Zr dykes being darker), fine to medium grained and range
.in width from 20 cm to | m. The medium green, medium grained, intermediate-Zr diabase
dykes (?) occur at sample locations S 22 and S 49 (See Figures 3-3 and 3-4). At both of
these locations the contact of the diabase with adjacent rocks is not exposed.

Subophitic intergrowths of 2 mm-long plagioclase and chloritized, epidotized
clinopyroxene are visible in hand specimens of some of the dykes. Ubiquitous
chloritization and the presence of secondary calcite, epidote and, locally, quartz suggest that
the dykcs have been altered like the surrounding basaltic flows. Calcite- and, in one

sample, quartz-filled amygdules are present in some of the dykes.

3.5 Mafic Pyroclastic Rocks

Mafic pyroclastic rocks in the Skidder area consist of medium green-grey tuffs.
These tuffs have an overall massive appearance and are poorly bedded. Bedding can be
secn on the weathered surface of a 0.5 m-thick unitin a well exposed outcrop on the shores
of Red Indian Lake at sample location S 36 (Figure 3-9). However, on a fresh surface the

tuff i1s indistinguishable from a massive flow.




‘igure 3-9: Bedded mafic ash tuff showing "loading" features, sample location S 36 (Figures 3-3 and 3-4).
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3.6 Chert

Jasper and red cherty lsillsnone fill pillow interstices in several areas. The
interpillow jasper bodies are typically uregular in outline and conform to the shape of the
open spaces. In addition, two larger jasper units each having a minimum strike length of
10 m have been mapped. One of the units; about 25 cm thick, is interlayered with massive
basalt immediately south of the Skidder Prospect (Figure 3-4). The second outcrops in the
northeastern portion of the area shown on Figure 3-4 at sample location S 70 (Figures 3-3
and 3-4). Itis about 2 m thick and occurs at the contact between basaltic rocks’to the south
and 4 body of rondhjemite to the north (Figures 3-4 and 3-10). The large jasper units are
typically brecciated and quanz veined. Quartz also fills areas between breccia fragments.

Some of the fragments show discontinuous, convoluted layering.

3.7 Skidder Trondhjemites

A small body of trondhjemite outcrops about 2.5 km northeast of the Skidder
Prospect (Figure 3-4). Discordant conlacts suggesting intrusion of the trondhjemite into
Adjacent mafic rocks are exposed in some areas. However, as indicated above, a 1 m-thick
unit of jasper marks the contact between the trondhjemite and basaltic .rock\s at one locality.
The wondhjemite is light grey to light green, fine grained and massive.

Light grey-green, fine grained trondhjemite dykes intrude the Skidder Basaltin the
immediate vicinity of the Skidder Prospect (see Chapter 6). Trondhjemite dykes also
intrude altered mafic rocks at sample location S 73 near a pyrite-rich alteration zone at
sample location S 72 located about 2.5 km to the northeast of the Skidder Prospect (Figure

-3). The dykes, which are{ typically less than 5 m tﬁick, strike approximate]y northeast
and dip steeply to the southeast. In most areas the dykes are very fine grained and massive

but in some areas they contain about 5 per cent feldspar phenocrysts which are typically |

to 3 mm across. In many areas layering is present within 30 cm of the contact between the




Figure 3-10: Thick jasper unit at sample location S 71 (Figures 3-3 and 3-4).
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dykes and adjacent units. The layers, lypically' 0.5 10 1 cm wide ﬁnd ranging in colour
from light and dark grey-green to buff, parallel the dyke contact.

At sample location S 10 (Figures 3-3 and 3-4), angular 2-4 cm-long fragments of
wall rock are incorporated into a trondhjemite dyke (Figure 3-11). The xenoliths are darker
green and relatively more chloritic than the surrounding Uondhljemite. Malpas (1979)
reports the occurrence of similar partially resorbed xenoliths in trondhjemitic dykes of the

Bay of Islands Ophiolite Complex.

3.8 Metamorphism

Rocks of the Skidder Basalt examined in outcrop typically contain mineral
assemblages c\haracteristic of spilites and greenschist facies metamorph{sm. Epidote,
calcite and, in places, chlorite veins and amygdules are common. In addition, alteration of
mafic minerals to chlorite is ubiquitous. Pervasive allcrgt'\qn of mafic minerals to epidote,
particularly 1n the matrix to pillow breccia fragments, is alsb noted in some areas. Quartz -

veins and amygdules are common in the vicinity of the Skidder Prospect but are rare

elsewhere.

39 Local Structures

Individual flow units as well as pyroclastic and sedimentary rocks in the western

" two thirds of the map area strike generally northeasterly and dip steeply to the southeast
(Figure 3-4). However, in the easterly portion of the map area some units strike easterly
and dip steeply to the south. Diabase dykes strike 025°-035° in most places. However, a
dyke outcropping at sample location S 37 swikes 110°.

Foliations trend predominantly northeasterly but in a few localities a second
foliation striking approximately 075° is prc.sent; the foliations dip steeply in all areas.

- Pillows, where suitable for determining stratigraphié tops, indicate northwest facing of

units in most areas (Figurc'3-12) except in the immediate vicinity of the Skidder Prospect
; ' :
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Figure 3-11: Trondhjemite containing several 2-3 cm-long mafic xenoliths, sample location S 10 (Figures
3-3 and 3-4).

Figure 3-12: Basaltic pillow lava at sample location S 7 looking northwest (Figures 3-3 and 3-4). The
pillows indicate flow tops are to the northwest here.
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where some indicate a southwest facing of units.- Loading structures in a mafic tuff unit at
sample location S 36 (Figures 3-3 and 3-4) indicate northwest facing of units in that areg.

Reversals in facing direction of pillows in the Skidder Prospect area (Figure 3-4)
and the local geology of the Skidder Prospect itself (see Chapter 6) suggest folding about
possib.lc northeast wending axes in the area. Fold axes shown on Figure 3-4 are assumed
on the basis o_f reversals in pillow facing direction, their exact trend is unknown. Flexuring
of the trend of units from northeasterly to easterly in the eastern portion of the area shown
on Figure 3-4 su ggests late, large scale open folding about a north to northwest, steeply
séuth-plunging axis.

Thurlow and Swanson (1987) indicate that thrust faults in the Buchans area .
propagated preferentially along earlier fault planes and that an andclinal axis. present at the
surface of, and parallel to, the Ski Hill-Buchans River fault system was generated during
thrusting. Similarly, folding in the vicinity of the Skidder Prospect may be related to
southeastward compression related to the thrusting cpisbde.

Several topographic lineaments are evident on aerial photographs of the Skidder
area and many of these cormrespond to linear magnetic features. The linears strike in three
dominant directions: northeasterly, northerly, and approximately norghwesterlj (Figure 3-
13).

The northeast-trending topographic lineament (Number 1, F@) which
separates rocks of relatively high magnetic susceptibility to the southeast from less
magnetic rocks to the northwest is suggested to mark the northwesterly contact of th;
Skidder Basalt and the Buchans Group as discussed in Section 3.2.1.

A second northeast-trending lineament (Number 2, Figure 3-13) passés through the
Skidder Prospect and through a. pyrite-rich zone about =2.5 km to the northeast at sample
location S 72 (Figure 3-13). ‘

" This lineament may represent an "old" fracture zone which provided access for the

intrusion of-several trondhjexpite dykes that occur in the vicinity of the Skidder Prospect

b
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and near the pyrite-rich zone at S 72. It also may have provided a locus for upward
migration of metal-bearing hydrothermal fluids that produced the intense alteration
associated with the Skidder Prospect and the pyrite-rich zone at § 72.

The association of sulphide-rich zones and trondhjemites is not'unique 10 the
Skidder area for Malpas (1979) reports the occurrence of a small rondhjemitic stock in the
vicinity of the Gregory Copper deposit in the Bay of Islands Ophiolite Complex.

The structural significance of the northeast-trending lineament present southeast of
the Skidder Pro;pcct (Number 3, Figure 3-13) is unknown but basalt sarnpl;:s collected
along this lineament contain significantly higher concentrations of large ion lithophile
elements (K, Rb and Ba) than other Skidder Basalt samples. This suggests that ?
hydrothermal fluids may also have permeated along a possible fracture zone related to this
lineament. . |

The structural significance of the north and nonh-nonhw‘esterly trending lineaments
shown on Figurc': 3-13 is unknown. They may however be topographic expressions of
high-angle tear faults like the north-northwesterly trending tear faults noted in the Buchans
Group to the north (Thurlow and Swanson, 1987). Thurlow and Swanson (1987) relate

these faults to south-southeasterly directed thrusting in the Buchans area.




Chapter 4
PETROGRAPHY AND MINERAL CHEMISTRY

4.1 Petrography of the Skidder Basalt
4.1.1  Introduction

In thin section, extrusive rocks of the Skidder Basalt are dominated by secondary
mineral assemblages. In general, albitized plagioclase phenocrysts occur in an
intergranular to intersertal groundmass of albite, chlorite, quartz, dense granular sphene,
and variable amounts of subhedral to acicular opaque minerals. Primary clinopyroxene and
chromite as well as secondury calcite, amphibole and epidote are constituents of some
samples.

A geochemical subdivision of the Skidder basaltic rocks is used as a .b:\sis for the

following petrographic descriptions, since differences in some of the basaltic compositions

are reflected by differences in texture and miheral proportions. The geochemistry of the

Skidder Basalt is discussed fully in Chapter S.

4.1.2 Low-zirconium basalts (< 50 ppm)

Thin sections of low-Zr Skidder basalts are typically composed of sccéndury albite,
chlorite and lesser quartz and sphene; amphibole, calcite and epidote are present in some
sections. Primary magmatic minerals preserved in some samples include small amounts of
subhedral chromite and relict clinopyroxene. Many of these rocks show textures
characteristic of quenching, some are vanolitic, and a few display intergranular or

intersertal texture.

4.1.2.1 Quench-textured low-zirconium basalts
Table 4-1 shows the basalt types and gives a partial geochemical analysis and

qualitative estimate of the abundances of common minerals in the low-Zr basalts.




Table 4-1: Petrographic table showing rock type, partial geochemical analysis and mineralogy of basaltic outcrop samples having

Zr concentrations < 50 ppm; samples not analyzed but of similar mineralogy and texture are also included

Key: |See Figures 3-3 and 6-1 for sample locations

Mineral abbreviations: Ab-albite, Cpx-clinopyroxene, Cl-chiorite, Cc-calcite, Ep-epidote, Qz-quartz,

Chr-chromite, Amph-amphibole, hm-hematite, py-pyrite

Abundance of mineral relative to its average content in mafic rocks from the Skidder area:

x-low, xx-medium, xxx-high

See Appendix B for complete whole rock analyses and description of analytical methods

Sample Rock Type SiO2 |TiO2|MgO| Zr | Ab |Cpx| Q1 [Sphene| Cc | Ep| Qz | Chr|Opaques| Amph Other Minerals and
Name % % | % |ppm Comments
S1A Pillowed basalt X | ox | ox | xx X calcic plagioclase (?)
S1B Pillow basalt/Pillow breccia XX 0K x| ox X | xx foliated
S1C Pillow basalt/Pillow breccia X ? 10ox | x| oo X | xx variolitic
S5 Pillowed basalt 42.4 0.7 | 4.2 | 33 | XX x| o X XX acicular opaques (xx)
S6 Massive/Pillowed basalt XX XX XX XX x| X XX
S7A Pillowed basalt 478]0.7| 6.2 | 38 | xx XX X | ox ox| x serpentine (?)
S9A Pillowed basalt 48.9 0.8 [ 3.1 | 50 | »x XX x| o XX | ¢ XX
S 11 Pillowed basalt 48.0 [ 1.1 | 5.0 | 47 [ ¢ | x | xx XX x| x| x XX acicular opaques (xx)
S 30 Massive basalt 49.4 (0.6 | 5.7 | 30 | oo | xx | Xxx XX x| x| x | xx X xx_|olivine pseudomorphs
S 31 Pillowed basalt 48.6 0.7 4.5 | 34 | x | ? | xx XX XX XX | xx X ? |variolitic, spinel (?)
S 35A Pillowed basalt 48.5|0.6 | 8.9 | 38 | xx XK | Xx X | x| x |ox X XXX
S 35B Pillowed basalt X X [ox | xx X | x| xx X xxx | variolitic
S 39 Pillowed basalt 50.6 1 0.8 7.4 [ 50 [ ot | xx | xx XX X | x X X
S 45 Pillowed basalt 459 10.6 [ 6.5 | 39 | ¢ | xx | xx XX x [x | x X X |porphyritic
S 55A Pillowed basalt x | ? ] x XX XX X | x X X [|variolitic
S 55B Pillowed basalt x [ 2| x XX X X | X X X [|variolitic
S 59 Pillowed basalt 47.9 (0.5 ]11.1[ 16 | xx [xox|xx | Xxx X | x| xx XX
S 66B Massive basalt 53.6 /0.9 4.4 41 | x | x| xx XX X XXX XX
S 80A Feldspar porphyritic basalt XX XX X X XX XX
S 81 Massive basalt 50.010.9(8.9[ 44| ¢ | xx | xx XX X X
AVERAGE | 48.5]| 0.7 | 6.3 | 38

h
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Albite is abundant in most secuons; it occurs typically as randomly oriented laths

usually less than 0.5 mm long, but in some sections (e.g. S 30)l,: shows quench textures.
Quench-textured albite occurs: as elongate 1 mm-long skeletal laths, in places grouped into
tan-shaped (Figure 4-1) to radially aligned clusters (Figure 4-2); and as hollow rectangular
“belt buckle”-shuped.(cf. Lofgren, 1974) grains (Figure 4-3).  Albite locally occurs as
"open space” fiil‘ings. For example, chlorite-filled vugs in thin section S 80A contain
several 1-2 mm-long albite laths that do not show quench-texture morphologies in contrast
to albite elsewhere in the section.

Plagiaclase other than albite has been identified in only one Skidder Basalt thin
section, i.e. S 59 where it occurs as phenocrysts (?) partially altered to calcite and albite.

Clinopyroxene typically occurs as colourless to light brown, 0.5 to l mm-long
clongate grains (Figures 4-4 and 4-5) that combine to form masses displaying "quench-
texture” morphologies. Textures considered by Lofgren (1974) to be typical of quenching
such as spherulitiq, bow-tie, fan, plumose and axioltic {Figure 4-6) morphologies are
shown in several sections. Section S 59, for example, is dominated by clnngale.
clinopyroxene throughout, which, in places, forms fan-shaped clusters. Thin section S 30
contains irregularly shuped areas dominated by tabular elongate axiolitic clinopyroxene
accompanied by accessory sphene and intersertai chlonte. Clinopyroxene is partially to
completely altered 10 amphibole or chlorite in some areas.

Amphibole occurs as elongated prismatic crystais or fibrous masses that partially
surround @r completely replace clinopyroxene grains. Textures charactenstic of quenching
of the now replaced clinopyroxene are preserved in places. For instance, 0.5 mm-long
brown pleochroic radial plumose masses of amphibole (Figure 4-7) and intersental chlonite
are seen in quenched areas around amygdules. In other areas, amphibole comprises mat-
like intergrowths preserving axiolitic or other quench-texture morphologies. Amphibole, in

some places, is altered to talc or chlorite.




Figure 4-1: Quench-textured plagioclase showing fan-shaped to plumose morphologies (cf. Lofgren,
1974); thin section S 31, crossed nicols, 10 x.

Figure 4-2: Spherulitic cluster of quench-textured plagioclase; thin section S 55B, crossed nicols, 10 x.
0.2 mm




Figure 4-3: Quench-textured plagioclase showing "belt buckle” texture (cf. Lofgren, 1974); thin section S
30, crossed nicols, 10 x. 0.2 mm —
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Figure 4-4: Haphazardly distributed, elongate clinopyroxene grains; thin section S 30, plane polarized
light, 10 x. — 0.2 mm

Figure 4-5: Haphazardly distributed, elongate clinopyroxene grains; thin section S 30, crossed nicols, 10
X. 0.2 mm




Figure 4-6: Quench-textured, axiolitic clinopyroxene (cf. Lofgren, 1974); thin section S 30, crossed
nicols, 20 x.

Figure 4-7: Plumose (cf. Lofgren, 1974) amphibole, probably after clinopyroxene; thin section S 30,
plane polarized light, 10 x. 0.2 mm




Sphene occurs as subhedral granules that, in places coalesce to form dense irregular
masses. The grains are typically greyish brown under plane-polarized light and show

internal-reflection effects under crossed nicols. Chromite occurs as opaque to brown

translucent subhedral grains (Figure 4-8) typically less than 0.1 mm in diameter

disseminated throughout the thin section. Chrotnite may also occur as inclusions in chlorite
or calcite-filled areas that are pscudomorphic after olivine (Figure 4-9). Unidentified tiny
sﬁbhedml opaque grains are disseminated throughout the samples.

Chlorite typically occurs as fine grained, light green pleochroic, anhedral masses
intersertal to other minerals. It displays brown to anomaious blue interference colours.
Secondary quartz fills fractures and vesicles; and in thin secdon S 35B, quanz fills spaces
pseudomorphic after olivine (Figure 4-10). Quartz also occurs in the groundmass as
anhedral gr;xins intersertal to other minerals. Calcite occurs typically as irregular masses
and as fracture fillings. In places it oc‘;curs with albiic_as a replacement product of
plagioclase. Secondary epidote occurs as light olive green pleochroic, equant to prismatic
grains which are 1.5t02 mm in length. Epidote may be distributed throughout the sample

but most commonly fills vugs and fractures. In a few thin sections radially aligned needles

of epidote occur.

4.1.2.2  Variolitic low-zirconium basalts

In the Skidder Basalt,.\_.{arioles are defined by a greater abundance of albitized
plagioclase and quartz which, in some s<;¢tions, occur as radial gro.wths around a common .
centre. The varioles differ considerably in detail howeve_rf Minerals that make up both
variolitic and nonvariolitic portions of the sample typically display quench-texture
morphologies. |

Vaﬁoles in thin section S 35B are dominated by a haphazardly arranged network of
clongate skeletal clinopyroxene (?) (amph.ibolc-pseudomorphed cliﬁopyroxcnc or olivine

(7)) accompanied by interstitial quartz and albite (7). The intersertal material typically -
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Figure 4-8: Subhedral, translucent brown grains of chromite; thin section S 30, plane polarized light, 50
5 & — 0.04 mm —
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Figure 4-9: Calcite grains, pseudomorphic after olivine, note several subhedral chromite inclusions and
one inclusion of magnetite (large opaque grain); thin section S 30, crossed nicols, 10 x.
0.2 mm

Figure 4-10: Quartz grains, pseudomorphic after olivine; thin section S 35B, crossed nicols, 10 x.
—— 0.2 mm




shows radial extinction and, in turn, imparts a radial extinction to the variole as a whole.
Some varioles in thin section S 31 have a central area dominated by radial quartz or albite
(Figures 4-11 and 4-12). Haphazardly arranged, elongate, skeletal grains similar to those
in S 35B are presentin § 31, however the grains in the latter sample have low birefringence
and parallel extinction sugécsting ;lbitc (?) may be pseudomorphing quenched olivine or
clinbpyroxehe in this instance (Figures 4-13 and 4-14). In S 31 and to a lesser extent in S
35B, the elongate skeletal grains occur outside the varioles as well as inside and some
crystals cross the boundary between variole and matrix (Figures 4-13 and 4-14). Varioles
in thin section S 55A are composed of radially aligned, plumose to fan-shaped clusters of
felsic material (albite (?) and quartz (?)) accompanied by ovoid chlorite-filled areas.
Albitized plagioclase crystals (2 mm in length) form the core of a few of .the _variolcsv
(Figure 4-15). Other varioles in this section have a central .corc of anhedral quartz, lesser
chlorite and accessory sphene surrounded by an outer ring of radially aligned felsic

material. In thin section S 66B varioles (?) 1 to 1.5 mm across are composed of clusters of

elongate élinopyroxcne grains haphazardly to roughly radially arranged about their centres.

Lesser amounts of indelgrminatc felsic material fill the interstices. Thin section S 1C
contains vanoles hav'ing a central core of radially aligned albite and intersernal chlorite that
is surrounded by an outer ring of secondary calcite (Figure 4-16).

Chlorite and lesser albite + amphibole and/or clinopyroxene dominate the
mineralogy of the marix to the varioles. In thin section S 35B, matrix areas are composed
predominandy of tiny clusters of axiolitic, fan-shaped, spherulitic or plumbse 0.1 mm-long
clinopyroxene (Figures 4-17 and 4-18), in places altered to amphibole. Accessory sphcnc.
and intersertal chlorite make up most of the remainder. In thin section S 31, the matrix to
the varioles is dominated by skeletal albite which occurs as haphazardly oriented laths, or
plumose, fan-shaped or spherulitic masses. Intricate patterns displayed by axiolitic or

\

spherulitic albite (?) (replacing clinopyroxene (?)) are also present. - Interstitial areas -

between grains are filled by chlorite. - Matrix areas in thin section § 55B are filled




Figure 4-11: Variole having central core of radially aligned quartz or albite; thin section S 31, crossed
nicols, 3.2 x.

Figure 4-12: Expanded view of central portion of variole shown in Figure 4-11; thin section S 31, crossed
nicols, 10 x. —— 0.2 mm




Figure 4-13: Haphazardly distributed, elongate grains of olivine or clinopyroxene pseudomorphed by albite
(7); thin section S 31, plane polarized light, 3.2 x.

Figure 4-14: Area shown in Figure 4-13 under crossed nicols; note varioles, and occurrence of elongate
grains in varioles and matrix; thin section S 31, crossed nicols, 3.2 x. — 0.5 mm —
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Figure 4-15: Albitized plagioclase grain in core of variole; thin section S 55, 3.2 x, crossed nicols.
— 0.5 mm —

Figure 4-16: Varioles having a central core of radially aligned albite and intersertal chlorite surrounded by
an outer ring of secondary calcite; thin section S 1C, crossed nicols, 3.2 x.
— 0.5 mm —
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predominantly by chlorite; in S 66B, elongate albitg laths and intersertal chlorite dominate
‘outside the varioles; and in thin section § 1C, ;:XQrilc. accessory sphene-and lesser

subhedral chromite occupy the matrix between varioles.

4.12.3 Intersertal- and intergranular-textured low-zir¢onium basalts

A few of the low-zirconium basalts do not show quench-texture morphologies.
These are composed of intergranular to subophitic intergro;vths of tiny (< 0.1 mm long)
stubby prismatic clinopyroxene and albitized plagioclase (O\.’l to 0.4 mm long) accompanied
by intersertal anhedral chlorite and lesser quartz. Accessory sphene and, in some places,
subhedral opaque minerals + secondary calcite and epidote comprise the remainder.
Secondary K-feldspar is present in sample S 81 (see Scction 4.4.4)

The intersertal- and intergranular-textured low-Zr Skidder basalts are similar

texturally to those having intermediate Zr concentratiorts described in the next secton.

4.1.3 Basalts having Zr concentrations of 51-85 ppm

Table 4-2 shows the rock types and gives a partial geochemical analysis and
qualitative estimate of the abundances of common minerals in Skidder Basalt extrusive
rocks having Zr concentrations of 51-85 ppm. Aibitc, intersertal chlorite and quartz, plus
intergranular accessory sphene and subhedral opaque minerals occur in all sections. Most
sections have a few 1-1.5 mm-long albitized plagioclase phenocrysts (?) and some also
contain a few 1 mm-long relict clinopyroxene phenocrysts (7). Some samples have
intergranular to subophitic intergrowths of albitized plagioclase and stubby prismatic
clinopyroxene (Figures 4-19 and 4-20). An overall increase in amount of sphene,
subhedral opaque minerals (magnetite (?)) and intersertal anhedral quartz is noted with with
ar; incrcase in Zr concentration. Some samples contain acicular opaque minerals (mégnetile ,

(7)) in addition to or in place of subhedral opaque minerals.




Table 4-2: Petrographic table showing rock type, partial geochemical analysis and mincralogy of b.saliic outcrop samples having
Zr concentrations of 51-85 ppm; samples not analyzed but of similar mineralogy and tex ure are also included

~

Key: |See Figures 3-3 and 6-1 for sample locations
Minaral abbreviations: Ab-albite, Cpx-clinopyroxene, Cl-chlorite, Cc-calcite, Ep-epidote, Qz-quartz,
Chr-chromite, Amph-amphibole, hm-hematite, py-pynte
Abundance of mineral relative to its average content in mafic rocks from the Skidder area:
X-low, xx-medium, xxx-high
See Appendix B for complete whola rock analyses and description of analytical methods
Sample Rock Type - Si02 |TiO2|MgO| & | Ab |[Cpx| O [Sphene| Cc |Ep| Qz | Chr | Opaques| Amph Other Minerals and
Name : % | % | % [ppm| Comments
S 13A Basalt : 300 XX 000 X XX x
S13C Basalt 668.2 (0.9 1.2 |80 | xx X xx 00 00¢ v silicified
S 14A Pillow breccia 54.0 /1.0 4.6 | 68 | wor | x | xx 3%t | x | xx XX
S 148 Pillow breccia ] 55211116260 || x| xx 0 X | x| ¢ acicular opaques (xx)
S 15A “| Pillow breccia 53.8|1.0] 6.2 ]| 60 ] wox | x [ x ¢ 0 | xx P
S 16 Pillow breccia 55.5|1.0] 6.1 | 51 | xx XX x X 30X 00 K-feldspar {xx)
S19 Massive basait 48.1 1111 7.1 | 62 | e |roox| xx 0( | x| x X 00+
S23 Pillowed basalt 469 (1.6 ] 8.0 82 ] e | »xx | xx 300¢ XX X 3000
S 278 Pillow breccia 52.8]1.7] 6.6 | 74 | xx e 00( o] ox 0
S28 | Pillowed basatt 451.8]1.1 (7.1 (61 ] |0x| XX o x| x 0
S 41 Massive basat B 498 | 1.2( 7.6 | 68 | wo X XX xx oo | xx | X acicular opagques (xxx)
S 43 Pillowed basalt . 38.4)1.0] 5.1 [ 64 | x XX x| 00 x | x X acicular opaques (xx)
S 44 Pillowed basalt 478 1.2 8.1 ]| 72 | x | xx | 0 XX X X
5528 Pillowed basah 52.2]1.0( 6.3 | 80 | 2 [ xx | »xx XX x| x 0
S 52C Pillowed basatt o | o] X X X o
S 53 Pillowed basalt 50.9]1.1] 7.6 | 66 | o | x| ¢ X x| x X XX .
S 56 Pillow breccia (?) 44411131 74 w | . | ox x0¢ X xx X altered (?)
S$57 Massive basalt 49809 7.4 |58 | x | x| x XX o {xx| x X
S 60 Pillowed basalt 518[1.3]6.7[82] »x | x| xx x| x X ? |acicular opagques (xx)
S 61 Massive besatlt 49.1|1.6] 6.4 | B0 | »x {r»ox| xx 00X X 00X medium/coarse grained
S 64 Pillowed basalt 438 1.1] 9.0[59 | w [ o [ x| x X ?_|acicular opagues (x)
S79 Pillowed basalt 49.411.2159 |78 | xx | x| xx xX x | x| x X acicular opaques {xxx)
AVERAGE [ 50.7[1.2| 6.8 | 69

[o)
L
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Figure 4-19: Subophitic intergrowth of plagioclase and clinopyroxene; thin section S 53, crossed nicols,
20 x. — 0.1 mm

Figure 4-20: Intergranular to subophitic "stubby” clinopyroxene grains and elongate albite laths within
intersertal chlorite and quartz; thin section S 53, crossed nicols, 10 x. 0.2 mm




Quench-textured elongate clinopyroxene grains and stubby prismatic grains, both
types being subophitically intergrown with albitized plagioclase in places, occur in a few of
the lower-Zr samples included in this group (e.g. sample S 19). Segregatic;n vesicles
(Smith, 1967; Baragar ¢t al,, 1977) are noted in samples S 19, S 43 and S 60. They are
typiéally filled by: quench-textured clinopyroxene, partially altered to amphibole; quench-
textured albite showing radial extinction; and intersertal chlorite — many have a calcite
core. In most other sections, clinopyroxene occurs as pale brown to colourless stubby
prismatic grains which are typically 0.1-0.5 mm in length. A few 1 to 1.5 mm-long
clinopyroxene phenocrysts (?) are present in some sections. In places these grains are

. subophitically im'ergro‘wn with albitized plagioclase. Larger prismatic clinopyroxene grains -
typically show "hourglass™ extinction. Edges of some of the clinopyroxene grains are
altered to amphibole. In a few sections, subophitic glomeroporphyritic clusters of O.S mim-
long albite and clinopyroxene are noted.

In the samples containing segregaticn vesicles, albite, which shows radial
extinction, occurs with chlorite and, in some sections, clinopyroxene. However, albite
most commonly occurs as elongate laths 0.1-1 mm in length haphazardly amranged
throughout the thin section. Albite grdins are roughly aligned in thin sections of the few

rocks that are well foliated. Most thin sections contain several 1-1.5 mm-long phenocrysts

(7 of albitized plagioclase. In places these occur as glomeroporphyritic clusters (Figure 4-

21). Most albite grains show albite tWinning and some "phenocrysts” display pericline
twinning. Locally, albite + calcite, chlorite and quartz fill vugs. Albite in vugs is generally
coarser gr:n'ned than that which occurs throughout the remainder of the thin section.

Chlorite, typically pale green, occurs most commonly as fine grained anhedral
masses intersertal to other minerals. It also ﬁlls.vugs, vesicles and fractures. In some
sections it displays pale green to colourless pleochroism. In a few sections, vug-filling

chlorite forms radial aggregates; in thin section S 13A, vug-filling chlorite  talc show

radial growth morphologies.
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Figure 4-21: Glomeroporphyritic albitized plagioclase in intergranular clinopyroxene and albite; and
intersertal chlorite and quartz; thin section S 53, crossed nicols, 10 x.
—— 0.2 mm
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* Sphene occurs throughout thc;;gnzplcs as small brown subhedral to anhedral grains

.<‘0.l mm across that, in plac’cs. arcjoincc-l‘ic? others to form dense irregular masses. Tiny
_subhédral opaque mirnrals occur in intergiﬁr;ular areas throughout the samples. Intersertal
anhedral quartz, in places showi;ig undulatory extinction, occurs with chlorite in the
groundmass. It also fills vugs, vesicles and fractures. In some sections of sax.nplcs.closcf
to the Skidder Prospect, quartz pani:illy or totally replaces intersertal ‘éhlorite and albite.
Amphibole occurs typically as optically continuous pale green to colourless fibrous grains

~ that, in many areas, enclose remnant grains of clinopymxcnc. Irregular masses composed
of calcite grains are hap};azardly distributed throughout some sections; anhedral calcite alﬁo
fills vugs, vesicles and fractures. Secondary epidote occurs as pleochroic, light olive
green, equém_to prismatic grains that are 1.5 to 2 mm across. Epidote is- randomly
distributed lhroughx&somc samples but in most areas it fills vugs and fractures. In afew

samples, epidote occurs as radially aligned needles. ‘

Secondary K-feldspar occurs in thin section S$ 16 as "rims" surrounding albitized
carbonatized feldspar phenocrysts and as stubby irregular grains in the matrix (see Section
4.4.4). The K-feldspar does not show twinning characteristic of microcline and is similai
to untwinned albite; the two minerals being difficult to distinguish optically:

In rare instances, Skidder basalts incliudcd in this group shbw a bimodal grain-size
distribution. For example in thin section § 61, glomeroporphyritic, subophitic 0.5 to 1.5
mm-long clinopyroxene and 1 to '3 mm-long albitized plagioclase make up about one half of
the sample. The remainder consists of finer grained (0.1 mm long or less) stubby prismatic
clinopyroxene and albite laths; intergranular sphene and subhcdrai,opaquc nﬁncralé and

intersertal chlorite and lesser quartz.

4.14 Mafic flows having Zr concentrations > 85 ppm ‘
Table 4-3 shows the basalt types and gives a partial geochemical analysis and -

qualitative estimate of the abundances of common minerals in the high-Zr mafic flows.




Table 4-3: Petrographic table showing rock type, partial geochemical analysis and mineralogy of basallic oulcrop samples having
Zr concentrations > 85 ppm; samples not analyzed but of similar mineralogy and texture are also included

Key: |See Figures 3-3 and 6-1 for sample locations
Mineral abbreviations: Ab-albite, Cpx-clinopyroxene, Cl-chlorite, Cc-calcite, Ep-epidote, Qz-quartz,
Chr-chromite, Amph-amphibole, hm-hematite, py-pyrite, mag-magnetite, ilm-iimenite
Abundance of mineral relative to its average content in mafic rocks from the Skidder area:
x-low, xx-medium, xxx-high
See Appendix B for complete whole rock analyses and description of analytical methods
Sample Rock Type SiO2 |TiO2|MgO| Zr | Ab |Cpx| C |Sphene| Cc |Ep | Qz | Chr |Opaques|Amph Other Minerals and
Name % | % | % |ppm Comments
S 21A Pillowed basalt 58.7 1.6 | 4.1 | 95 | xx XX XXX X XX XX
S 21B Pillowed basalt XXX XX XX X XX XX anatase (?)/brookite (?) (x)
S 29 Massive basalt or Andesite (?) | 56.7 [ 1.9 | 2.4 | 110 xx XX XXX X XX XXX
S77 Pillowed basalt 57.7113( 3.1 ] 88| xx x| ox | xx XX X0
AVERAGE | 57.7|1.6 | 3.2 | 98
S7B [ Pilowed Basalt 169.8]0.4] 2392 s | [ox [ o T x] Do 2] x| [silicified

Table 4-4: Petrographic table showing rock type, partial geochemical analysis and mineralogy of miscellaneous outcrop samples from the Skidder area

[Key: [As per Table 4-3 above |

Sample Rock Type Si02 |TiO2(MgO| Zr | Ab [Cpx| T [Sphene| Cc |Ep | Qz | Chr |Opaques|Amph Other Minerals and
Name % | % | % |ppm Comments
S 22 Diabase dyke 48.5(1.0( 7.2 | 68 | xx XX XX XX | x| x XXX mag. pseudomaorphs of iim.
S 25 Diabase/Gabbro (?) 498 |1.5]| 7.4 | 73 | x x| x| xx X | X X000
S 49 Diabase/Gabbro (?) 58.8(08| 41| 64 | »» | x» | xx XX X XX XX xx | calcic plagioclase (?)
Complete whole rock analysis for S 71 presented in Table 6-34
S 71 |Jasper [86.8]0.0] 0.0]| 8 | [ ] [ | [oox| | | [hematite (xxx)
S 9B Mafic tuff X000 YO XX XX X XX serpentine (?)
S10B Mafic tuff (?) 53.2 (09| 56 | 46 | xx | x | xx XX XX X 00

0L
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¢ .. These samples are predommantly composcd of 0. 2 mm-long albite laths; mtcrgranula.r \
| sphcnc and subhedral opaque mmcrals. _and mtcrscnal chlorite and quartz. A few 0. 5 ol
‘ -mm-long albitized plagioclase phenocrysts(2) are present. Quartz and lesser chlorite and
calcite fill vugs, vesicles and fractures. In thin.'sect.ipn., greater amounts of quartz, opaque

minerals, and sphene; a lesser amount of E:hlorite; and a lack of preserved clinapyroxene .

~ distinguish these rocks from lower-Zr basalts. - .

4.1.5 Mafic }ntrusive rocks : ~

——

| Mafic ih_tiusive rocks within the Skidder Basalt scqucncé include some which are

Clearly diabase dykes and others which make up an entire outcrop and may thus be either
large sills, dykes (.)r small gabbroic%Qics. The mineralogy of these rocks is si_milar‘to the
basalts. ’

Thin section S 25 (Table 4-4) is predominantly composed of intergranular or
subophitically intergrown.l to 2 mm-long albitized plagioclase :and 0.5 to 1 mm-long
clinopyroxene (Figure 4-22). The clinopyroxene is typically very pale brownish green to
colourless and, in placp§, shows hourglass extinction. In places it is partially altcfcd to

amphibole and chlorite. Skeletal opaque minerals (0.1;0.4 mm across), subhedral opaque

§

" minerals and sphen;: are distnbuted throughout the sample. Some of the skclrctal grain's are
probably altered, pseudomorphed ilmenite as indicated by alteration to sphene arouhd gram
edges. Intersertal anhedral chloﬁté and quartz make up the remainder of the groundmass.. ¥

. Thg sample also contains a fer segregation vesicles (Smith, 1967; Baragar et al., 1977),
each comprising a cﬁlon'xe- t epidote- filled vc'siclc, about 2 mm across, surrounded by a
0:5 mm-widé rim composcd of fine grained albite and clinopyroxene; inte'rgranulzir sphene
and opaque minerals; and intersertal chlorite (Figure 4-23). | '

Thin section S 22 (Table 4-4) is similar in texture and mineralogy to S 25 but is
more extensively altered. Chnopymxcnc has been completely altered to chlorite or replaced

by various combmauons of epxdotc calcne and locally quartz. Skclctal opaque grams
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Figure 4-22: Subophitically intergrown albitized plagioclase and clinopyroxene; thin section S 25, crossed
nicols, 10 x. — 0.2 mm




73

o
(magnetite péeudomorphs of ilmenite) occur throgghout the sample (Figure 4-24)_. Albite
and calcite rep-laée plagioclase; calcite also occurs as irregular masses throughoyt'thc

sample. Segrcgation vesicles similar-to those described in S&5 are also noted.

T/J.secuon S 49 (Table 4 4) has a bimodal grain 5lze distributon. About one

-third of the section’js composed of: 2 mm-18ng albitized, epldoUzcd plagioclase laths-

which, in places, are replaced by quartz; and 1-1.5 mm-long clinopyroxene grains that are
partially to completely rcpla'ceq by amphibole, chlorite * epidote: Amphibole * quartz,
epidote and lesser amounts of calcite fill vugs. The remaining two thirds' of the section
comprises: intergranular 0.1-0.2 mm-long aIBi(c laths; lesser amounts of clinopyroxene
altered-to.amphibole and phlorite; sphene; and intersertal chlorite and quartz.
| >

4.1.6 "Jasper

Thin section S 71 (Table 4-4) is fron-l a large 3.4 m-thick jasper unit exposed near
the trqndhje;nite pod n?nhcast of the Skidder Prospect (Figures 3-3 and 3-4). It contains
ubiquitous quartz spherulites (O.i-0.2 mm in diameter) which occurina h;r:atitc-rich
matrix. Some of the sphémlifes have a central hematized core (Figure 4-25). The
remainder 9f the sample consists of hematite and quartz. Va;'iations in-the amount of

hematite define a streaky "layering” in'nonspherulitic parts of the sample. Anhedral quartz

grains, 0.2-0.5 mm across, fill fractures and one ovoid vug.

4.1.7 Mafic tuff -

Thin section S 9B of interflow mafic tuff consists of 0.1-0.2 mm-long albite (some

of which xs altered to quartz); anhcdral elongated quartz grains; intersertal chlorite;

7

intergranular subhedral opaque minerals, 0.05 mm across, and tiny grains of sphene. One
c?gscumn g calcite-chlorite vein is present and mgu]ar masses of calcite occur throughout

the section. Ahgncd albite grams along with elongatcd quartz and chlontc masses define a

foliation in the sample. -

3
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Figure 4-24: Magnetite pseudomorph of skeletal ilmenite; thin section S 22, plane polarized light, 10 x.
0.2 mm

Figure 4-25: Quartz spherulites; thin section S 71, crossed nicols, 10 x. — 0.2 mm ——




4.2 Petrography of the Skidder Trondh jemites
4.2.1 Trondhjemite dykes

Table 4-5 gives a partial geochemical analysis and qualitative estimate of the
abundances of common minerals in outcrop samples of Skidder area trondhjemites. The
trondhjemite dykes are composed of 1 to 3 mm-long, albitized plagioclase and quartz
phenocrysts in a matrix of anhedral quartz grains (< 0.1 mm across) and 0.1 mm-long
albite laths (Figure 4-26). In places, large grains of albitized plagioclase + quartz occur as
glomeroporphyritic clusters. Minor amounts of chlorite occur as elongate anhedral masses
intersertal to quartz and albite. Quartz, chlorite, or calcite or a combination of these
minerals fill fractures and vugs. Sericite veinlets are present in some samples. Pyrite and
minor amounts of other opaque minerals; sphene; and tiny subhedral zircon are finely
disseminated throughout the samples.

Sample S 10C contains two angular 2-4 cm-long fragments of mafic wall rock that
have been incorporated into the trondhjemite. The xenoliths have been altered such that
they are similar in most respects to the assimilating trondhjemite except for a greater amount

of intersertal chlorite and correspondingly lesser quartz.

4.2.2 Trondhjemite pod

Samples of the trondhjemite pod exposed about 2.5 km northeast of the Skidder
Prospect (Figures 3-3 and 3-4; Table 4-5) have a mineralogy similar to that of the dykes.
Quartz, which occurs as anhedral grains < 0.1 mm across, and 0.1 mm-long albite are the
dominant minerals. In addition, abundant quartz grains 0.2-0.3 mm across and having
anhedral to, in places, rounded outlines are ubiquitous in some samples. A few 1 to 3 mm-
long albitized plagioclase and quartz phenocrysts are present in most samples. In thin
section S 73, quartz amygdules 2-3 mm in diameter, are noted. Vugs in section S 69 are
filled by quartz, or locally by quartz and 0.8 mm-long albite. Sample S 68 contains

"quenched" areas filled with spherulitic felsic material displaying radial extinction



Table 4-5: Petrographic table showing partial geochemical analysis and mineralogy of outcrop samples of Skidder trondhjemites

Key: |See Figures 3-3 and 6-1 for sample locations

Mineral abbreviations: Ab-albite, Cpx-clinopyroxene, Cl-chlorite, Cc-calcite, Ep-epidote, Qz-quartz,

Chr-chromite, Amph-amphibole, hm-hematite, py-pyrite

Abundance of mineral relative to its average content in mafic rocks from the Skidder area:

x-low, xx-medium, xxx-high

See Tables 5-12 and B-10 (S 72) for complete whole rock analyses

Sample Rock Type SiO2 |TiO2(MgO| Zr | Ab |Cpx| O |Sphene| Cc |Ep | Qz | Chr |Opaques |Amph Other Minerals and
Name % | % | % [ppm Comments
S2 Trondhjemite dyke 77.410.1] 0.6 [ 142 X X X0 XX
S4 Trondhjemite dyke 80.210.1] 0.7 [ 133 »xx X X X O XX hm, zircon
S 10A Trondhjemite 75.6 0.2 ] 1.1 | 169 o X X YOO XX zircon
S10C Silicified mafic inclusions XX XX XX X YO XX
S13B Trondhjemite 76.1]10.4] 1.0 |132| xx X XX XX X X |py, hm; silicified
S 68 Trondhjemite 67.9 0.4 1.4 |220| xx X X X X0 XX sericite (xxx), zircon
S 69 Trondhjemite 76.910.3] 0.4 [182]| xx X X 00K X
S$72 Trondhjemite 74.5]0.2) 1.7 | 182 X X X0 X sericite (xx), zircon; altered
S73 Trondhjemite 80.0(0.3) 0.6 |170]| xx X X XXX X zircon
AVERAGE | 76.1 1 0.3 | 0.9 | 166

Table 4-6: Petrographic table showing partial geochemical analysis and mineralogy of oulcrop samples of the Buchans Group; sample S 63 is of the
Lundberg Hill Formation, and samples S82A and S 82B arc of the Sandy Lake Formation (cf. Thurlow and Swanson, 1987)

Key: |Mineral abbreviations: Ab-albite, Cpx-clinopyroxene, Cl-chiorite, Cc-calcite, Ep-epidote, Qz-quartz,
Chr-chromite, Amph-amphibole, hm-hematite, py-pyrite
Abundance of mineral: x-low, xx-medium, xxx high
See Appendix B for complete whole rock analyses and description of analytical methods
Sample Rock Type SiO2 |TiO2|{MgO| Zr | Ab [Cpx| O |Sphene| Cc [Ep | Qz [ Chr [Opaques|Amph Other Minerals and
Name % | % | % |ppm Comments
S63 Quartz feldspar porphyry 65.5/0.4] 1.6 [142| X X X XX XX
S 82A Pillowed basalt 444106 ]| 6.8 | 53 | x XX x| oo X | x X K-feldspar (?), sericite (?)
S 82B Pillowed basalt 479106 ]| 5.5 | 59 | xx XX XX | XX X K-feldspar (?), sericite (?)

9L
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Figure 4-26: Intergranular quartz and albite, and minor intersertal chlorite; thin section S 4, crossed nicols,
20 x. 0.1 mm-——
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(segregation vesicles (7). This sample also contains quartz- + chlorite-filled vugs; angi
lax_r-lygdulcs composed of calcite and lesser amounts of fine grained anhedral quartz. Sericite |
 veinlets are present i;x sé-me sections. . Like the uondhjcmiw dykes, disseminated pyrite,
minor amounis of subl;edr;ﬂ' opaque minerals, sphene -and tiny subhedral zircon occur
throughout most samples. -

Altered saml;lc S 72 (Figures 3-3 and 3-4; Tablé 4-5) is characterized by a lack of
albite. It-comprises anhedral quartz grains (< 0.1 mm across) and ah intergranular,
typically interlocked network of sericite grains.- Quaﬁz veins, consisting of anhedral quartz
grains 2-2.5 min across, are also present. Disseminated pyrite and' very minor amounts of
chlorite, sphene and zircon make up the remainder of the section. A few quartz-chlorite

J

wveins and open-space fillings are noted.




| 43 Petrography of the Buchans Group
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Thin’ scc!nons S'82A and S 82B are of two samples of plllowcd basalt from the

\
Sandy Lake Formatmn of the Buchans Group collected along the side of nghway 350

about 25 km east of thc town of Buchans, near Mary March Provincial Park (Table 4-6).
The samplcs contain abundam calcite + quartz amygdulcs 3 mm in diameter. lrregular
masses of calcite occur throughout the sections. Vanous combinations of calcite, quartz
.. and chlorite form 1 mm-wide pseudomorphs of olivine (?) or clinopyroxene (?) in places.
Subhedral grains.of chromite are present in many of the pscu&omorphs. In addition, the
samples contain a few 1 mm-long calcite + quartz pseudomorphs of plagioclase (?). The
groundmass consists of 0.1-0.2 mm-long carbonatized, sericitized plagioclase laths;
intersertal light green chlorite and anhedral quartz; and accessory, intc_rgranular sphene.
Thurlow (1981a) describes the petrography of the Footwall Basalt pillow lavas of
' the Buchans Group. as follows: "The pillow lavas are nom'n;a&ly feldspar phyric with laths
less than 2 mm long énd of andesine-labradorite composition. Colourless to light brown
augite phenocrysts are locally present and may attain sizes up to one centimetre, although .
those of 1-2 mm are most common. The groundmass consists of a fine grained
inr;rgro\yth of plagioclase, clinopyroxene and much less magnetite. Matrix plagioclase is
variably altered to various combinations of epidote, calcite, clay minerals and sericite and is
locally replaced by ‘Pumpellylte Clinopyroxene may be altered to’epidote and chlonte
. Thin section S 63.(Figure 3-3; Table 4-6) is of quartz feldspar porphynuc dacite
(felsic tff (M) from the Lundberg Hill Formation (formerly Wiley’s Prominent Quartz
sequence). Th-e mineralogy is dominated by abundant rounded quartz grains (up to 7 mm
across) and cloudy, brownish feldspar grains (2-4 mm across) that occur in a brownish

aphanitic matrix. Accessory subhedral opaque minerals and sphene are also present.

/
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4.4 Mineral Chemistry '

Electron microprobe ahalyses of minefls from a suite of Skidder basalt samples,
ranging from quench-zéxturcdl, low-Zr basalts to high-Zr mafic rocks, were'done to: i)
indicate possible variations in the chemistry of preserved primary minerals with.changes in
composition of the hbst rock; 11) determine the ngpbsition of-pn'mary minerals such as -
clinopyroxene and chromite to be used as possible indicators of tectonic setting for the
Skidder Basalf; iii) détermine if variations in the composition of secondary minerals such as
chlorite reflect variations in host rock composition and iv) examine the chemistry of
secondary minerals to investigate effects of spilitization on the kiddc;r Basalt. Minerals.in
two Buchans Group samples, one of Sandy Lake iformation basalt (S 82A) and the other

of qu:inz-fcldspar-phyric dacite of the Lundberg Hill Formation (S 63), were analyzed for

comparison with the Skidder Basalt. Minerals were analyzed using a JEOL JXA-50A

7’
wavelength dispersive electron microprobe; analytical techniques are given in Appendix A.

4.4.1 Clinopyroxenes
4.4.1.1 Introduction -

Many of the eIcmcnts that are common in basalts (except potassium) can be
incorporated i'nto the clinopyroxene structure. Although spilitized basalts siich as those of
t.hc Skidder area are dominated by secondary mineral assemblages, c]i'nopyroxcncs in
spilites elsewhere have been found to be in equilibrium with magmatic Ca-rich feldsp.;ars,
not secondary albite, and ara considered to have a primary magmatic origin (e.g. Battey,
1974; Vallance, 1974). - i i

Kushiro(1960) and LeBas (1962) showed thz;t the composition of clinopyroxenes
varies accbrding to the chemistry of the host lavas. Thus, clinopyroxenes from alkali
basalts are Al- and Ti-rich but Si-poor relative to‘flinopyroxcncs from tholeiitic lavas; and

clinopyroxenes from islpnd arc tholeiites have lower Cr and Ti contents than

— . .
clinopyroxenes from ocean floor basalts. Using these differences, sevegal scattergrams and
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'tcm?iry'diagrams of clinopyroxcnlc'componénts have been proposed to discriminate basalts .

of different tectonic settings (e.g. Kushiro, 196(_);_Lc,Bas, 1962; Nisbet and Pearce, 1977;
and Leterrier et al,, 1982). Howc;/cr, as shown by'Coish‘and Taylor (1979) and ngscusscd
by Leterrier gt al. (1982), factors other than thechemistry of the host ldva play a role in

" determining cl'inopyroxene compositions. Coish and Taylor (1979) and Grove an.cjl ‘Bence

(1977) show that cooling rate can profoundly affect the amounts of uﬁho_rczmpon';:gts such

as Ti and Al incorporated into the clinopyroxene structure, They indicate that -

: J o
clinopyroxenes from basalts showing quench textures typically'\l?ayc higher Ti and Al
contents. Coish and Taylor (1979) suggest that greater amounts of Ti and Al are present irf

quenched clinopyroxenes partly due to the preference of growth dvcr'diffusi_on from
) . . s

growth surfaces during rapid crystallization. "Impurities " such as Ti and Al which ha'v‘_

lower dlsmbuuon coefficients between clmopyroxcnc and liquid relative to the major
componcms would normally be expelled from the clmopyroxcnc sttucture undcr slow-
coolmg equilibrium conditions but are retained during rapid crystallization (cf. Grove and
Bryan, 1983). Also, rapid crystallization suppresses the ability of plaéioclasg to nuclcatc

more | than that of olivine and clmopyroxcnc thereby lﬁcrcasmg the avallablllty of Al and Ca

ions for mcomoranon into the clinopyroxene structure (. Grove and Bryan, 1983). Coup]ed

substitution, e.g. Si for Al, ir the tetrahedral site also affect clinopyroxene composition;
o _ _ ; '

e.g. greater amounts of Al will result in lesser amounts of Si being present. Hence,

availability and incorporation of components such as Al or Tiin clinopyroxene affect the

contents of other elements. These other factors may result in mis-classification of the basadt

types on diagrams utilizing elements such as Ti and Al (Coish and Taylor, 19¢9).

Clinopyroxenes that do not show quench textures but contain high Al may be’
indicative of deep seated or xenocrystic origin since solubility of Al in clinopyr&xcne,

increases with pressure (Stolper, 1980; Grove and Bryan, 1983). High Cr contentsin .

clinopyroxenes may also indicate 4 similar origin (Bence and Bender, 1978).

L
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4.4.1.2 Discussion of results 'y

Electron microprobe anal“;ses of Skidder Basalt clinopyroxenes are presented in
Table 4-7; they are arranged in ascending ordcf on the basis of Zr concentration in whole
rock (Chapter 5). AClinopyroxencs in thin sections S 59 and S 19 are predominantly
elongate grains showing evidence of quenching. Clinopyroxenes from thin section S 81
are lypical_ly stubby grains displaying intergranular texture. Clinopyroxene analyses
presented for samples § 53,579 limd S 60 are predominantly of large grains, ~Thesg grains
are probably not xenocrysts but microphenocrysts in equilibrium with the final ngelt from
which the rocks grystallized since small, mafrix clinopyroxenes analyzed in S §3 and $ 79
are not of significantly different chemical composition from the larger grains. Thin s.eclion
S 25 is of a medium grained diabase in which the clinopyroxenes typically display
subophitic intergrowth with albitized plagioclase.

Analyses of clinopyroxenes in samples S 59 and § 19, which show qu.cnch
textures, are enriched in Tl Al and Ca, and depleted in Si and Mg relative to the others
(Table 4-7; Figure 4-27). The high Ti and Al in the quench-(extijred clinopyroxenes is
supportive of conél{xsions drawn by Coish and Taylor (1979), Grove and Bence (1;277),
Leterrier ¢t al, (1982) and Grove and Bryan (1983) as discussed in the introduction above.
Sample S19 hasa relatively higl}_whole rock Zr concentration relative to other quench-
textured Skidder basalts. Clinopyroxenes in this sample also contain highet Ti
concentrations than those of lower-Zr, quench-textured basalts probably reflecting a greater
concentration of Ti in the liquid from which they crystallized. The relatively high contents
of Ca and Al in these clinopyroxenes rhay reflect suppression of plagioclase ﬁucleation due
to rapid cooling thereby making more Ca and Al available to be incorporated into the

- clinopyroxene structure (Grove and Bryan, 1983). Low contents of Mg and Si in the

}I'u)prroxcncs reflect coupled substitution e ffects since Al substitutes for Si, and Al and

Ca substitute for Mg in the clinopyroxene structure.




Table 4-7: Electron microprobe analyses of Skidder Basalt clinopyroxenes; analyses
that have been averaged are presented in Table A-2, Appendix A

2r< 50 ppm

Zr>50<85 p|

m

Weight %
Sl02
TiO2
Al203
Cr03
FeO*
MnoO
NIO
Mgo
Cao
Naz0
K20

S 59
48.
0.
6.
0.
7.
0.
0.
13.
21.
0.
0.

S 59
47.90
1.54
4.63
0.04
11.17
0.14

65
73
04
26
40
15
03
27
66
28
01

13.14
19.74
0.12
0.01

0.00]

S 81
50.53
0.67
4.08
0.13
9.48
-0.27
0.05
15.46
20.14

S 81
48.59
1.02
6.48
0.10
8.06
0.18
0.07
14.64
20.10
§22 0.15
0.00  0.01

10.30

S 19

48.90
1.43
6.35
0.1

S19
48.19
2.08
6.86
0.10
10.12
0.16
0.03
12.00
21.58
0.35
0.00

0.29
0.02
11.89
21.24
0.39
0.01

$19
46.11
3.18
6.06
0.08
10.12
0.25
0.00
12.25
19.44
0.27
0.01

§53
53.43
0.47
3.08
0.62
6.45
0.16
0.03
17.19
19.40

S53
53.59
0.50
2.52
0.22
8.26
0.25
0.07
"16.60
18.86
0.25 0.27
0.01 0.00

Total

98.

46| 98.43

101.04] 99.40

100.93/101.47|

97.77]

101.09/101.14

S
T
Al
O
Fe

1.836
0.021
0.269
0008
0.234
0.005
0.001
0.746
0.876
0.020
0.000

1.834
0.044
0.209
0.001
0.358
0.005
0.000
0.750
0.810
0.009
0.000

1.866
0.019
0.178
0.004
0.293
0.008
0.002
0.851
0.797
0.016 0.011
0.000 0.000

1.814
0.029
0.285
0.003
0.252
0.006
0.002
0.814
0.804

0.009

1.822
0.040
0.279
0.003
0.321

1.788
0.058,
0.300
0.003
0.314
0.005
0.001
0.663
0.858
0.028 0.025 °
0.000 0.000

0.001
0.660
0.848

1.775
0.092
0.275
0.002
0.326
0.008
0.000
0.703
0.802
0.020
0.000

1.932
0.013
0.131
0.018
0.195
0.005
0.001
0.926
0.751
0.017
0.000

1.948
0.014
0.108
0.006
0.251
0.008
0.002
0.899
0.735
0.019
0.000

Total

4.015]

4.021

4033 4.019

4.012] 4.015]

4.004

3.990| 3.990

Fe/(Fe+Mg)

0.24

0.32

.33 .32

032

0.17 22

Oxygens 6

6

6

0.
6 6
1

Analyses 4

1

1

3

Whole Rock (corhplete analyses presented in Appendix B)

Zr (ppm)
TiO2 (%)
Fez03 (%)™
MgO (%)

0.
10.
11.

16
49
12
13

16
0.49
10.12
11.13

44
0.87
10.78
8.87

44
0.87
10.78
8.87

62
1.13
9.23
7.08

* Totaliron as FeQ

** Jotaliron as FeyO4
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Table 4-7 (continued): Electron microprobe analyses of Skidder Basalt clinopyroxenes
having Zr concentrations > 50 < 85 ppm

Weight %
Si1037
TIO -
Al0O3
Cr03
FeO*
MnO
NIO
MgO
cao
Na0
K20
Total

Fe/Fe+Mg
Oxygens

" Analyses

Whole Rock

Zr (ppm)
TiO2 (%)
Fe203 (%)™
MgO (%)

Large Grain

Rm _ Core

$53 S§83
52.82 52.46
057 0.83
269 3.70
0.14 0.03
9.15 9.74
0.27 0.14
001 005
16.31 15.38
18.54 19.19
034 036
0.00 0.00

- 70.01

S25
52.01
0.67
3.59
0.05
8.64
0.23
0.02
14.92
19.60
c.18

S 25
51.82
0.87
3.98
0.08
8.33
0.17
0.02
1552
19.89
0.28
0.00

$79 S§79
54.71 53.44
039 0.52
271 350
0.10  0.11
741 7.98
0.18 0.16
000 0.02
17.25 16.82
20.9% 19.51
0.26 0.27
0.00 0.01

S79
52.26
0.72
3.79
0.04
10.67
0.25
0.01
15.20
19.44
0.31
0.01

S 60
52.25
0.65
3.07
0.16
9.08
0.20
0.04
16.28
19.98
0.22
0.01

$60
5291
0.50
2.05
0.03
12.00
0.25
0.02
16.65
16.55
0.29
0.01

S 60
51.34
0.78
3.12
0.03
11.61
0.28
0.01
15.11
18.29
0.38
0.01

100.84[101.88

99.89[100.96

104.00{102.31]102.70

101.91]101.24[100.95

1.9365 1.909
0.016 0.023
0.116 0.15%
0.004 0.001
0.280 0.296
0.008 0.004
0.000 0.001
0.880 0.834
0.728 0.748
0.024 0.025
0.000 0.000

1.897
0.024
0.172

1.923
0.018
0.157
0.001 0.002
0.267 0.255
0.007 0.005
0.000 0.001
0.822 0.847
0.776 0.780
0.013 0.020
0.000 0.000

1.934
0.010
0.113

1.920
0.014
0.148
0.003 0.003
0.219 0.240
0.005 0.005
0.000 0.000
0.908 0.900
0.795 0.751
0.018 0.018
0.000 0.000

1.897
0.020
0.162
0.001
0.324
0.008
0.000
0.823
0.756
0.022
0.000

1.903
0.018
0.131
0.005
0.276
0.006
0.001
0.884
0.780

,0.016

'0.000

1.944
0014
0.089
0.001
0.369
0.008
0.001
0.912
0.652
0.021
0.000

1.903
0.022
0.136
0.001
0.360
0.009
0.000
0.835
0.726
0.027
0.001

4.002] 4.001

3.986] 4.002

4.007] 4.000]

4.013

4.019] 4.008] 4.020

0.238 0.262

0.245 0.232

0.194 0.210

0.282

0.238 0.288 0.301

6 6

8 6

6 6

6

6

6

6

1 1

2 3

1 2

3

2

2

3

complete analyses presented in Appendix B)

66 66
1.09 1.08
851 951

764 7.64

73 73
1.45 1.45
11.68 11.68
7.35 7.35

78 78
115 1.15
13.49 13.49
590 5.90

78
1.15
13.49
5990

82
1.27
13.68
6.66

82
1.27
13.68,
6.66

82
1.27
13.68
6.66

* Totaliron as FeO
“* Total iron as Fex03

LN




2.00 T )
0.10
H o
g A HaxE 0.08 -
2 —
g 1.90 1 I g gxz = 0.06 A g
B 185 - ] ‘g S
s , . 8 £ 0.04 - . 8
1 -
180 1 @ Q 00218 ] E Q¥§
1-75 + + + 4 + + 4 i L L L 3 i 4 A '3
0
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Zr (whole rock) Zr (whole rock)
8 1 22
: g
s m 21 1
o . og ﬁ x
°\° — 20 N !
T e u < © Xx
- [ o gX o 191 E fx
o 4 0 o 8§* 3 18 - X
< 3 - E A X§ - N
2 T ] P
3 = 16 — B
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Zr (whole rock) Zr (whole rock)
19 7 0.80 1 a
18 | g 0.70 1 a
171 g X% . 0.60 1
0\2161 . D§§§ e\.,o.so-.
= ™ 4
g, & OFF |eoe :
= ® O : ®
131 8 S o201e =
12 0.10 - o A4
® a
11 & + + 0.00 SR SPEE SRR 2 4
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Zr (whole rock) Zr (whole rock)
0.90 1 S 1.00 7
0.85 - MAANCE oo ] ’Eg
[3) J ® © ] Ef |
= 0.80 Lo < B T E 085 Ko
0.75 1 xO A 5 xTa -
- & 0480 7 PS
8 0.70 1 X 2 07 oo, ®
s x 0.70 1 ° Qo
65 1 x 0.65 1 So
0.60 —_— 0.60 .
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.05 0.1 0.15 0.2 0.25 0.3 0.3
Al (atomic) Al (atomic)
Key
X S60 X S79 A S25 O S5 © S19 ®m S81 @ S59

85

Figure 4-27: Miscellaneous X-Y plots for Skidder Basalt clinopyroxenes. See text for

discussion.



Some clinopyroxenes in sample S 53 have high Cr contents despite the relatively
high whole rock Zr concentration of the host rock (Table 4-7; Figure 4-27). The highest Cr
contents of lﬁe clinopyroxenes analyzed in this sample are in small stubby grains; and the
rim of a large clinopyroxene grain in the sampic has higher Cr and lower Al and Ti contents
than its core (Table 4-7; Figure 4-27). This would vsuggcst that the melt from which the
high-Cr clinopyroxenes in S 53 crystllized was enriched in Cr."

A chromite grain analyzed in thin sc_ction S 53 contains a higher Ti content than

other Skidder Basalt chromites (Section 4.4.2) and as indicated above several of the

clinopyr\oi?s in the Samplé have high Cr contents. Irvine (1967, 1976) reports a

peritectic ationship between chromite and clinopyroxene. Thus, the compositions of
clinopyroxene and chromite in S 53 may reflect a point in magmatic evolution at which
clinopyroxene joined the liquidus and was forming at the expense of chromite,
Alternali\ie‘ly. the high-Ti chromité composition may have resulted from Cr-spinel
crystallization triggered b-y an influx of fresh magma .sincc Dick and Bullen (1984) indicate

that magma mixing may trigger Cr-spinel crystallization even at low Cr concentrations

(Irvine, 1967).

4.4.1.3 Quadrilateral plots and discrimination diagrams

The Skidder Basalt clinopyroxenes plot mainly in the augite ficld on the pyroxcne
quadrilateral, with the exception of the quench-textured, Ti-enriched samples which plot as
salites (Figure 4-28). They plot within the Al¥-rich portion of the "others” diagram of
Papike gt al. (1974) (Figure 4-28). Proportions of the pyroxene quadrilateral cémponems
in the Skidder Basalt clinopyroxenes are similar td those in clinopyroxenes from both ocean
floor basalts and island arc lavas, which essemiall& overlap on the pyroxene quadrilateral

although some occan floor basalt clinopyroxenes crystallizing from late-stage melts may

reach more iron-rich compositions (Basaltic Volcanism Study Project (BVSP), 1981a;




87

Ca
Diopside Salite
Hedenbe
50 | * nbergite Key
[' /’oo@ Ferrosalite \ X seo
L 8 ¥ Ferro-
40 2’% hedenbergite| X S79
=P side x> Ferroaugite & s25
30 o
Augite S53
O s19
Subcalcic Subcalcic
Augite Ferroaugite B ssai
® s59
Magnesium Intermediate Ferriferous
P|geonlle P|geon|[e P|ge°nite
A"
MQ Fe+Mn
10 20 30 40 50 60 70 80 90
Atomic %
Ti
30
o
NAT NATAL TAL
20 °e
)
A g
x = OF
’Qﬂ p ]
10 % %:;'&.. "
AC-JD-UR CATS ¢
M M A4 A"/ X M M "
Na 10 20 30 40 50 60 70 80 90 A4
Atomic %

Figure 4-28: Skidder Basalt clinopyroxenes plotted on the pyroxene quadrilateral (Poldervaart and
Hess, 1951; Deer et al,, 1966) and the "Others" diagram of Papike ¢t al, (1974).
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1981c). Clinopyroxenes of cndiepéidc composition, which are often reported to occur in
orogenic basalts (Ewart, 1976) but are rare in ocean floor basalts (e.g. BVSP, 1981a), are
- not noted in the Skidder Basalt. ! . .A .

*On Figures 4-29, 4-30 and 4-31, the Skidder Basalt clinopyroxenes are plotted on
diagrams after LéBas (1962), Nisbet and Pearce (1977) and Leterrier gt al. (1982) used by
them to discriminatf_: between differcn; bas;ilt types. On the Si0O; vs. Al,O3 diagram
(Figure 4-29); most of the _non-q@nch.-tcxtured clinopyroxenes plot in the field of
clinopyroxenes from non-alkaline basalt\s,‘but the quepch?texturcd clino.pyroxencs plot in
the fields of clinopyroxenes from alkaline or peralkaline basalts (see discussion regarding
quench-textured clinopyroxenes in Section d.4.1.2 above) (cf. Coish and Tayldr 1979).

On the Ti0O;-Mn0O-Na,O diagram (Flgurc 4-30) somc of the Skidder Basalt

¢linopyroxenes plot wnhm the ocean floor basalt field; quench- te‘xtured clinopyroxenes

from S 19 plot in the within plate, alkah basalt ficld; but most plot in ovcrlapping fields,

bredominamly that of all basalts. .

On the Ti vs. (Ca + Na) diagram used by lLeterrier ¢t al. (1982) to distinguish
tholeiitic and calc-alkaline basalts from alkali basalts, the Skidder Basalt clinopyroxenes
plot on the tholeiitic and calc-alkaline basalt side of the dividing line, within the tholeiitic
and calc-ualkaline basalt field (Figure 4-3.13). Clinopyroxenes that show quench-textured
morphologies (those‘in sumplés S 19 and S 59) have not been piottcd on Figures 4-31a and
4-31b. Leterrier et al. (1982) cautioned that only pyroxene phenocrysts should be used or:
the diagrams to avoid co’mpositional variations due to gyenching and other factors.
Clinopyroxene compositions plotting within the tholeiitic and calc-alkaline basalt field on
Figure 4-31a are plotted on the second discrimination diagram of Lctcrn'cr el al, (1982)
(kFigure 4-31b). Seventy per cent of the Skidder anal(‘clinopyroxenes plot on the non-

orogenic basalt side of the dividing line on this diagram and most plot within the non-

orogenic basalt field.
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different basalt types after Le Bas (1962).
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Figure 4-30: Clinopyroxenes from Skidder Basalt plotted on triangular diagram of weight

per cent TiO2 -MnO-Na2O, used by Nisbet and Pearce (1977) to discriminate
between basalts from different tectonic settings.

Key: VAB-volcanic arc basalts; OFB-ocean floor basalts; WPA-within plate
alkalic basalts; and WPT-within plate tholeiitic basalts.
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Figure 4-31: Clinopyroxenes from the Skidder Basalt plotted on discrimination diagrams
after Leterrier et al. (1982). Values shown are in atomic proportions based
on 6 oxygens. Samples in the key are arranged from highest Zr concentration
at the top (S 60) to lowest Zr concentration at the bottom (S 81). Ninety-two
per cent of clinopyroxenes from non-alkali basalts plot to the left of the line in
the top figure, and 86% of clinopyroxenes from alkali basalts plot to the right
of the line. Eighty-one per cent of clinopyroxenes from non-orogenic basalts
plot above the line in the bottom figure, and 80% of clinopyroxenes from
orogenic basalts plot below the line.

Abbreviation: cpx-clinopyroxene.
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4.4.2 Chromites i
. 4.4.2.1 Introduction and presentation of results
Chromite in the Skidder Basalt occurs as disseminated, opaque to translucent
brown, subhedral grains, typically iess than 0.1 mm in diameter. In places, the chromite
grains are included in chlorite- or calcite-filled areas that are pseudomorphic after olivine
(Figure 4-9).’ Although chromite is most common in the low-Zr Skidder basalts its
occurrence is sporadic; Dick and Bullen (1984) report a similar irregular disﬁibu(ion of
chromite'in abyssal basalts, noting only a limited correlation between the occurrence of Cr-.
spinel' and chromium in whole rock.
In Buchans Group basalt sample S 82A, subhedral grains of chromite occur in'
calcite-quarnz-chlorite-bearing areas pseudomorphic after olivine (?) or clinopyroxene (?).
Flectron microprobe analyses of Skidder Basalt chromites are presented in Table 4-
8. Sample S 30 is of quench-textured, low-Zr basalt and sample S 53 is of non-quench-
textured, intermediate-Zr basalt. énmples SK 28 75 and SK 28 78 are of chrome-rich
.bll.\‘;llls from the Skidd(er Proépecl alteration zone (Chapter 6). Comparison of the chromite
\compositions of s-am[;ks SK 28 75 and SK 28 78 to those of other Skidder Basalt samples
suggests that the chroimite compositions have been little affected by the alteration resulting
from the Skidder Prospect mineralizing event. The Skidder Basalt chromites show little
variation in major componcﬁts'C{. Al, Fe and Mg (Table 4-8). Minor components Ti and
Ni show greater variation such ‘ihat chromites from sample S 53, which contains the |
highest whole rock Zr concentration, have the highest Ti and lowest Ni contents (Table 4-_
K). '
Compared to the Skidder Basalt chromites, those of the Buchans Group are much
more refractory, being significantly enriched in Cr and depleted in Al, Ti and Ni (Table 4-
8). This .s cvident on Figure 4-32 and on Figure 4-33, the latter being,_ the Cr/(Cr + Al)
"Cré#” vs. Mg/(Mg + Fel*) "Mg#" plane of the spinel prism (cf. Stevens, 1944, Irvbinc,

1965). Fe+ and Fe3* in the Skidder Basalt and Buchans Group basalt chromites plotted on




Table 4-8: Analyses af Skidder Basalt and Buchans Group basalt chromitcs

Skidder Prospect . Buchans Group Basalt | 3
chlorite, quartz, pyrite alteration zone Sandy Lake Formation

Weght % .| 830 S S30 S0 S| Ss3 SK2875 SK2875 SK2878 SK2878 S82A SB2A S82A '
Si0; 0.11 007 118 100 0.13] 0.10 0.13 0.09 0.10 0.18 0.12 0.08 0.09
To; 0.74 048 052 053 049 1.02 0.52 0.45 0.63 0.56 0.36 0.40 0.34
ARO3 21.29 23.78 20.44 21.18 21.16| 22.36 2455 2276 2441 2350 14.41 13.93 12.60
. 03 33.93 36.64 37.55 38.48 39.12| 35.95 3792 3975 4005  40.66 48.75 50.67 '51.45 .
FeO* 23.80 23.25 23.57 26.38 23.89| 26.49 25.00  24.98 2142 2217 2455 2512 2494 ’
MnO 0.28 021 0.06 070 0.14 0.23]|- 0.25 0.30 0.21 0.23 031 033 0.24
NiO 0.23 0.22 016 022 0.18 0.14 Q.13 0.16 0.18 0.16 0.18 0.05 0.41 .
Mgo 13.01. 14.04 12,28 12.11 13,11 12.49 12.03 11.75 14.07 13.76 12.38 11.24 10.82
Ca0 1.12 021 0.80 061 037 0.06 0.01 0.03 0.01 .0.02| . 0.71 0.02 0.09
NaO 0.09 0.10 006 005 0.02| 0.08 0.04 0.11 0.00 0.01 0.00  0.000 0.00
Total 94.61] 99.00] 96.63[101.28] 98.59] 98.93 10Q.58] 100.38] 101.09] 10127 101.78[101.86f100.68
Atomic proportions (based on 4 oxygens) ] .
n : 0.019 0.011 0013 0.013 0.012] 0.025 0.012  0.011 0.014  0.013 0.009 0.010 0.008
A 0.835 0.880 0784 0.784 0.798| 0.843 0.900 0.844 0.879  0.850 0.547 0.531° 0.490
a ; 0.892 0.909 0.8 0.955 0.990| 0.909 0.932  0.988 0.967  0.986 1.241 1.296 1.341
Fe 0.662 0.610 0.641° 0.692 0.639| 0.708 0.65¢  0.657 0.547 0.569 0.661 0.680 0.687

0.645 0.657 0.595 0.566 0.625| 0.595 0.558  0.55% ° 0.640 0.629| - | 0.594 0.542 0.532
SteMn+NlNa+Ca | 0.063 0.026 0.076 0.079 0.026] 0.020 0.017  0.023 0.013 0.017 0.041_0.014 0.016
Total 3.117] 3.095] 3.076] 3.089] 3.091| 3,099 3.069] 3.074] 3.060] 3.064 3.094] 3.074] 3.073
Fe?* 0.334 0.350 0.392 0.415 0.383| 0.421 0.453 0 454 0.369 0.380 0.399 0.471 0.480
Fe3* 0.328 0.260 0.250 0.277 0.256| 0.287 0.197  0.203 0.178 0.188 0.262 _0.209 0.207
Fo3+Fe3*,Cr+AN[6.160 0.127 0.125 0.138 0.125| 0.141 0.097  0.100 0.088 - 0.093 0.128 0.103 0.102
CI(Cr+ Al) 0.517 0.508 0.552 0.549 0.554| 0.519 0.509  0.539 0.524  0.537 0.634 0.709 0.732
Mgi{Mg+Fe2*) 0.659 ©0.652 0.603 0.577 0.620| 0.586 0.552 0.548 0.634 0.623 0.598 0.535 0.525
Whole Rock (complete analysas presented in Appendix B) ) 3
Zr (ppm) 30 30 30 30 30 66 50 50 51 51 53 53 53
- TIO2 (%) 061 061 061 0.61 061 1.09 0.55 0.55 0.88 0.88 058 058 0.58
Cr (ppm) 343 349 349 349 349 182 483 483 773 - 773 455 455 455
Fo 04 (%) 760 760 760 7.60 7.60[ 9.51 10.36 10.36 7.24 7.24 7.98 P98 7.98
MO (%) 013 0.13 0.13 0.13 0.13] 0.16 0.17 0.17 0.10 0.10 032 032 032
MgO (%) . 570 570 570 570 570 764 16.68 16.68 9.08 9.08 6.79 6.79  6.79
* Totat ifon as FeO
** Total iron as Fe O3 2
Fe2*andFe3* caiculated assuming stoichiometric spinel formula et
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4

. Figure 4-33 were assigned assuming stoichiometric proportions 01“ components according
to the ideal spinel formula R2*R3+,0,. The Skidder Basalt chromites form a tight cluster
near the Cr-rich portion of the field for abyssal basalts (Dick and':Bullcn. 1984) on Figurc
4-33 whereas the Buchans Group samples plot at higher Cr#'s ogtsidc the abyssal basalt
field and within the field of Aleutian basalts (Dick and Bilen, 1984).

Figure 4-341 compares the chromite compositions of the Skidder ;'ind Buchans
Croup basalts to those of basalts from different tectonic settings using the Cr# vs. Mg#
plane of the spinel prism. On these diagrams, the Skidder Basalt chromite cbmpositions
overlap the Cr-rich portions of the fields for chromites from abyssal and back arc basin
basalts but are less Cr-rich than chromites of Aleutian basalts, boninites and basalts from
the Troodos Ophiolite. The Buchans Group basalt chromites, which plot in the field of
chromites from the Alcutian basalts, have similar Cr#'s but slightly lower Mg#'s than the
Troodos Ophiclite basalt chromites and have lower Cr#'s than chromites from boninites.

The Skidder basalt chromites overlap the Cr-rich region of the abyssal peridoti_teN
chromite field (Dick and Bullen, .1984) and the lowcr‘ponion of the field for chromites
from harzburgites of the Bay of Islands Ophioiitc (Malpas. 1976) (Figure 4-34b). Both the
Ski:\iﬂcr Rasalt and Buchans group basalt chromites have C‘f#'s less than those of the Betts
Cove Ophiolite (Coish and Church, 1979) which overlap the ficld for boninite chromites

(Cameron et al.. 1980) (Figure 4-34b).

Data presented by Malpas and Strong (1975) indicate that most chromites from the |

. Great Bend and Pipestone Pﬁd ultramafic bodies of central Newfoundland and those af

the Burlington Peninsula have higher Cr#'s than the Skidder Basalt chromites and many are’

more refractory than chromites of the Buchans Group basalt.
N

/

o
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Figure 4-32: Weight per cent TiO2 vs. 100 x Cr/(Cr+Al) for Skidder Basalt and Buchans
Group chromites.
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Figure 4-33: Skidder Basalt and Buchans Group chromite compositions plotted on 100 x
Cr/(Cr+Al) vs. 100 x Mg/(Mg+Fe 2+) diagram (after Stevens, 1944; Irvine,
1965). Fe2+ assigned assuming stoichiometric proportions of components
according to the ideal spinel formula. Fields for abyssal and Aleutian basalts
after Dick and Bullen (1984).
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: Skidder Basalt and Buchans Group chromite compositions compared to those of basalts
and ultramafic rocks from various tectonic settings, and to those of Newfoundland
ophiolites. Abyssal basalts chromites are from Sigurdsson and Schilling (1976), Dick
and Bryan (1978), and Dick and Bullen (1984); the boninite chromites are from
Cameron ct al. (1980); the Aleutian basalts chromites arc from Dick and Bullen (1984)
(personal communication to them from C. Nye); the back arc basin basalts chromites are
from Ridley et al. (1974), Saunders and Tarney (1979), Mattey et al. (1980), and Dick
and Bullen (1984); and the Troodos basalts chromites are from Dick and Bullen (1984).
Chromites from abyssal peridotites are from Dick and Bullen (1984); those from the Bay
of Islands ophiolite are from Malpas (1976); and those from the Betts Cove ophiolite are

from Coish and Church (1979).
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4.4.2.2 Chromian spinel and basalt petrogenesis

Chromian spinel is sensitive to bulk rock composition and the petrogenesis of the
host rock (e.g. Irvine, 1965; 1967; Thayer, 1970; and Dick and Bullen, 1984). Major
factors that affect it.s‘composition include: a) preferential partitioning of two of its major
components Mg and Fe2+ into the solid while Al partitions into the melt; b) partitioning of
Mg and Fe?* 5ctwccn spinel and silicate melt being temperature dependent, re-equilibration
of olivine and spinel at lower temperatures causes a shift to lower Mg#'s; ¢) higher
pressures (8-9 kb) favouring aluminum-rich spinel compositions and d) the ratio of Fe2+ to
‘Fe3* in spinel being dependent upon fO,.

The most significant chemical variation noted in chromites from alpine peridotites,
abyssal and island arc basalts, boninites and layered intrusions is the reciprocal vanation of
Cr and Al and the .rclalivcly small but persisient decrease in Mg# with increasing Cr# (e.g.
| [IVi;IC. 1965; 1967; Dick and Bullen, 1984). An increase in Cr# from aluminous chromites
of lherzolites, thought to represent primary or only slightly depleted mantle, to those of
harzburgites, which are considered to be the residuum from partial melts that produce

overlying "oceanic” crustal rocks, has f)cen demonstrated for the Bay of Islands ophiolite
(Malpas and Strong, 1975) and to a lesser extent for alpine-type peridotites (Dick and
éullen, '1984). Chromites from abyssal.basalts {Dick and Bullen, 1984), back-arc-basin
basalts (Dick and Bullen, 1984) and early formed oceanic crustal material, ¢.g. dunites
from the Bay of Islands ophiolite (Malpas, 1976), occupy intermediate positions between
lherzolite and harzburgite (Figure 4-34). Chromite compositions from oceanic fracture
zones, e.g. the Islas Orcadas Fracture Zone (Le Roex ¢t al,, 1983), have lower Cr#'s and
would plot at the lower part of the abyssal basalt field on Figure 4-34,

Chromian spinel accompanied by olivine crystallizes early in most basic igneous
melts; it stops_crystallizing shortly after the appearance of plagioclase (Dick and BuHen,
1984). In thevternary system SiO; - Mg2SiOs - MgCr204, chromite cp—pfecipizates with

forsterite or a magnesium-rich pyroxene along liquidus boundaries very close to the Si0; -

7 ’ r




97

forsterite join (Dick and Bullen, 1984); thus, only small amounts of Cr,O5 are required to
precipitate chromite even at potentially olivine- or pyroxene-rich compositions (Irvine,
1965).

Chromian spinel is a common accessory mineral of "primitive"” abyssal basalts but
rare in more ditferentiated basalts of this type. High-Al spinels in abyssal basalts are
restricted to subhedral and resorbed grains in basalts representative of the most primitive
melt compositions. Dick and Bullen (1984) conclude that, since most abyssal and alpine
peridotites have compositions restricted to a narrow range of Mg#'s on the Cr# vs. Mg#
diagram, they probably crystallized at a relatively uniform temperature of about 1100-
1200°C.

The upper limit of spinel Cr#'s can give an indication of the degree of depletion of
the underlying mantle (Dick and Bullen, 1984). Dick and Bullen (1984) suggest that
during the production of abyssal basalts mantle melting has not proceeded beyond the
diopside-in/diopside-out phase boundary for abyssal peridotites, suggesting a thermal
divide exists at this degree of melting and, under the pressure conditions for production of
these melts, a steep rise in temperature is required for further melting to occur.

Volcanic arc lavas and Alaskan intrusives, which are thought to have formed in
magma reservoirs beneath island arcs, have chromites with Cr#'s higher than those of
abyssal basalts. According to Irvine (1976) Cr#'s increase with the amount of silica in the
melt. Chrome-rich spinels from island arc lavas may thus reflect high silica content of the
parental melt (Dick and Bullen, 1984) and/or greater degrees of partial melting (beyond the
diopside-in/diopside-out thermal divide). Interaction with hydrous fluids may provide the
catalyst required to produce the greater amounts of melting. The refractory, high Cr#'s of
boninite chromites clearly supports the conclusions of several workers (e.g. Crawford et
al., 1981; Cameron et al., 1983) that these fore-arc rocks have been derived from melting
of multiply depleted sub-arc mantle facilitated by interaction with slab-derived hydrous

fluids.
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Irvine (1976) showed that, in high-alumina melts, spinel Cr#'s and Mg#'s decrease
with co-precipitating olivine unul plagioclase joins olivine on the liquidus (Figure 4-35).
"Spinel Cr#'s increase slightly after plagioclase becomes a liquidus phase (Dick and Bullen,
1984). Itis evident on Figure 4-35 that spinels coexisting with melts richer in Si0; have
h-ighcr Cri#'s. Suggested schematic crystallization paths for abyssal basalts, island arc
lavas, and boninites are presented on Figure 4-35 bused on their respective chromite
compositions. The suggested crystallization path for MORB on Figure 4-35 supports the
mineral crystallization order suggested for abyssal basalts (e.g. Perfit gt al., 19'80; BVSP,
1981a), i.e. Cr-spinel + olivine; Cr-spinel + olivine + plagioélusc; and plagioclase +
clinopyroxene & olivine. Note that the suggested crystallization path for island arc busalts
on Figure 4-35 supports the late appearance of plagioclase on the liquidus of melts from
which these rocks crystallized (cf. Perfit gt gl., 1980)._ For islan‘d arc basalts, Perfitet al.,
(1980) suggest a mineral crystallization order of: Cr-spinel + olivine, Cr-spiﬁel + olivine +
clinop}'roxenc; and clinop;\oxene + p-lagioclase + olivine. The Skidder Basalt Cr-spinel
compositions would suggest a mineral crystallization order similar to abyssal basalts.

QDMS‘E‘W chromite compositions the Skidder Basalt is suggested to have a
similar petrogenesis to that of euher abyssal or back arc basin basalts. " In contrast, the more
refractory chromite ‘compositions of the Buchans Group basalt sample suggests a
peoogenesis similar to island arc lavas for fhe Buchans Group basalts and thereby supports
the conclusion reached by several workers in the Buchans area, i.e. that the Buphans

Group was formed in an island arc setting (cf. Thurlow 1973; Thurlow et al,, 1975;

Thurlow, 198 1a; Thurlow and Swanson, 1981).
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Figure 4-3Silicate relations in the plane Fo-An-Qz (after Dick and Bullen, 1984).
Cr/(Cr+Al) ratio of spinel in experimentally crystallized basalts of various
compositions are shown (after Dick and Bullen, 1984; from Irvine, 1976).
Open circles are experimentally crystallized synthetic glass compositions
from Irvine (1976). Solid circles are natural glass and rock compositions
(Dick and Bullen, 1984). Numbers next to symbols are the Cr/(Cr+Al) ratio
of spinels co-existing with the particular melt composition (Irvine, 1976).
Patterned lines are schematic illustrations of crystallization paths for
MORB , Island arc lavas: ., and boninites %zz#% based on the
Cr/(Cr+Al) ratios of their chromites. Skidder Basalt chromite compositions
have Cr/(Cr+Al) ratios of less than 0.55, suggesting a crystallization path
similar to MORB.

Abbreviations: Qz-quartz, An-anorthite, Fo-forsterite.




100

~ 4.4.3 Plagioclase

Analyses of plagioclase from a suite of Skidder Basalt samples are pl;cscntcd in
Table 4-9, where they have been grouped according to whole rock Zr content of the host.
Analyses of the same grain o‘x’grains which show a minimal variance in composition have

been averaged. All analyses that have been averaged are presented in Appendix A (Table

<
-

A-3).
Ll Feldspars angl'yzcd include: phenocrysts in thin sections § 59, S 60 and § 21A,
which were anélyzed in an effort to find primary magmatic calcium-rich plagioclase;
feldspars displaying quench texwres, including “belt-buckle”-textured feldspar in lhi»n‘
section S-30 and fan-spherulitic feldspar in thin section S 35A; and groundmass feldspar
laths in several of the thin sections. :n;e central portion of an altered feldspar phenocryst in
sample g8 59, of “bytotvnite composition, represents the only non-albite plagioclase
composition analyzed. All;d;crs are albite with molecular percentages ranging from 97 to
99% Ab, 0.6-2.2% An and 0.1-0.4% Or. There is no significant variation in albite
compositions between albitized phenocrysts and groundmass laths or between albite
displaying quench versus imcrgr.inular textures.

Table 4-10 lists analyses of feldspar phenocrysts and grpundmass feldspars from
Buchans Group basalt S 82A and Lundberg Hill Formation dacite S 63. Analyses that
have been averaged are presented in Appendix A (Table A-3). Feldspars analyzed in basalt
S 82A are of albite cofnposition, having only 1.1 to 1.4 molecular per cént ahénhi'w but up
to 5.3 molecular per cent orthoclase. Plagioclase phcnqcrysts and groundmass feldspar
analyzed in dacite S 63 are also albites. They have a similar range of orthoclase
components as the basalt but their anorthite components ;re slightly greater.

Average albite compositions for the Skidder Basalt groupings and for the Buchéns
Group basalt and dacite are presented in Table 4-11. l;lagio_c_lase grains in Skidder basalts

having higher Zr concentrations have a slightly highér average molecular percentage of .

albite and correspondingly lower molécular percentage of anorthite than plagioclasi grains




Table 4-9: Electron microprobe analyses of plagioclase from the Skidder Basalt;

analyses that have been averaged are presented in Table A-3, Appendix A

Zr>50<85 ppm

Zy>85 ppm

Rock Type

Basait

Zr<50 ppm

Basal

Diabase Basait

Basah

Minaral
Weight %
SiO2
TIO2
Al203
G203
FeO*
JMn0
NIO
MgO
Ca0
Naz0
K20

~

Bylownite
S 59

52.40
0.01
20.39
0.02
1.89
0.00
0.03
0.02
18.74
2.18
0.00

Albite

S 59
68.17
0.03
19.45
0.02
0.25
0.02
0.01
0.02
0.35
11.66
0.05

Albite

S 30
68.80
0.02
19.83
0.00
0.07
0.03
0.00
0.00
0.34
11.96
~0.07

Albite

S 35A
67.48
0.01
19.19
0.01
0.29
0.04
0.00
0.00
0.48
11.59
0.04

- Albite .
S25
69.36
0.01
19.98
0.02
0.14
0.00
0.00
0.01
0.21
12.59
0.02

Albite -
$ 60
67.86
0.03
19.85
0.01
0.56
0.03
0.04
0.03
0.25
11.82
0.06

Albite

S 21A
69.31
0.00}
19.00
0.00
0.02
0.01
0.02
0.01
0.14
11.92
0.04

Total

95.68

-100.02]

101.12]

99.13

102.34]

100.54

100.46

Atomic, Prdportions (ba

sed on 8 oxygens)

2.545
0.000
1.167
0.001
0.077
0.000
0.001
0.001
0.975
0.205
0.000

2.984
0.001
1.004
0.001
0.008
0.001
0.000
0.001
0.017
0.989
0.003

2.979
0.001
1.012
0.000
0.003
0.001
0.000
0.000
0.016
1.004
- 0.004

2.983
0.000
1.000
0.000
0.011
0.00%
0.000
0-000
0023
0.993
0.002

2.973
0.000
1.009
0.001
0.005
0.000
0.000
0.001
0.010
1.046
0.001

2.96
0.00
1.02
0.00
0.02
0.00
0.00
0.00
©0.01
1.00
0.00

3.013
0.000
0.974
0.000
0.001
0.000
0.001
0.000
0.007
1.005
0.002

si
T

N »
o
Fe
Mn
N
Mg
Ca
Na
K
Total

4973

5.009]

5.019]

5014

5.046]

5.027

£
3

1

5.003|
3 .

Molecular %

Ab
An
Or .

17.4
82.6
0.0

A\ .
Whole Rock (complete analyses given in Appendix B)

Zr(opm) |

16

|

16

30

38 ||

* Totuat iron as FeO
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Table 4-10: Electron microprobe analyses of i‘eldspars from the Buchans Grdup;
sample S 82A is a basalt from the Sandy Lake Formation, and sample
S 63 is a quartz-feldspar;phyric dacite of the Lundberg Hill Formation

. ' - (cf. Thurlow and Swanson, 1987); analyses that have been averaged are .
- presented in Table A-3, Appendix A
Buchans Group Basait - Lundbery HIll Formation Dacite
‘ Sodic
Altie K-Feldspar ' Albite s K-Fekispar
. Weight% | §82A S82A S82A| S82A S63 S63 ‘563 S 63
: Si02 68.04 67.37 66.77 62.42|| 67.65 68.62 66.00 63.55
- TIO2” 0.00 0.00 0.03 0.05 0.00 0.00 0.01 0.00
AlxO, 19.44 18.91 20.02 21.91 49.58 19.64 20.17 23.32
Cr03 0.03 0.00 0.00 0.01 0.01 0.02 0.00 0.00 .
FeO* 0.21 0.33 0.52 1.49 0.05 0.03 045 . 0.78
_ MnO 0.00 0.0t 0.00 0.00 0.01 0.00 0.00| - 0.04
© NIO | 000 0.05 0.05 0.00 0.03 0.01 0.00 0.01
Mgo 0.02 8.07 0.25 1.00 0.00 0.00 o006 0.21
Cao 0.28 0.3t 0.24 0.15 0.29 0.79 0.87 0.00
Na0 12.05 11.89 11.34 . 6.68/| 11.57 11.10 10.86 0.98
' . K20 0.07 0.28 0.98 3.80 0.07 0.19 1.04 8.80
Total 100.15] 99.22[100.20 97.51] | 99.241100.40] 99.46 97.69 :
Atomic Proportions (based on 8 oxygens) ‘
~ sl 2979 2.983 2940] 2846|[¥2981 2987 2929 2.890
T 0.000 0.000 0.001 ~0.002]] 0.000 0.000 0.000 0.000
Al 1.003 0.987 1.039 1.178|| 1.017 1.008 1055 - 1.250
(0 ¢ 0.001 0.000 0.000f - 0.000]| 0.000 0.001 0.000 0.000
Fe 0.008 0.012 0.019 0.057|| 0.002 0.001 0.017 0.030
Mn 0.000 0.000 0.000 0.000]{ 0.000 0.000 0.000 0.002
N 0.000 0.002 0.002 0.000|]|] 0.001 0.000 0.000 0.000
. Mg 0.001 0.005 0.016 0.068|] 0.000 0.000 0.004 0.014
Ca 0.014 0.015 0.011 0.007]| 0.013 0.037 0.041 0.000
Na 1.023 1.021 0.968 ‘0.591/ | 0.988 0.937 0.934 0.086
K 0.004 0.016 0.055 0.221]| 0.004 0.011 0.059 0.511
Total 5.032] 5.041] 5.051 4.969| [ 5.006] 4.982] 5040 4.783
Analyses 1 1 1 1 4 1 1 1
N Molecular %
Ab 98.3 Q7.1 93.6|+ 72.1 98.3 95.2 903 145
An 13 1.4 1.1 0.9 1.3 3.7 4.0 0.0
Or 0.4 1.5 5.3 27.0 0.4 1.1 57 85.5
Whole Rock (complete analyses given in Appendix B)
Zr (ppm) | 53 53 53] 53] [ 142 142 142] - 142]

~N
* Totaliron as FeO

! \
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Table 4-11: Averages of albite analyses from the Skidder Basalt compared to)hosc of
the Buchans Group '

Skidder Basalt : Buchans Group
" Average Atbite Average Alblte
Basatt Dacite
Weight % Zr<50ppm  Zr>50<85 ppm  Zr>85 ppm Sp2A * S63
- S102 68.35 68.16 69.31( 67.39 67.54
TiO2 0.02 0.03 0.00 0.01 0.00
A0 19.59 19.87 19.00 19.46 13.69
Cr:04 0.01 0.01 0.00 0.01 0.01
FeO* 0.22 0.47 0.02 0.35 0.1
MnO 0.03 0.02 0.01 0.00]| . 0.01
NIO 0.00 0.03 0.02 0.03 0.02
MgO 0.01 0.03 0.01 : 0.11 0.01
Cao " 0.40 - 0.24 0.14 0.28 0.47
NaxO 11.75 ' 11.98 11.92 11.76 11.37
K0 0.05 0.05 0.04 0.44 0.25
Total 100.43[ 100.90 100.46 99.86 99.47

Atomic Proportions (based on 8 oxygens)
Sl 2.980 2.965 2967 2.973
0.001 ~0.001 0.000 0.000
1.007 1.019 1.010 1.022
0.000 0.000 0.000 0.000
0.008| * 0.017 0013 0.004
. 0.001 - 0.001 0.000 0.000
0.000 0.001 0.001 0.001
0.001 .0.002 : 0.007 0.001
0.019 0.011 0.013 0.022
0.993 1.010 1.004 0.971
0.003 0.003 0.025 0.014
Total 5.013 5.031 5042 5.008
Analyses

Molecular %

Ab
An
Or

* Tolaliron as FeO
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in basalts having lower Zr concentrations. Plagioclase grains from the Buchans Group

rocks conlain a higher average molecular percentage of orthoclase than those from the

Skidder Basalt.

4.4.4 Potassium feldspars

) Samples S 81 and § 16 are enriched in potassium relative to other Skiddér Basalt
samples (Chapter 5). These are two of several potassium-enriched samples collected from
outcrops that occur along a prominent lincamcm‘ (Figure 3-10). Electron microprobe
_analyses of miﬁcrul phases in thin sections of these rocks indicate that the potassium-
bearing phase is K-feldspar (Ta'blc 4-12).

Two analyses from S 81 are presented in Table 4-12; one of albite containing a
minor anorthite compo.nent and the second of K-feldspar with a significant molecular
percentage of albite.

Analyses of feldspar phenocrysts and groﬁndmass feldspar'laths in thin section S
16 show feldspar compeositions having a low anorthite componém but a range of Ab/Or
ratios. Orthoc‘lase components range from 0.4 to 10.9 molecular per cent in albites, 17.1 10
19.1 in sodic K-feldspar and 82.9 to 98.5 molecular per cent in K-feldspar. K-feldspar
having a high orthoclase component occ‘urs as stubby grains in the groundmass and as rims
around albitized feldspar phenocrysts. In each case the K-feldspar 1s untwinned and
optically indistinguishable from albitc.' Analyses of one large feldspar grain show the
central portion of the gram to be essentially pure albite and the rim to be almost pure K-

?

feldspar.

Results of experiments conducted to investigate the imcmcﬁon of basalt and heated
seawater suggest that spilitization of basalts may occur as a result of the interaction of basalt
with heated circulating seawater (¢.g. Mottl, 1983a and 1983b). Patassium is leached from

basalt by seawater at temperatures in excess of 150°C (e.g. Mou, 1983b), a process which

. possibly played a role in the very low average content of potassium in the Skidder Basalt

Py
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Table 4-12: Electron microprobe analyses of feldspars from potassium-rich Skidder Basalt samples

* Total iron as FeQ

Large Grain
Centre [ Rim Sogdic Sodic
Mineral Albite  K-feldspar|| Albite Albite Albite Albile Albite. K-feldspar | |K-feldspar K-feldspar K-teldspar K-feldspar
Weight % S 81 S 81 S16 S16 S16 S16 S 16 S16 S 16 S 16 S 16 S 16
SiOg - 69.46 66.49|| 68.39 68.90 67.68 67.71 68.55 63.48 *68.39 68.20 67.18 67.38
TO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02
AlO3 20.32 19.52|| 18.70 19.20 19.13 19.42 18.64 - 17.50|| ., 19.07 19.08 17.81 17.52
Cr03 0.01 0.00]| 001 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02
FeO* 0.18 0.09]] 0.02 021 010 0.76 0.16 0.11 D29 0.47 0.02 0.47
MnO 0.03 0.03]| o0.01 0.01 0.01 0.00 0.00 0.00 0.03 0.01 0.03 0.01
NIO 0.01 0.03]| 0.01 000 005 0.05 0.02 0.01 0.05 0.00 0.00 0.01
Mgo 0.01 0.02|]| 0.01 005 0.00 0.33 0.00 0.00 0.01 0.25 0.00 0.07
Ca0 0.56 0.54/]] 003 0.11 010 0.00 0.11 0.00 0.09 0.00 0.00 0.00
Na 2D 12.05  3.93|| 12.16 31155 1180 1@.12 12.25 0.16 9.94 9.55 1.93 0.51
K20 0.06 11.97 007 027 065 188 0.04 15.93 3.11 3.43 14 21 15.28
Tota! 102.69] 102.62|| 99.39[100.30] 99.62/100.27 99.78[ 97.19[1 10089 100.99] 101.18] 101.29
Alomic Proportions (based on 8 oxygens) .
St 2.965 +2.960|| 3.010 3.004 2.985 2.977 3.009 3.017 2.997 2.992 3.039 3.053
Al 1.023 .1.025]1 0.970 0.987 0.995 1.007 0.965 0.981 0.985 0.887 0.950 0.936
Ca ’ 0.026 0.026|| 0.001 0.005 0.005 0.000 0.005 0.000 0.004 0.000 0.000 0.000
Na 0.997 0.339]|] 1.038 0976 1.018 0.863 1.043 0.015 0.845. 0.812 0.169 0.045
K 0.003 0.680|| 0.004 0.015 0.037 0.105 0.002 0.966 0.174 0.192 0.820 0.883
. Others 0.009 0.007]] 0.002 0.011 0.006~ 0.051 0.007 0.005 0.014 0.034 0.002 0.025
Total 5.023] « 5.037|| 5.025] 4.998] 5.045] 5.004 5031 4983 5019] 5017 4981 4.942|°
Analyses 1 1 2 1 1 1 1 1 1 1 1 1
Molecular % L
Ab 97.2 32.5 99.5 98.0 96.1 891 99.3 1.5 82.6 80.9 17.1 4.8
An 2.5 2.5 0.1 05 0.4 0.0 0.5 0.0 0.4 0.0 0.0 0.0
Or 0.3 65.1 0.4 1.5 35 109 0.2 98.5 17.0 191 82.9 g5.2
Whole Rock {complele analyses given in Appendix B)
Zr (ppm) 44 44 51 51 51 51 51 51 51 51 51 51
K20 (%) 0.71 0.71 145 145 1.45° 145 1.45 1.45 1.45 1.45 1.45 1.45

sot
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(Chapter §). The presence of K-féldspar as nms around albitized feldspar in sample S 16

-suggests thit the potassium has been introduced by way of a fluid which passed through

- the rocl(?({er spilitization. The presence of a foliation detined b')} feldspar grains in thin

section S 16 supports the possibilix); tha. .ae the lineament along which the potassium-rich

samples occur marks a fault zone which provided a passageway for the ascending fluid.

4.4.5 Amphiboles )

All amphiboles ogscrvcd in the Skidder Basalt are secondary, having formed by
alteration of clinopyroxene or, in some places, possibly olivine. Greater amounts of
amphibole are noted in the low-Zr basalts where it occurs as elongated prismatic crystals or
fiBrous masses. In places, pleochroic, brown, plumose masses of amphibole and
iqlerscnal chlorite are present in quench-textured ai=as around amygdules. In other areas,
amphibole comprises mat-like intergrowths pseudomorphing primary axiolitic or other
quench textures, [n a few areas, amphibole forms an alteration rim around clinopyroxene
grains. N

Three electron microprobe analyses of Skiddt;r Basalt amphiboles are presented in
Table 4-13. The ampffiboles have negligible Fe3+ contents according to the methods of
Stout (1972) and Papike 9_[_1]_ (1974) used to estimate minimum and maximum Fe3+,
They .are Na rich, and, according to the classification scheme of Lcuké (1978) and
Hawthorne (1983) are silicic edenite (S 30), ferroan pargasitic hornblende (S 19 (1)} and
edenitic hornbicnde (519 (2)).

The amphibole§ have Al, 03 contents below 10% which, according to Liou and
Ernst (1979), is churactcristip of metamorphic amphiboles in ophiolites and may be

indicative of low pressure origin. Low Nain the My site, also typical of these amphiboles,

kas similarly been attributed 10 a low pressure origin (Brown, 1977). The high Na content




Table 4-13: Electron microprobe analyses of Skidder Basalt amphiboles

Weight % $30 S 19(1) $19(2)

Si0; 56.52 40.48 43.23

TIO2 0.03 0.57 1.31

Al;04 6.16 9.59 9.98| .
103 0.05 0.09 0.06

FeO* 6.77 10.98 10.57

MnO 0.16 0.08 0.10

NIO 0.05 0.03 0.00

MgO 6.79 9.64 10.34

Ca0 13.28 13.63 15.63

NaZ0 6.88 8.67 2.64

K20 . 0.04 0.03 0.04

Total 96.73 93.79] 93.90
Atomic Proportions (based on 23 oxygens)

Si 8.078 - .6.397 6.637|T sita
A4 0.000 1.603 1.363

Ab 1.038 - 0.183 0.443|M(1-3)sites
T 0.003 0.068 0.151

Fa3+ 0.000 0.000 0.000

(v 0.006 0.011 0.007

Mg 1.446 2.270 2.366

Fe2* 0.809 1.451 1.357

Mn 0.019 0.011 0.013

N 0.006 0.004 0.000 :
Ca 2.034 2.308 2.571|M4 site
Na 0.000 0.000 0.000

Na -1.907 2.656 0.786[A site
K 0.007 0.006 0.008

Total 1€ 354] 16.968] 15.702
Mg/(Mg+Fe2*) [ 0.641] 0.610 0.635]

Minimum and maximum Fe3+calculated according 1o the methods
of Stout, 1972; Papike et al,, 1974; and Hawthorne, 1883

thle Rock (complete analyses presented in Appendix B)

SI03 (%) 49.40 48.10 48.10
TIO2 (%) 0.61 1.13 1.13
Al203 (%) 13.50 14.50 14.50
Cr (ppm) 349| 144 144
FezO3 (%)™ 7.60 9.23 .~ 9.23
MnO (%) 0.13 0.16 0.1 ~
NI (ppm) 156 67 67
MgO (%) 5.70[ 7.08 7.08
Ca0 (%) 10.80 9.43 9.43
Na50 (%) 5.20 5.02 5.02
K0 (%) 0.02 0.12 0.12
2Zr (ppm) 30 62 62
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* Total iron as FeO : . -
** Total iron as Fe;04




of the amphiboles is probably a result of interaction of the rocks with seawater during

spilitization.

4.4.6 Chlorites
4.4.6.1 Introduction and presentation of results

In the Skidder Basalt away from the Skidder Prospect alteration zone, chlorite
occurs typically as fine grained, light green, pleochroic, anhedral masses intersertal to other
minerals. It also fills vugs, vesicles, fractures and fills areas pseudomorphic after olivine.
In a few sections, vug-filling chlorite occurs as radial aggregates. It typically displays
brown to anor;alous blue interference colours.

In Buchans Group basalt sample S 82A, chlonte occurs in the groundmass as light
green anhedral grains intersertal to other.minerals, and. along with calcite and quartz, forms
olivine (?) or clinopyroxene (?) pseudomorphs.

Electron microprobe analyses of chlorites from Skidder Basalt samples unaffected

by the Skidder Prospect mineralizing event are presented in Appendix A (Table A-4).

Within a given sample, there is little variance in the composition of chlorites overall, and
intersental chlorite compositions do not vary significantly from those of chlorites filling
" open spaces or in areas pseudomorphic after other minerals. Therefore, analyses of
chlorites which have similar compositions and occur in the same thin section have been
averaged. The averaged chlorite analyzes are presented in Table 4-14. The samples,
arranged by increasing whole rock Zr content, cover the range of 'Skiddgr Basalt
compositions. Chlorites analyzed from Buchans Group sample S 82A are also listed in
Appendxx A (Tatle A-4), and an average of the analyses is presentcd in Table 4-14,

All but one of the unmmcrahzcd Skidder basalt chlorites are classified as
pycnochlorites according to the classification scheme of Hey (195.4) (Figure 4-3b); the

remaining chlorite is classified as ripidolite. Chlorites from most of the Skidder basalts

having Zr concentrations less than 85 ppm plot in the ocean floor metabasalt field (Melson




Table 4-14: Electron microprobe analyses of Skidder Basalt and Buchans Group basalt chlorites;
analyses that have been averaged are presented in Table A-4, Appendix A

Zr <50 ppm Zr > 50 < 85 ppm Zr > 85 ppm Buchans
Rock Type Basalt Basalt Diabase Basalt Basalt Group
Weight % S59 S59 S30 S35A S81 | S16 S19 S53[ S22 S25|S79 S60|[S21A S21A S29|[ S82A
SIO; 29.07 28.08 27.85 28.54 28.86|| 28.58 28.96 28.31| 29.94 28.32| 27.90 28.30|| 29.82 26.98 27.56|| 27.83
TiOg 0.00 0.02 0.00 0.00 0.01)] 0.01 0.01 0.01] 0.02 0.02] 0.01 0.02|| 0.01 0.02 0.03 0.01
A0 19.53 19.50 18.09 18.41 17.57|| 18.79 19.46 18.67| 18.25 19.52| 17.87 18.34|| 17.55 18.34 19.77|| 18.78
Cr203 0.05 0.06 0.12 0.06 0.00/| 0.02 0.03 0.03] 0.01 0.01] 0.02 0.02|| 0.00 0.03 0.02 0.02
FeO* 18.38 19.05 22.24 19.43 24.21|[ 21.72 23.00 23.64| 19.03 24.34| 27.29 24.34|| 24.81 24.43 28.97|| 19.50
MnO 0.30 0.31 0.21 0.35 0.49|| 0.41 0.31 0.23] 041 023 038 0.27/| 059 059 0.54 0.40
NIO 0.05 0.08 0.09 0.08 0.05| 0.01 0.03 0.04f 0.02 0.05| 0.04 0.03/| 0.01 0.03 0.01 0.08
MgO 20.07 19.72 18.03 20.17 17.26|| 18.16 17.87 16.75| 21.50 16.58| 15.17 16.97|| 17.66 15.42 13.42|| 19.25
ca0 0.10 0.12 0.09 0.03 0.13|| 0.06 0.11 0.15] 0.06 0.08 0.10 0.09|[ 0.05 0.23 0.05 0.12
Na20 0.04 0.02 0.02 0.04 0.06/| 0.04 0.05 0.05 0.02 0.03] 0.03 0.05[|] 0.11 0.03 0.01 0.04
K20 0.04 0.06 0.02 0.03 0.03]| 0.06 0.02 0.01] 0.01 0.02] 0.03 0.02/| 0.03 0.03 0.02 0.03
Total 87.64| 87.02| 86.76| 87.12| 88.64|| 87.87| 89.86| 87.88| 89.28| 89.18| 88.81| 88.44|[ 90.64| 86.13| 90.41|| 86.06
Atomic Proportions (based on 28 oxygens)
Sl 5.875 5.756 5.833 5.856 5.968|| 5.876 5.845 5.878[ 5.961 5.805| 5.858 5.860|| 6.031 5.781 5.719|[ 5.794
A 4.659 4.714 4.468 4.454 4.281| 4559 4.631 4.570| 4.284 4.715| 4.423 4.484|| 4.184 4.632 4.837|| 4.609
Fe 3.109 3.268 3.896 3.335 4.187|| 3.736 3.882 4.105| 3.169 4.173| 4.792 4.219|| 4.196 4.377 5.029|| 3.397
Mn 0.052 0.054 0.036 0.061 0.086|| 0.072 0.054 0.041{ 0.070 0.039| 0.067 0.047|| 0.101 0.107 0.094|| 0.070
Mg 6.046 6.021 5.628 6.167 5.317|| 5.563 5.377 5.183| 6.382 5.065| 4.746 5.240|| 5.323 4.924 4.151|| 5.971
Other 0.065 0.077 0.070 0.051 0.068]| 0.052 0.059 0.068| 0.031 0.046[ 0.051 0.057|| 0.065 0.086 0.030|| 0.070
Total 19.80] 19.89] 19.93] 19.92] 19.91|| 19.86] 19.85| 19.84] 19.90] 19.84] 19.94| 19.91|| 19.90| 19.91| 19.86/[ 19.91
Fe/Fe+Mg 0.3 035 0.41 0.35 044/ 040 0.42 0.44] 033 0.45] 050 0.45|| 0.44 0.47 0.55 0.36
Analyses 3 3 6 2 2 3 5 3 4 4 2 4 1 3 4 3
Whole Rock (complete analyses presented in Appendix B)
Zr (ppm) ™ 44 80 " 3B M 51 62 66| 68 73] 78 82 95 95 110 53
Feo03 (%)™ | 10.12 10.12 7.60 8.86 10.78|| 12.18 9.23 9.51| 11.19 11.68| 13.49 13.68|| 9.45 9.45 10.2 7.98
MgO (%) 11.13 11.13 570 894 8.87| 6.07 708 764 715 735 59 6.66/| 4.09 4.09 237 6.79

* Total iron as FeO
** Total iron as FeyOg
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Figure 4-36: Skidder chlorite compositions plotted on classification diagram after Hey (1954).
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and van Andel, 1966, Humphris and Thompson, 1978; Mottl, 19832) on the Al,05-FeO-
MgO diagram (Figure 4-37) but chlorites from Skidder basalts having higher Zr
concentrations extend to higher FeO compositions and plot within the quartz-chlorite
breccia field.

A Pearson correlation coefficient matrix showing correlations between components |
of Skidder Basalt chlorites as well as correlations betwcch the chlorite components and
those of the whole rock is presented in Table 4-15. Substitution of FeO for MgO in
Skidder Basalt chlorites is indicated by their strong negative correlation with each other
(Table 4-15 and Figure 4-38). FeO* (1otal iron in chiorite) increases and MgO decreases
signiticantly with incrcasing Zr in whole rock (Tables 4-14; 4-15; and Figure 4-38). This
is reflected by positive correlations of FeO* and concomitant negative correlations of MgO
(in chlotite) with whole rock TiO,, N2;0 and Si0, (Table 4-15). It is also reflected by
negative correlations of FeO* and by positive correlations of MgQO in chlorite with Cr, Ni
and MgQ in whole rock (Table 4-15). Thus, in most Skidder basalts the FeQ/(FeO +
MgO) ratio in chlorites reflects whole rock composition increasing with increasing Zr
concentration (Table 4-[? and Figure 4-38).

Si0; in chlorite shows a slight to moderate negative correlation with FeO* and
moderate pc’)sitive correlaton with MgO in chlorite (Table 4-15). It also shows a very weak
negative correlation with TiO; and Zr and a weak positive correlation with MgQ in whole
rock (Table 4-15). SiO; correlates negatively with the hydrous component of the chlorites
as indicated by its positive correlation with analytical totals (Figure 4-38). MnO in chlorite
shows a weak positive correlation with FeO*, and, like FeO, correlates positively with
TiO,, SiOy and Zr in whole rock. Note that MnO in chlorite does not correlate positively
with MnO in whole rock (Table 4-15). Cr,Q3 and NiO present in the chlorites correlate
positively with each other and negatively with Zr in whole rock. Al,O3 shows no clear

vaniation with basalt composition (Table 4-14). This is reflected in the general lack of




Table 4-15: Pearson correlation coefficient matrix for Skidder Basalt chlorites

Chlorite

SiO2

Al203

Cr203

FeO*

MnO

NiO

MgO
FeO/(FeO+MgO)
Total

* Total Iron as FeO

Number of samples = 49

1.00

.00 171.00

-.19 .00] 71.00

-.34 .00 -.21| 1.00

.00 .00 -.36 .28| 1.00

.00 .00 .56|] -.33 -49( 71.00

.58 -.05 .07 -.91 -.26 .20l 1.00

-.47 .00 -.16 .98 .27 -.271 -.97 1.00

.59 26| -.34 .34 13| -.36 .00 17| 1.00]

Si02 AlI03 Cr203 FeO* MnO NiO MgO FeO/ Total

(FeO+MgO)

Chilorite

weight % of mineral components rather than atomic proportions were used in the calculation
of the correlation matrix

Whole Rock
Si02 (%)
TiO2 (%)
Al203 (%)
Cr (ppm)
Fe203 (%)™
MnO (%)

NI (ppm)
MgO (%)
Ca0 (%)
Na2x0 (%)
K20 (%)

Zr (ppm)

-.31 .00 -.22 .57 .68 -45| -.62 .61 .00
-.16 .10 -.52 .80 .50 -59| -.75 .79 .37
.24 .00] -.35 -.13 .22 -.15 .22 -.20 .12
.00 .00 .58 -.58| -.36 .63 .52 -.57 -.26
.00 .00 -.59 .15 .00 -.41 .00 .08 .18
.32 -.18 -27| -.31 .10 .00 .36 -.35 .00
.00 .00 .65 -.68 -.51 .70 .62 -.67 -.31
.29 .00 .00| -.74 -.42 .35 .67 -.73 -.14
.00 .00 .50] -.33 -.72 .60 .31 -.33 .00
-.32 .00 .00 .72 .30 -.21 -.65 .71 .07
.13 .00 -.20 -.09 .25 -.30 .11 -.10 .00
-.06 .00 -.53 .76 .51 -.61 -.67 .74 .37
Si02 AlI03 Cr03 FeO* MnO  NiO MgO FeO/ Total
(FeO+MgO)
Chlorite

** Total iron as Fe5Og
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correlation between Al;O3 and most of the other chlorite and whole rock components

~

(Table 4-15). . -

3\
'4.4.6:2 Discussion o . ‘

\
Mottl (1983a) predicts K{at in metabasalts that have interacted with seawater,

chlorite compositions are governed by seawater/basalt ratios., Chlorites display an increase

in Mg, Al and H,O and a decrease in Si and Mn with increasing seawater/rock ratios
(Seyfried and Mottl, 1982; Mottl, 1983a). Figure 4-37 shows that Skidder Basalt chlorites
iporocks unaffected by the Skidder Prospect mineralizing event have compositions typical
of low scz;watcr/basalt ratios (about 1-20). However, the higher-Zr Skidder samples define
a trend toward FeO enrichment and MgO depletion on this diagram, indicating some
measure of host rock compositional control on the composition of the chléﬁtes. In the
Sksi-ddcr Basalt much of the chlorite (accompanied by quartz) oc‘cu'rsl in the groundmass
intersental to 6ther minerals and probably formed by alteration of basaltic glass, the
composition of which is sensitive to magmatic differentiation. Chlorites formed in this
manner would be expected to reflect, in part, the composition of the basaltic glass and thus
the host rock composition.

Chlorites from diabase dyke sampl¢ S 22 contain higher MgO and lower FcO
contents than would be predicted from the FeO*/(FeO* + MgO) vs. Zr trend defined by
chlorites from the other Skidder Basalt samples (Figure 4-38). According to Mottl (19833)
mcreased alteranon of the rock as a result of its interaction with greater amounts of seawater
would result in the formation of more magnesian chlorites. Petrographic examination of .

thin section S 22 has shown the rbck to be extensively altered, e.g. clinopyroxene

.microphenocrysts (?) are replaced completely by epidote and calcite in § 22 whereas in

several other Skidder Basalt thin sections c'linopyroxene grains are well preserved.




4.4.7 Epidote
4.4.7.1 Introduction and presentation of results
Epidote is présem in many Skidder Basalt gamplcs covering the range of
compositions from low- to h{igh-Zr basalts. It occurs typically as pleochroic, light olive
green, equant to prismétic grains that are 1.5 to 2 mm in diameter. It is randomly
distributcd.throughout some samples but most commonly fills vesicles, vugs and fractures.
In a few thin sections, radially/aligncd needles of epidote are noted. Epidote, calcite and
locally quarnz partially or completely replace clinopyroxene in some Skidder area mafic
.intmsivc rocks, e.g. § 22 and S 2’_5.\{\150, _cpidotc. accompanied by albite, replaces
'plagioclasc laths in a few samples, ¢.g. thin section S 49.
Electron microprobe analyses of Skidder Basalt epidotes are pfcseﬁted in Table 4-
16, where they are arranged in ascending order according to host-rock Zr concentration.
Note that total iron is shown as FeO on Table 4-16, although most Fe in epidote is present
as Fe3+ (cfgjpfccr gtal, 1966). The epidotes are relatavely iron rich‘. having a pistacite
(Ps) compon;m. as indicated by the Fe/(Fe + Al) ratio, between 23 and 33 molecular per
cent. |
Correlations between cpidote and host rock compositions (Table 4-17) {ndiqate
some measure of bulk gock compositional contzol on the Fe and Ca content of the Skidder
Basalt epidotes. FeO* (total iron in epidote) correlates positively with Zr and FepO3%*
(total iron) in whole tock; and negatively with CaO, Ni and Crin whole rock. Although it

does not show a large variation, CaO in epidote correlates negatively with FeO in epidote

and negatively with Zr, Na;0 and Fe,O4** in whole rock. CaO in epidotc shows a strong

positive correlation with CaO in whole rock. Anal$sis totals of the epidotes show a
positive correlation with Zr, Fe;O3*%; TiO9; and a negative correlation with Ni and Cr in
whole 1ack. SiO; in epidote correlates positively with NazO in whole rock, and negatively

with MgQ and Al;O4 in whole rock.




Table 4-16: Electron microprobe an'alyses of Skidder Busalt cpid/otcs

_ Skidder Prospect]”
Weight % S59 §30 S3I5A 522 S22 S22 S$25 S25 S25 S79 S60 S60 S60 S60 [SK278 SK278
Si02 37.41 42.03 38.18 42.14 '38.89 3893 38.73 39.04 39.42 38.54 39.60 39.73 39.07 39.30| 38.05 37.39
TiO2 0.02 003 0.23 0.01 0.17 017 006 0.13 0.11 0.03 006 0.08 0.05 0.06 0.02 0.00
Al204 23.66 17.51 24.13 19.95 23.78 22,98 24.05 2552 23.08 22.17 22.03 22.05 2299 2123 2241 20.89
Cr04 0.05 0.08 005 000 000 0.00 000 0.01 0.04 000 004 002 000 0.04 0.01 0.03
FeOR 11.73 7.51 10.25-13.75 11.26 12,10 10.20 8.92 1259 13.75 14.01 13.76 13.01 14.44| 1239 14.77
MnO 011 000 0.06 0.11 0.11 0.19 0.09 017 017 007 0.11 001 0.11 0.08 0.18 0.12
NiO 0.03 002 005 004 002 0.05 003 0.00 001 003 000 010 0.01 003 0.05 0.05
MgOo 0.04 0.17 0.45 0.12 0.16 0408 000 034 001 000 002.-084 0.05 0.02 0.00
Ca0 23.5¢ 26.95 21.97 21.93 49) 23.14 23.71 23.47 2284 23.75 2213 2195 2193 23.18| 2447 2454
Na20O 0.03 003 004 009 004 001 000 000 0.09 003 0.00 000 001 000 000 0.00
K0 0.01 001 001 000 001 002 002 0.00 001 001 000 000 000 0.0t 0.03  0.00
Total 96.60] 94.34] 95.42] 98.14] 97.81] 97.75] 96.97] 97.26[ 98.70] 98.39] 87.98[ 97.72] 98.02[ 98.42] 97.63] 97.79
Atomic Proportions (based on 12.5 oxygens) T

Si 3.077 3.488 3.132 3.399 3.139 3.157 3.139 3.125 3.166 3.140 3.218 3.230 3.159 3.203| 3.117 3.105
A +| 2294 1.713 2.334 1.897 2.263 2.197 2.298 2.408 2.186 2.130 2.111 2.114 2.191 2.040| 2.164 2.045
Fe 0807 0521 0703 0.928 0.760 0.821 0.691 0.597 0.846 0.937 0.952 0.936 0.880 0.9B4| 0.849 1.026
Mg 0.005 0.021 0.055 0.014 0.005 0.019 0.010 0.000 0.041 0.00t 0.000 0.002 0.101 0.006] 0.002 0.000
Ca 2.072 2.396 1.931 1.895 2.031 2.011 2.069 2.013 1.966 2.074 1.927 1.912 1,900 2.024| 2.148 2.,183|«~
Others 0.020 0.014 0.032 0.025 0.026 0.030 0.0t4 0.020 0.036 0.014 0.014 0.013 0.013 0.015] 0.021 0.014
Total 8.276| 8.154] 8.188] 8.159] 8.224] 8.236] 8.210] 8.163] 8.241] 8.296] 8. 222[ 8.207[ 8.243] 8.272] 8.301] 8.372
Fe/{(Fe+Al) 026 023 023 033 025 0.27 023 020 028 031 031 031 029 0.33 0.28 0.33
Whole rock {complete analyses presented in Appendix B)

SiO2(%) [ 4790 49.40 4850 4850 4850 48.50 49.80 49.80 4980 49.40 51.80 51.80 51.80 51.80] 47.10 47.10
Al03 (%) 16.10 13.50 1450 1510 1510 1510 14.00 1400 1400 1530 1480 14.80 14.80 14.80/ 168.00 16.00
FeO3(%)™ | 10.12 7.60 8.86 11.19 11.19 11.19 1168 11.68 11.68 13.49 13.68 13.68 13.68 13.686/ 1054 10.54
Ca0 (%) 8.03 1080 7.07 574 574 574 827 827 8.27 404 402 402 402 402 952 952
Na20 (%) 368 520 489 464 464 464 458 458 458 535 551 551 551 551 1.49 149
K20 (%) 0.09 ) 0.02 003 038 038 038 0.02 002 002 006 009 009 0.09 0.09 2.36 2.36
Zr ( ppm) 16 30 38 68 68 68 73 73 73 78 82 82 82 82 45 , 45

* Total iron as FeQ
** Total iron as Fe,04

o1l




Table 4-17: Pearson correlation coefficient matrix for Skidder Basalt epidotcs

Number of samples = 16

Epidote
SiO2 1.00
TiO2 .00] 1.00
Al203 -.61 .51] . 1.00
FeO" .00 -.28 .00 _1.00
MnO -.26 .00 .42 .00] 1.00
MgO .00 .00 .00 .00/, .00] 1.00
CaO .00 -.21 -.40| -.43 .00 -21| 1.00
Total .00 .00 .00 .77 .43 .00] ,-.45| 1.00].
Fe/(Fe+Al) 00 -47] -.40] .93 .00 .00 -.11 .59] 1.00]
: SI02 TiO2 AlO3 FeO" MnO MgO CaO Total Fe/
(Fe+Al)

<

Epidote
* Total Iron as FeQ

Except for Fe/(Fe+Al), which are atomic proportions, weight % of mineral components rather
than atomic proportions were used in the calculation of the correlation matrix

Whole Rock - : ’
SI02 (%) .19 .00 .00 .00 -25 ] -.33 .00
TiO2 (%) .00 .00 .21 .00 .00 . -.28 .58
Al203 (%) -43]  -.15 .00] .65 .18 ) .00 3N
Cr (ppm) .00 .07 .00] -.38 .00 . .00 -.75
FegO3 (%)** .00 .00 .00 .63 .00 } -54 .78
MnO (%) -11 .00 .00 .00 .04 . .00 .00
Ni (ppm) .00 .00 .00]  -.51 .00 . .38 -.77
MgO (%) -.61 .00 .28 .00 20 . .00 .00
CaO (%) .00 .00 .00 -84 .00 . .69 -.51
Na20 (%) 43 18 .00 .00] -.39 . -.27 .00
K20 (%) -29], -.26 .00 17 .26 . .19 .00
Zr (ppm) .00]" .00 .00 .34 .00 .00 -.47] .68 .
. Si02 TiO2 A3 FeO* MNO MgO CaO Total Fe/
(Fe+Al)

Epidote ’
** Totaliron as Fe;04




Correlations among epidote components include positive correlations between

FeO*, MnO and analysis total; and negative correlations between Al;05 and analysis total

and between A1,03-5107, CaO-Aly 05, and FeO-CaO (Table 4-17).

4.4.7.2 Discussion

| The presence of abundant epidote in many of the Skidder Basalt rocks enables some
constraints to be placed on the temperature and fO, condidons under which the rocks were
altered. Above 250°C, epidote appears as ar. abundant phase in metasomatized rocks LL the
Reykjanes (Témasson and Kristmannsdéttir, 1972) and Cerro Prieto (Gulf of Califomia)
(Elders et al. 1979) geothermal fields. Liou and Ernst (1979) show that the upper limit for
the greenschist assemblage albite + epidote + chlorite + actinolite is 475°C under fluid
pressures @(b and fO, values defined by the fayalite-magnetite-quartz (FMQ) buffer.
Liou (1973) indicates that bulk rock composition to some extent determines cpfdotc
~ composition but maximum Fe3+ content of epidote is determined by fo,. The plstacm:
component range for the Skidder Basalt epidotes (23- 33%) overlaps but cxtcnds to higher
values than epidotes of mid-Atlantic ridge basalts which have Ps components of 22 to 25%
(Humphris and Thompson, 1978). Sivell and Waterhouse (1984b) suggest that Ps
» component ranges of 23 to 33%, like those c‘( Skidder Basalt epidotes, indicate formation
of the epidote under oxygen fugacities higher than the FMQ buffer and as high as the

hematite-magnetite (HM) buffer.

4.4.8 Ti-bearing minerals
Titanium-bearing minerals in the Skidder Basalt include: Ti-bearing Fe-oxides; Fe-
‘Ti oxide - sphene intergrowths; sphene; and much lesser amounts of leucoxene (anatase (?)

or brookite (?)) (Tables 4-18 and 4-19). Most Fe-oxide grains analyzed are magnetite,

which containc.vp to 3% TiO, (Table 4-18). Several analyses of opaque grains indicate

i . . . .
termediate between magnetite and sphene; this suggests fine intergrowth of

(23

compositions
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Table 4-18: Electron microprobe analyses of Skidder Basalt iron-titanium oxides

N

/

Skeletal lImentte (?) Sphene/
: Alteration Products Fe-Ti oxide

Weight % S16 S16 S29 S21A S21A S21A S 22 S 22 §22 S25
SIO2 1.19 1.17 050 255 3.38 11.14]| & 7.62 17.43|| 20.59 21.17
TiO2 003 3.09 0.77 082 272 11.77 13.73 ~ 17.83|| 45.45 22.77
AZ03 054 021 025 141 041 284 1.21 1.97]| 1.61 088
03 0.03 0.09 0.02 0.0270.04 0.02 004 0.05/| 0.04 0.03
FeO* 89.84 85.29 88.95 85.36 80.39 .57.72 67/1,( 42.00]| 10.56 29.21
MnO 0.01 0.03 0.06 0.10 0.04 0.00 0.01 0.04 0.25 0.01
NIO 0.01 0.02 0.10 0.08 0.03 0.05 0.04 0.01 0.00 0.06
MgO 0.05 008 0.16 377 0.02 0.05 0.52 0.48 1.62 0.08
CaQ0 “/ 004 0.219 0.20 0.31 3.48 9.58 5.33 16.23|| 17.01 19.86
Naz0 0.12 0.07 0.67 002 0.12 0.07 0.09 0.57 0.05 0.1
K20 0.04 001 0.01 001 0.02 0.01 0.01 0.02 0.02 0.01
Total 91.90] 90.25] 91.69] 94.46] 90.65] 93.25|[ 95.70] 96.63]| 97.20] 94.09
Atomic Proportions . .
Si 0.045 0.044 0.019 0.089 0.122 0.429 0.340 0.659|] 0.652 0.768
Ll 0.001 0.088 0.022 0.021 0.074 0.341 0.461 0.507|| 1.082 0.621
Al 0.024 0.009 0.011 0.058 0.018 0.129 0.064 0.088|| 0.060 0.038
(04 0.001 0.003 0.001 0.001 0.001 0.001 0.001  0.001}] 0.001 0.001
Fe 2.860 2.701 2.852 2.480 2.436 1.861 2.505 +.328|| 0.280 0.886
Mn 0.000 0.001 0.002 0.003 0.001 0.000 0.000 0.001|| 0,007 0.000
N 0.000 0.001 0.003 0.003 0.001 0.002 0.001 0.000|| 0.000 0.002
Mg 0.003 0.003 0.009 0.195 0.001 0.003 0:035 0.027]] 0.076 0.004
Ca . | 0.002 0.009 0.008 0.012 0.135 0.396 0.255 0.657|| 0.577 0.772
Na 0.009 0.005 0.050 0.001 0.008 0.005 0.008 0.042|| 0.003 0.001
K 0.002 0.000 0.000 0.000 0.001 0.000 0.001  0.001]] 0.001 0.000
Total 2.947] 2.864| 2.978| 2.862] 2.799] 3.167 3.6711 3.311]] 2.738] 3.093
Oxygens 3 3 3 3 3 4 4.5 4.5 4.5 4.5
Whole Rock (complete analyses are presented in Appendix B) -

TIOZ (%) 1.04 1.04 188 1.60 -1.60 1.60 0.96 0.96|| 0.96 1.45
Feo03(%)™ | 12.18 12.18 10.20 9.45 9.45 9.45 1149 11.19/| 11.19 11.68
Zr { ppm) 51 51 110 95 95 95 68 €8 68 73

* Total Iron as FeO
** Total iron as FepOg




Table 4-19: Electron microprobe analyses of Skidder Basalt sphenes and leucoxene

4 Sphene Leucoxene
Weight % S 59 S59 $§30 S30 S16 S19 SS3 S79° S60 S21A S29 S21A SK2875
SI0, 32,12 3381 2993 3219 39.30 3235 2866 31.91 3299 3036 3089 0.67 0.15

‘ TO, 30.75 24.44 31.06 3257 28.27 30.75 27.37 2660 3190 30.30 35.16|| 93.41 94.23 .
AlO4 410 402 3.46 3.08 457  3.31 2.96 5.78 3.01 411 1.94 0.18 0.13
a0, 0.07 0.02 . 0.07 0.09 003 003 0.000 0.03 0.07 003 002/ 0.01 0.04 .
FeO* 3.07 5.74 2.70 2.87 1.33 173 3.79 4.41 256  2.68 0.94 0.15 0:33
MnO . 0.20 0.20 0.01 0.02 004 006 0.00 0.10 0.04 0.00 0.02 0.01 0.01
NiO 0.02 0.04 - 0.03 0.08 0.00 0.03 0.05 0.00 0.04 .0.03 005 0.04 0.00
MgOo 1.93 5.34 0.65 0.01 0.00  0.06 0.04 1.09 027 006 0.03 0.03 0.00
Ca0 26.16 2536 26.78 28.93 2743 27.34 27.45 2594 2828 2769 28.84 0.71 0.13
Na0 0.03 0.16 0.04 0.00 0.03 0.05 0.36 005 003 000 0.02 0.01 0.00
K20 0.04 0.02 0.03 0.03 0.06 001 0.01 0.02 0.12 0.02 003 0.01 0.00
Total 98.49] 99.15] 94.76] 99.87] 101.06] 95.72] 90®3] 9593] 99.31] 95.28] 97.94 95.23[  95.02
Atomic Proportions (sphenes based on 4.5 oxygens; leucoxene based on 2 oxygens) : -

- Si 0.954 1.002 0.930 0.950 1.106 0.985 0943 0.975 0974 0938 0.927|[ 0.009 0.002
m 0687 0545 0.726 0.723 0.599 0.704 0677 0611 0.708 0704, 0.794 0.981 0.993
A 0144 0.140 0.127 0.107 0.152 0.119 0.115 0.208 0.105 0.150 % 0.069 0.003 0.002
Fe 0.076 0.142 0.070 0.071 0.031 0.044 0104 0.113 0.063 0.069 0.024|| 0:002 0.004
Mg 0.085 0.236 0.030 0.000 0.000 0.003 0.002 0050 0.012 0.003 0.001 0.001 0.000
Ca 0832 -0.805 0892 0915 0827 0892 0.968 0.849 0895 0917 0.927 0.011 . 0.002
Others 0.010  0.016 0.006 0.006 0005 0006 0.025 0.007 0.010 0.002 0.005 0.001 0.001
Total 2.788] 2888 2.781] 2.773] 2.721] 2.753] 2.834] 2812 2.767] 2.783] 2.746 1.008]  1.004
Whole Rock :
TiO2 (%) 0.49 0.49 0.61 0.61 1.04 1.13 1.09 1.15 1.27 1.60 1.68|[ , 1.60 0.55
FexO3 (%)™ | 10.12  10.12 7.60 7.60 1218 923 951 13.49 13.68 9.45 10.20 9.45 10.36
CaO (%) 8.03 8.03 10.80 10.80 1.68 943 846  4.04 402 209 3.39 2.09 0.23
Zr ( ppm) 16 16 30 30 51 62 66 78 82 95 110 95 50
* Total Iron as FeO
** Total iron as FeoO4 b

071

Sample SK 28 75 is from the Skidder Prospect chiorite-quariz-pyrile atteration zone - .
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the two rﬁinerals (Table 4-18). Sphene occurs as subhedral grains that, in places coalesce
to form dense irregular masses. Greater amounts of sphene are present in the higher-Zr
basalts. Thin sections S 22 and S 25 containlskcletal magnetite (?) grains rimmed by
sphene that are probably pseudomorphic after illmenitc. Sphene, in the Skidder Basalt,
shows some substitution of Fe, Al and Mg for Ti (Table 4-19) and covers a greater
compositional range than sphenes from plutonic rocks of the East Taiwan Ophiolite (Liou
and Emst, 1979), or spilites .from northern France (Moore-Biot, 197()} (Figure 4-39).
Leucoxene analyzed in the Skidder Basalt samples is almost pure TiO,. Limited amounts
of SiO,, Ca0, Al,0, and FeO in the leucoxene are probably due to the presence of a small

v

Titanium-bearing minerals in the Skidder Basalt are probably alteration products of

amount of sphene.

primary Fe-Ti oxides. Liou and Ernst (1979) suggest that primary Fe-Ti oxides unmix to
ilmenite and magnetite during cooling, and that .ilmcnitc is replaced by sphene during
postmagmatic greenschist facies metamorphism. For example, Liou and Ernst (1979) and
Evarts and Schiffman (1‘983) report intergrowth of magnetite and sphene formed by
altcration_of ilmenite gabbros of the Ez}st Taiwan and Del Prieto Ophiolite respectiyely.'

Leucoxene (anatase or brookite) in the Skidder Basalt probably formed by alteration of

vy

sphene.
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Sphenes in spilites Key

from North France

® Zr<50ppm

o © Zr>50<85 ppm
L 4 B Group 2
10
“®— Sphenes from East Taiwan ophiolite
\"J "4 A" \y
Ti 10 20 30 40 50 60 70 80 90 Fe

Figure 4-39: Molecular proportions of Al, Ti and Fe in analyzed Skidder Basalt sphenes.
The compositional fields for 5 sphenes in Permo-Carboniferous spilites from
North France (Moore-Biot, 1970), and 8 sphenes from plutonic rocks of the
East Taiwan Ophiolite (Liou and Emst, 1979) are shown for comparison.
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449 Calcite | e
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In the Skidder Basali, anhedral calcite grzu'n&form irfégular masses that ofgcur

throughout some samples, and fill viigs, vesicles and Tractures in others. In places, ‘it

occurs with albite as a replacement prodict of plagioclase, and in some low-Zr basalts it

accompanies epidote 1n areas probably pscudomoiphic after olivine. In thin section S 22,
clinopyroxene has‘been completely altered or replaced by various combinaﬁon's of epidotey
calcite and quartz.

) Skidder Basalt calcite anaJy“scs, presented in Table 4-20, include: calcite from an
altered plagioclase phenocryst; calcite pseudomorphing olivine; and :;r‘ohedral masses of
calcite distributed throughout the thin sections. Calcite grains analyzed in sample S 29,
including that from an altered plagioclase phenocryst, and calcite grains in S 30, other than
that forming an olivine pseudomorph, contain greater than 99% CaCOxs. Calcite, which
occurs in an area pseudomorphic after olivine in sample S 30, co;najns minor amoun.ts of
Fe, Mn and Mg carbonate.

Evarts and Schiiffman_ (1983) conclude, on the b:asis of textural evidence, that calcite

formation postdates the main period of hydrothermal alteration in the Del Puerto ophi‘oljte,

California, and thus that the presence of calcite does not necessarily indicate high pco,

conditions during submarine hydrothermal alteration of the ophiolite. At least some of the

calcite in the Skidder Basalt is also probably late as indicated By the presence, in some

samples, of carbonatized aibilte, and calcite veins that crosscut other secondary minerals.




Table 4-20: Electron microprobe analyses of Skidder Basalt calcites
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Altered QOlvine

: Plagioclase Phenocryst Pseudomorph
Weight%| S16 St S29 | S29 S29 S29 | S30 [ S30 S30
([o] 002 0.32 0.35] 0.14 ©.16 0.18] 0.17] 0.00 1.37
TIO2 0.02  0.00 0.02] 0.02 0.00 0.00] 0.02( 0.00 0.00
Al203 0.00 007 0.45] 0.03 005 0.02] 0.11 050 0.58
Cr203 0.04 0.00 0.03] 0.02 002 000 0.03 002 0.05
FeO" 032 1.70 0.11| 0.03 0.00 0.01 015 068 0.99
MnO 050 043 0.38) 0.26 034 0.13| 0.06) 0539 1.02
NIO 0.00 0.00 0.00/ 0.00 0.07 0.03| 0.000 0.01 0.00
MgO 0.11  1.69 0.03] 0.03 005 0.00] 0.02] 027 074
Ca0 6084 5475 61.79( 61.58 6111 57.91| 58.19 5507 59.50
Na0 0.02 0.04 0.06| 0.08 001 010 0.46 007 0.02
K20 0.01 007 0.000 0.00 001 0.00] 0.01 0.00  0.01
Total 61.88] 59.07] 63.22] 62.19] 61.82] 58.35] 59.22] 57.21] 64.28
Atomic Proportions (based on 1 cation)
sl 0.000 0.005 0.005] 0.002 0.002 0.002] 0.003] 0.000 0.019
T 0.000 “0.000 0.000| 0.000 0.000 0.000 0.029| 0.000 0.000
AN 0.000 0.001 0.008 0.001 0001 0.000{ 0.00% 0.010 0.010
(o 0.000 0.000 0.000] 0.000 0.000 0.000] 0.060[ 0.000 0.001
Fe 0.004 0.022 0.001 0.000 0000 0.000] 0.002] 0.009 0012
Mn 0.006 0.006 0.005] 0.003 0.004 0.002] 0.001| 0.008 0.012
N 0.000 0.000 0.000[ 0.000 0.001 0.000] 0.000] 0.000 0.000
Mg 0.002 0.039 0.001] 0.001 0.001 0.000] 0.000[ 0.007 0.016
Ca 0.985 0.919. 0.970] 0.989 0.987 0.991| 0.980| 0.960 0.906
Na 0.001 0.001 0.002] 0002 0000 0.003| 0014 0.002 0.001
K 0.000 0.001 0.000] 0.000 0000 0.000/ 0.000 0.000 0.000
Total 1.000] 0.996] 0.991] 0.998] 0997] 0999 1.003] 0.936] 0.976
Molecular % .
FeCO3 047 262 0.16) 0.04 000 0.02] 0.23 1.09 1.44
MnCO3 074 067 055 038 050 0.20 0.09) 095 1.49
MgCO4 0.2t 338 0.06) 0.06 010 0.00/ 0.04/ 056 139
CaCO3 98.59 93.34 99.23] 99.52 9940 99.78| 99.63] 97.41 9568

* Total lron as FeQ
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4.5 Discussion
4.5.1 Preserved textures

The ubiquitous presence of albite, chlorite and quartz and the presence, in many
areas, of calcite and lesser amphibole indicate that rocks of the Skidder Basalt have a
. mineralogy similar to that of spilites (cf. Amstutz, 1974). Although these rocks are now
dominated by a secondary mineral assemblage, most workers agree that spilitization is
generally an ion exchange process and original textures are preserved (cf. Williams ¢t al.,
1982, p. 112-115). Thisis supported by the presence, in some Skidder Basalt samples, of
remnant pr-imary clinopyroxene subophitically intergrown with plagioclase that has been
completely albitized; and also by the occurrence of microporphyriti‘c,.imergranu]ar and
intersertal textures; these textures being characteristic of un-spilitized basalt.
4.5.2 Quench textures

Quench-textured morphologies are common jp muny of the Skidder basalts having
low zirconium concentrations. Some generalizations regarding these rocks that are
pertinent to the following discussion are: a) it is presumed that the rocks crystallized from a
low-viscosity magma; b) the presence of olivine pseudomorphs with chromite inclusions in
one of the basalt samples suggests that olivine and chromite were on the liquidus of the
magma before eruption; c) t-herlack of clinopyroxene phenocrysts suggests that it was
probably not on the liquidhs of the magma bcf'circ eruption; d) both plagioclase and
clinopyroxene show quench-type te.:'(turc's in the rocks; and e) abundant intersertal chlorite
and lesser quartz suggest that much of the groundmass was probably composed of basaltic
© glass.

Wil]‘iams M (1§82) suggest several kinetic controls of igneous texture, i.c.
tempe'rature, magma viscosit}" and crystallization rates (cf. Carmichael ¢t al., 1974): They
“point out that crystallization of a mineral occurs in two stages: 1) nucleation of a crystallite

and 2) growth of the nucleus. Nucleation rate is determined by degree of undercooling,
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increases with surface energy contribution to the free energy of the crystalline nucleus and
decreases with activation energy requirements (viscosity). Growth increases with amount
of free energy released during crystallization of a,n' undercooled melt and is opposed by an
increase in viscosity as the tcmperature falls. Williams gt al, (1982) also indicate that both
nucleation rate and growth reach a peak and then taper off with falling témperature 4and

degree of undercooling of the magma, but the growth peak occurs at a higher temperature

" than the peak nucleation rate; the two peaks being offset from each other by about 30-50°C

" (cf. Carmichael ¢t al,, 1974) (Figure 4-40), Thus, slowly cooling magmas would pass

through a temperature and viscosity range in which nucleation rate had not peaked but
growth fatc had, resulting in growth of large crystals around few nuclei. Rapid nucleation
but slow growth would result from undercooling of the magma beyond the growth peak to
the peak of nucleation. Further undercooling of the magma to temperature and viscosity

conditions under which both growth and nucleation rates fall 1o zero would res-ilt-in a

~

glass. .
Quench textures in the Skidder Basalt rocks can thus be explained by undercooling
of a magma beyond the growth peak for plagioclase and clinopyroxene to temperature and
viscosity conditions favouring nucleation. Further undercooling to conditions where both

growth and nucleation are inﬁibited would explain the formation of groundmass basaltic

glass,

4.5.3 Variolitic textures

Observations regarding Skidder Basalt variolitic pillow basalts that are pertinent to

the following discussion are: : v %
1) The varioles occur typically as distinct light-coloured spherical bodies inside pillow

rims and coalesce into massive forms at pillow centres. Coalescence of varioles is not

complete in some small pillows.
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Tm <4—— Temperature

T

Nucleation
rate

Growth
rate

0° =300°
Degree of undercooling (Tp,-T) =AT

Figure 4-40: Diagrammatic representation of respective rates of nucleation and crystal
growth in one-component systems with respect to melting temperature (T )
and degree of undercooling (AT) of the liquid phase (after Williams et al.,
1982, p.49; cf. data for Na,Si,O5 shown by Carmichael et al., 1974, p. 165).



-

r

. S - s

'2) Whole rbck' analyses of the variolitic rocks suggest that they are of relatively
"primitive” basaltic composition (Chapter 5). ) - | '

3rAlthough separate analyses of varicle and matrix were not done, the mineralogy of
the varioles, predominantly albite and quartz, is indicative of a more felsic composition for
the variolés than tﬁe matrix, which contains mostly fem)ma.gncsian minerals.

4) Textures typical of quenching are pncdominant_in both varioles and matrix.

5) Elongate grains pscudombrphing mafic minem’is occur haphazardly throughout both
variole and matrix in some sections.

The Qﬁéin of varioles‘has been attributed to at least three possible mechanisms, i.e.

" devitrification; derivation from two distinct liquids either by magma mixing or liquid
immisci\bility; and quenching. Devitrification is an unlikely mechanism for the formation of
varioles since they are iypica.lly of markedly Siiffercnt composition from their matrix, and,

(in many areas, varioles are noted to have co.'/alcsccd toform a single mass. Also, there is
very little physical or chcnﬁca] evidence to support magma mixing in the Skidder basalts.
Quehch textures however are exhibited by variolitic:lavas of the Skidder Basalt and
els;:wherc, e.g. in variolitic billow lavas and diabase dykes of the Bt;[tS Cove Ophiolité
(Saunders, 1985), of the St. Anthony Complex (Jamieson, 1979) and in variolitic pillowed
and massive metavolcanic rocks of the Archean Abitibi greenstone belt (Gélinas, ¢t al.,

11976). )

Gélinas gt al,, (1976) report that many of the varioles in the Abitibi Gn':ensto_ne Belt
comprise a central core of spherulitic albite surrounded by an intermediate quartz-albite
mosaic and sometimes an outer rim of mostly sphene. They state that in several areas
pseud8morphs of skeletal mafic crystals occur both inside and outside the variole and in
places cross the border between variole and mawrix. These features also characterize many
of the Skidder Basalt varioles. Gélinas ¢t al., (1976) separate vaniolitic lavas of the Abitibi

greenstone belt into two types: spherulites which do not have marked differences in

composition between variole and matrix, and those that do. The former they attribute to
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quenching and the latter to quenching of immiscible liquids. Liquid immiscibility provides

a ready explanation for differences in composition between varioles and matrix, however
. one difficulty with this hypothesis when considering varioles in the Skidder Basalt is lﬁat
experimental work on immiscible liquids with regard to tholeiitic basaltic magmas (e.g.
Dixon and Rutherford, 1979; Philpotts, 1982) have shown that liquid immiscibility may
occur in iron-enriched evolved bqsaln'c magma but not in primitive, high magnesium lavas.

Of the two plausible processes that may have produced the Skidder variolitic basalts
(i.e. magma quenching or liquid immiscibility), qucnching‘ is a better known and accepted
phenomenon. Bender ¢t al, (1978) and Basaltic Volcanism Study Project (1981a) state that
'clinopyroxenc becomes a liquidus phase after plagioclase in mid-ocean ;idgc basalts
,(MORBS) and éccording to Beccaluva ¢t al, (1980) cumulus minerals in the gabbroic
complexes and phenocryst phases in the lavas of the Northem Apennine Ophiolites, which
have MORB type chemistry, indicate a crystallization order of Cr-spinel plus olivine,
plagioclase and then clinopyroxene. Aﬂssuming a similar crystallization order for the
Skidder Basalt, as supported by the presence of pseudomorphed olivine and albitized
plagioclase phenocrysts and the chemistry of its chromites (Section 4.4.2), kinetic controls
of crystallization described by Williams et al, (1982), can explain many of the features of
the Skidder basalt varioles.

Two properties of plagioclase which would probably promote variole fonﬁation
under rapid cooling conditions are: 1) plagioclase forms a continuous solid solution series
such that peaks for growth and nucleation rates for dift:erem ’pl‘agioclasc éohpmidons cover
a considerable range of temperature and 2) although rapid crystallization suppresses the "
ability of plagioclase to nucleate (Grove and Bryan, 1983), the thermodynamic properties
of plagioclase favour nucleation over growth, (the reverse is true for clinopyroxene)

(Williams et al., 1982). Note that property "1" suggests that primary plagioclase in the

central core of varioles should be more calcic than that occurring toward the variole rim;
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a
this cannot be confimmed in the Skidder Basalt samples however since plagioclase, both in
~ the core and rim of the variobes, has been completely albitized.

Undcfcooling of a magma with olivine and chromite on the liquidus through the
growth peak for olivine toward its nucleation peak (Figure 4-40) would result in skeletal
growth of olivine crystals throughout the lava. Gélinas et al, (1976) indicate that in the
Abitibi greenstone lavas the haphazardly arranged pseudomorphs of skeletal mafic crystals
in both varioles and matrix as well as across their boundary were originally quenched
olivine crysta]s.‘ It is thus reasonable to suggest that similar crystallites in the variolitic
Skidder basalts (Figures 4-4 and 4-5) may also have been olivine. The widespread
distribution of the crystallites (inc;luding within the varioles) suggests homogeneity of the
lava during their formation. The presence of an albitized plagioclase crystal in the core of a
variole in thin section S 55 (Figure 4-15) indicates that plagioclase in addition to olivine
was on the liquidu§ prior to eruption of at least some of the lavas from which the Skidder
Basalt rocks crystallized.

Fuxlihcr undercooling of the magma would have eventually reached a point where
growth and nucleation of olivine ceased. As indicated above, plagioclase solid solution
results in growth a}nd nucleation peaks for various plagioclase compositions occurring c;vcr
a range of temperatures. Thus, plagioclase crystals are able to nucleate and grow even
under rapid cooling conditions and rai)id crystallization of the plagioclase could produce the
spherical forms characteristic of varioles (e.g. Lofgren, 1974). Note that phenocrysts in
the lava may fécilitate nucleation, providing a locus for later rapidly crystallizing mineral
phases and as shown in thin section S 55B in some instances, form the core of a variole.

Stll further undercooling of the magma would probably result in quench
crystallization of clinopyroxene in addition to plagiocldsc, and finally formadon of basaltic

glass in the matrix and, to a lesser extent, intersertal to plagioclase in the varioles.
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Coalescence of varioles in the central portion of some Skidder Basalt pillows and
nonvariolitic rocks showing quench textures are suggested to be due to less rapid

quenching of plagioclase and clinopyroxene.

4.5.4 Segregation vesicles

Segregaton vesicles which occur in several of the samples having Zr conceatrations
between 50 and 85 ppm (e.g. Figure 4-22) are interpreted to be late-stage magmatic
residues that infill vesicles (Smith, 1967). Smith (1967), indicates that the magmatic
residue may be "drawn” into the vesicle as a result of pressﬁrc reduction from contra.ction
during cooling of water vapor that originally filled the vesicle. Ba.rag:ar etal, (1977)
postulate that complete filling of the vesicles may result from magmatic dissolution of the
water vapour and subsequent crystallization of hydrous minerals. Late-stage magmatic.
melts filling segregation vesicles may reach highly evolved compositions as evidenced by
t§1e occurrence of rhyodacite segregation vesicles in basalts from Réunion Island (Upton

and Wadsworth, 1971).

Some varioles in the Skidder Basalt have small amygdules distributed throughout

them and locally forming their cores. These varioles may have originally been segregation
vesicles as described by Smith (1967). Baragar ¢t al, (1977) suggest that some varioles in / '
other aicient basalts may have formed in this manner. Note that the highly evolved nature

6f some late-stage melts that fill séércgation vesicles provides a mechanism for formation

of varioles that are of more felsic composition than their matrix.

4.5.5 Spilitization
- The spilitization process predominantly involves albitization of plagioclase,
_ chloritization of basaltic glass, alteration of anhydrous ferromagnesian minerals to hydrous
- counterparts and alteration of opaque Fe-Ti oxides to dense intergranular sphene

(leucoxene). Chemically, spilitization of the Skidder basalts has resulted in redistribution




of Si0; and total iron, removal of K,O and MgO, and extensive addition of Na,0 (Chapter
5). In some areas, clinopyroxene has been altered to amphibole or chlorite or a
combination of amphibole, calcite, epidote and chlorite. Calcium and possibly iron
released during chloritization of clinopyroxene probably recrystailizes in epidote, sphene
and/or other secondary Ca-bearing minerals; excess silica is probably taken up by epidote
or quartz. Calcium required for the formation of sphene*by alteration of Fe-Ti oxides may
be derived from albitization of plagioclase and/or, as indicated above, by chloritization of
calcium-bearing clinopyroxene and amphibole; released iron probably recrystallizes in
magnetite or epidote. Abundart intersenal chlorite has probably-formed by alteratioh of
basaltic glass or palagonite. Crystallization of quartz from excess silica released d 'ng.\\
chloritization would suggest that the ubiquitous intersertal guanz in these rocks may be
mostly secondary.

’

'45.6 Submarine hydrothermal alteration ,

Many of the mineralogical changes resulting from spilitization of the Skidder Basalt

have, in other areas, been attributed to interaction with circulating heated seawater shortly
after deposition of the basalts (cf. Mottl, l983a). Evarts and Sc};iffman (1983), for
example, conclude that zeolite to greenschist facies assemblages in the Del Puerto Ophiolite
are briman'ly a result of submarine hydrothermal altcration and that the effects of burial
metamorphism are restricted to the formation of late calcite and zeolite veins.

Figure 4-41 compares the concentrations of various solutes in seawater to that of
solute species in a solution having a chloride concentration equivalent to that of seawater in
full equilibrium with an assemblage comprising albite, microcline, muscovite, phlogopite
and laumontite/wairakite, plotied as a function of temperature (interpolated from data
presented by Giggenbach (1984)). According to Figure 4-41, solubilities of Na, K and

$i0; in the equilibrium chloride solution increase, the solubility of Mg decreases, ax_1d that

. i _ : :
of Ca remains approximately the same with increasing temperature. The diagram also
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Figure 4-41: Distribution of solute species in full equilibrium between a chloride-bearing
solution and an assemblage made up of albite, microcline, muscovite,
phlogopite and laumontite/wairakite; as a function of temperature (interpolated
from data presented in Giggenbach, 1984; Fig. 7). Chloride concentration of
19 350 mg/kg is that of seawater (Thompson, 1983). Heavy horizontal lines
are concentrations of solute species in seawater (Thompson, 1983).
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shows that seawater is supersaturated with respect to Na and Mg at elevated temperatures.
Potassium is supersaturated in seawater with respect to the solution and assemblage
presented up to af least 200°C but is slightly undersaturated at 300°C. Calcium and SiO,
are undersaturated in seawater with respect to the equilibrium assemblage p.rescmcd.

The:chloride-bearing solution used by Giggenbach (1984) only approximatés that
of seawater, in which, for instance, the prese/nce of 8042‘ will stabilize anhydrite as a
calcium-bearing phase at approximately lSO"(%Je . Rc;erﬁ)auer and Bischoff, 1983).
Nevertheless, Figure 4-41 illustrates several points which are m agrccmcn; yvnh rcsults of
basalt-seawater intéraction experiments and with the observed dlfferenccs between the
chemical composition of seawater and that of 350°C vent water from 21° N on the East
Pacific Risé (Edmond, 1981). The vent water sampled at this location is an acidic (pH
3.6), metal-rich solution, that is depleted in Mg, and enriched in Ca, K and SiOs relative to
normal seawater. '

Summaries of experimental results involving basalt-seawater interaction at elgvatcd
temperatures and various water/rock ratios are presented by Rosenbauer and Bischoff
(1983) and Mottl (1983a; 1983b). As reported by these authors, Mg2+ is re;novcd from
seawater by formation of a Mg(OH), component which is incorporated into secondary
silicates. This occurs over a range of temperatures from 70-700°C. Removal of the Mg
hydroxide component results in a drop in pH of the solution to about 3 and it remains this
way until Mg stops precipitating, ‘at which time hydrolysis of silicate minerals raises the pH
to near neutrality. At water/rock ratios less than 50, Mg is completely removed, from the
seawater. Leaching of Ca?* from the rock counter\ba]ances removal of Mg2* from the
- seawater. ‘According to Mottl (1983b) about half of the Ca is redeposited as anhydrite
above 150°C but at higher temperatures may be redissolved by reduction of sulphate to
sulphide. Removal of Nat from the seawater occurs at water/rock ratios € 5. Ata

water/rock ratio of 10, Na* is leached from the rock below 300°C, but is precipitated from

seawater at 350°C. At higher water/rock ratios, Na*t is leached from the rock. K* is




i
|
|
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leached ffom the ro;:k at 150°C and above. At 300°C and higher it i‘s leached almost
completely, even at low water/rock ratios.‘ Dissolved SiO; is saturated with respect to
quartz at 150-200°C and is saturated or supersaturated with respect to quantz at hiéher
temperatures.

Albite has been preduced as a mineral phase in only‘a few bz;sali-seawater
experiments (e.g. Seyfried and Bischoff, 1981), and, although removal of Na from
seawater is predicted from the experimental results at low water/rock ratios, lhé actual
amount of Na precipitated is not as great as is indicated to have occurred in naturally alfercd
basalts. For example, as shown in Chapter §, the average NazO content of the Skidder
Basalt (4.94%) is 2-2.5% greater than average unaltered ocean floor basalts (2.3-2.8%)
and 2.5-3% greater than average-unaltercd island arc basalts (1.9-2.4%), indicating
substantial addition of Na to the _Skiddcr Basalt as a result of spilitization. Mottl (1983b)
suggests that while basalt-seawater experiments duplicate infusion of solution into the
rocks, diffuston of elements away from the reaction front is not duplicated. For example,
as discussed by Seyfried ¢t al, (1978), Na may diffuse away from circulating pore fluids at’
pillow rims and into pillow interiors -where water/rock ratios would be low enough for Na
to be removed from the water and albite could form.

Formation of the abundanf albite in the Skidder Basalt Is most readily explained by
the breakdown of calcium-bearing plagioclése through ion cxchange, possibly by the
following sumplified reaction: '

CaAl,Si0g + 4510, + 2Nat = 2NaAlSi3Og + Ca?+ (Helgeson, 1974).
Na* may be provided by circulating seawater (at low water/rock ratios) and additional SiO;
probably provided by release during chloritization of olivine and basaltic glass (much of the

+
chlorite in the Skidder Basalt is interserial). Some of the Ca2* produced by albitization of

- calcic-plagioclase may have been redeposited in calcium-bearing secondary minerals such

as epidote and sphene. (Note that abundant calcite, which occurs as open-space fillings

and, in some places, replaces other secondary minerals in the Skidder Basall, probably

a
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represents later redistrnibution of calcium as a result of burial metamorphism-). As indicated
in Chapter 5, the average CaO content of the Skidder Basalt (5.43%) is significantly less
than the average for unaltered Ocean Floor Basalts (11.3-11.8%) and unaltered island arc
basalts (11.1-11.8%). A.llowing for sampling bias whereby calcite and epidote-rich areas
of the samples were excludcd from analysis, it is still probable that at Jeast some Ca was
remov‘cd from the Skidder Basalt during spilitization.

Albite may also be produced from the sodic portion of plagioclase by epidotization
as indicated by ihe following reaction, which is used by Rosenbauer and Bischoff (1983)

as a possible explanation for the drop in pH observed in evolved seawater-basalt

- experiments: ‘
NaAlSi;Og - 3CaAlSipOg + Calt + 2H;0 = 2Ca3A13Si302(OH) + NaAlS1303 + 2H*.
plagioclase clinozoisite albite

An additional Fe component would have to be added to this reaction to match the Ps

component of Skidder Basalt epidotes. This Fe could be provided by breakdown of Fe-Ti

oxides to produce sphene. 4
.Figure 4-42 shows the raineral stability fields of K-feldspar vs. Na-feldspar as a

function of aN,+/2g+ and temperature (after Giggenbach, 1984), The heavy sglid line’
represents the abm/axi_o( seawater assuming activity coefficients for Na* and K* are
| cqual (Giggenbach, 1984). The stippled area represents a possible range of activity ratios
for a seawater solution after reaction with basalt. The upper limit of the stippled area was
chosen assuming a change from K addition to the rock below 100°C to leaching of K from
the rock above 100°C (cf. Seyfried and Bischoff, 1979).

Points A, B, C and D represent a possible sequence of activity ratios that a seawater
solution could have with increasing temperature and only partial equilibration with K-
feldspar and Na-feldspar. The solid and dashed lines on the diagram represent the relatve
proportim‘)s- of alkalt ions whichiwould have to be produced or consumed to reach

eqhilibrium with the two feldspars (Giggenbach, 1984). The proportions indicate that the
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Figure 4-42: Stability fields for Na- and K-feldspars as a function of Na*/K* activity ratio

versus temperature (after Giggenbach, 1984). Numbered lines indicate
relative proportions of alkali ions produced or consumed (-) during isothermal
equilibration of a solution having a given Na*/K* activity ratio, with an
equilibrium assemblage containing Na- and K-feldspars (after Giggenbach,
1984). Seawater concentration ratio for Na*/K+* based on an assumption of
equivalent activities for Na* and K*. Concentrations for Na+and K+ in
seawater taken from Thompson (1983). See text for discussion of stippled
area and points A, B, C, D, E and F.




degree of undersaturation or supersaturation with respect to K is always greater than Na
and that r‘e-equilibralion of the system in response to temperature changes will dominantly
involve readjustment of K contents (Giggenbach, 1984). For example, a solution at point
A must deposit 95% of its potassium content but gain only 3% Na to reach equilibrium
with the two feldspars. Upon heating a seawater solution would probably deposit some of
its potassium such that it reaches a temperature and alkali activity ratio represented by point
B. At point B, the solution is still supersaturated with respect to K such that 60% of its K
content would have to be .rcmoved and 1% Na would have to be gained to attain
equilibrium with the two feldspars. Upon further heatir:g, the solution would eventually
attain "accidental” equilibrium with the two feldspars, for example at point C. Upon
further heating, e.g. to point D, th'e solution becomes ovcrsalurétcd with respect to Na sﬁch
that 8% would have to be removed in orde: to attain equilibrium. Consider, however that
the solution woJld have to gain 360% K to obtain equilibrium.

Moul (1983a) concludes on the basis of the mineralogy of Mid-Ocean ’Ridgc
greenstones, that seawater during downward circulation must have been heated quickly to
about 250-450°C within thé upper 1-2 km of the earth’s crust. Figure 4-42 illustrates that
seawater rapidly heated to 200-300°C should leach K from basalt and add Na to it (6y the
formation c-)f albite). This is in general agreement with results of seawater-basalt interaction
experiments which iﬁdicate that at temperatures greater than 150°C, K is leached from the
rock and, at low water/rock ratios, Na is added to it (e.g. Rosenbauer and Bischoff, 1983).

Inléracu'on with a heated seawater solution at temperatures above 150°C provides an
explanation for the ubiquitous presence of albite in the Skidder Basalt rocks and their high
Na;O and very low KO contents relative to.arnaltered basalts (Chapter 5).

Figure 4-42 aiso predicts that K-bearing mineral phases will be deposited and Na-

bearing phases dissolved by cooling, ascending hydrothermal solutions (Giggenbach,

1984). On Figure 4-42, consider a cooling hydrothermal fluid in equilibrium with both

feldspars (Point E). In order to maintain equilibrium during cooling some ion exchange
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reaction must occur, e.g. an increase in the K-feldspar component of albite. Further
cooling of the solution would probably result in the solution moving away from the two-
teldspar equilibrium line and becoming oversaturated with respect to K-feldspar (Point F).
Potassium enriched samglcs as represented by S-16 are suggested to have formed
by deposition of K-feldspar from an upwelling solution along a fault zone. Several albites
in sample S-16 contain higher K-feldspar components than most other Skidder basalts and
other larger grains in this rock have rims comprising almost purc kjfcldspar surrounding
almost pdre albite cores. lon exchange reactions involving exchange of K for Na within a
cooling, upwelling solution (Points E of F, Figure 4-42) could explain the relatively high

K-feldspar components of some albites in S 16 and the K-feldspar ims around some larger

albite grains in the sample.




Chapter 5
GEOCHEMISTRY

5.1 Introduction

Sumples representing a s_uAitc of n»mfj(_: rocks from the Skidder area were analyzed
for majér element contents and trace element concentrations. The rocks analyzed comprise
mostly pillowed and massive basalté plus a few samples of mafic pillow breccias and
diabase dykes. Of the 114 samples analyzed, 58 are from outcrop and the remaining 56
sumples are from the Skidder Prospect drill-corc. Or}l,y analyses of Skidder Prospect drill
core samples relatively unaffected by the Skidder Proépéct mineralizing event are presented
in this chapter (cf. Chapter 6). Sample preparation and analytical methods used are
discussed in Appe.ndix B; analyses are listed in Tables B-3 to B-é, Appendix B, Outcrop
sample locations are shown on Figures 3-3 and 6-1; the locations of the Skidder Prospect
drill holes are shown on Figur; 6-1; and drill-core-sample locations are shown on Figures
6-3 to 6-10.

Portions of Sections 5.2.5, 5.2.6,5.2.7, 5.2.10, 5.2.11, 5.2.12, 5.3.1 and ,5.3.2
of this chapter are published in'Pickeu (1987). |

5.2 Geochemistry of the Skidder Basalt

5.2.1 Major oxide and minor element statistics
Histograms showing the distribution of the Skidder Basalt geochemical data are

presented as Figures B-1-to B-7, Appendix B, and probability plots are presented as

Figures B-8 to B-14, Appendix B. Table 5-1 shows the mean, standafé’ deviation and

skewness of all the samples as well as a breakdown of the data into samples from outcrop

vs. those from drill core, and saﬁples of pillowcd vs. massive flows. Table 5-2

summarizes the data distributions for the various major oxide and trace elements analyzed;

as interpreted from the histograms and probability plots shown in Figures B-1 to B- 14, and
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Table §-1: Mcan, standard deviation and skcwness of Skidder Basal outcrop samples, and Skidder Prospect drill core samples
that arc relatively unaffected by the mineralizing cveni(s)

1 - Pillowed flows, pillow bréccia, massive flows and diabase in cutcrop and drill core 1 - Number of samples =114
2 - Pillowed flows, pillow breccia, massive flows and diabase in outcrop 2 - Number of samples = 58
3 - Pillowed fiows, pillow breccia, massive flows and diabase in drill core 3 - Number of samples = 56

4 - Number of samples = 76

4 - Pillowed flows and pillow breccia in outcrop and drill core
5 - Number of sampies = 38

5 - Massive flows and diabase in outcrop and dril core

Mean Standard Deviation Skewness
Weight % 1 2 3. 4 5 1 2 3 4 5 1 2 3 4 5 ‘
'SI02 50.39| 50.02| 50.77| 50.21| 50.74 S0, 456 5.00( 4.06{ 4.65 4.40 SIOg 0.39] 0.25| 0.24| 0.40| 057 :
TIO» 1.09] 1.02| 1.16| 1.08 1.10 TiO? 0.33| 0.33| 0.32] 031 037 TIO, 0.09] 001 041] 0.03] 055
AkO3 15.11] 14.67| 1557| 15.18| 14.98 ARO3 1.16| 1.06| 1.09| 1.26| 0.93 AROj3 0.16] 0.20| 0.46| 007 025
Fe203 10.76]| 10.43| 11.11| 10.64( 11.01 Fe203 1.87| 1.93| 1.75 203 148 Fe203 .0.01| 0.07| -0.04| 0.08| -0.01
; MnO 0.15| 0.16/ 0.15| 0.15 016/ MnO 0.04| 004 0.05| 0.05| 0.04 MnO .0.44| -0.24| -0.63| -0.59| -0.07
; MgO 6.93| - 6.50| 7.38] 6.92| 696 MgO 2.35| 2.08| 2.54| 242 224 MgO 0.48| 0.08] 036/ 0.38] 057
Ca® 5.43| (708 3.72[ 543 5.42 Ca0 3.26] 3.49| 1.82| 324/ 1332 Ca0 0.63| 0.08| 0.77 0.76) 0.26
j NaO 494| 481 508] 502 477] NaO 0.96| -1.01| 090| 092 1.03[ Na0 .0.19| -0.04| -0.40| -0.23] -0.16
K20 0.17| 0.11| 0.23] 0.18%] 020 K20 0.17] 0.14] 0.19] 0.16| 020 K20 0.88| 1.07| 145 o084 1.20
! P20s -0.17| 015/ a19| 017| 0.18] P20s 0.13| 0.14| o0.12] 0.12| 0.16] P20s 0.91| o061 070 0869 088
Lot 443 466/ 418| 453] 421 Lo 234 27s] 1.82] 250 199 LOI o086 1.25| 064 090l 1.0
Total 99. 99.61] 99.54]| 99.49] 99.74 . Q
ppm 1 2 3 4 5 1 2 3 4 5 ' - 2 3 4 5
Pb* 3 3 4 3 3 Pb* 3 3(f - 3 3 3 Pb* 0.36| -6.08] 0.28] 0.33] 042
Rp* 2| 2 3 2 2| Rb* 3 2 3 3 2| Ab* 030 1.07| o081 1.36] 040
Sr 82 as 78 83 80 Sr 51 61 38 54 45 Sr 0.79| 0.79| o0.85| 0.83] 07
Y 31 29 34 31 32 Y 12l - " 13 12 13 Y 0.85 0.38| "0.94] 0.70| 0.87
Zr 68 62 74 69 66| Zr 25 23 27 25 25| Zr 001 005] 036] -0.02] 002
Nb** 5 4 5 5 5/ Nb* 2 2| 2 2 2 Nb** 016/ 0.76] -1.03| -0.02( -0.42
Zn 83 75 93 78 93 Zn 33 29 34 27 41 Zn 0.21| 0.31] 0.26( -0.12] 0.35
Cu 40 47 32 39 42|  Cu : 30 34 23 30 28 Cu 0.53| 0.30] 0.31| 0.51| 061
NI 47 52 42 47 47| Ni 49 55 41 41 62| NI 0.71| 0.70] 085 036 101
Ba 29 24 34 24 38 Ba 43 50 35 30 61 Ba 1.15 -1.01] 098] 1.30] 1.10
v a27| 30s| 347| 326 331 V 98 94| 100 8s| 117 ¥ 0.07| o0.00| -0.12[ 034 -0.21
Ce 65 57 74 63 65 Ce 3N 26 a3 31 29| Ce .0.08| -0.20| o0.06| -0.05 0.16
Cr 146 141 151 155 128 Cr 1371 133| 143 144 123| Cr 0.98| 0.90] 0.95 0.76( 1.08
Ga 16 15 17 16 17 Ga 3 3 3 3 4 Ga 003 -020] 028 -036] 029

the analytical method used

1

* Pb and Rb concentrations in the Skidder Basalt are very low, close to the detection limit of X-ray Huorescence spectrometry,

(Appendix B)
*= Close 1o detection limit ‘ol the X-ray fluorescence spectromelry method




Key to Table 5-2

Percentage or ppm values at which there are siope changes on Element or Logg Element vs.
Probits piots shown in Figures B-8 to B-14, Appendix B

Key: L -lowerlimil of main population(s)
O/C-D/C - change in slope reflecting offset of main outcrop and dril! core populations
U - upper limit of main population(s)

Qualitative description of skewness shown in Table 5-2

Key: All - outcrop and drill core samples
O/C - outcrop samples
D/C - drill core samples
P - pillowed tlows and pillow breccia samples in outcrop and drill core
M - massive fiows and diabase in outcrop and drill core
+Vve - slight positive skewness
++V0 - moderate positive skewness
++4V@ - Strong positive skewness
N - normal distribution
-ve - slight negative skewness
-v@ - moderate negative skewnaess
--v@ - strong negalive skewness

Qualitative comparison of means shown In Tabie 52

Key: O/C va. D/C - outcrop sampiles vs. drill core samples
P vs. M - pillowed flows and pilow breccia samples vs. massive flows and diabase, cf.
histograms shown in Figures B-1 to B-7, Appendix A; sample group with the
higher mean vakie shown
Plain text - slightly higher mean
Bold text - muich higher mean




Table 5-2: Summary table of probability plots, histograms and statistical parameters presented in Figures B-1 to B-14, Appendix B;
' and Table 5-1; key on facing page

Changes In Slope on Element or Log Element vs. Probits Plots Skewness Greater Mean Value -
L Q/C-D/IC 1) Others All Q/C DiC P M Q/Cvs.DIC| PvsM A
SiOg 47% 62% 55% ++ve +VEe +ve | ++ve | ++ve D/C M
TiO2 ' 1% 1.4% 1.85% N N +4Ve N +4Ve D/C M
AlO3 [ 13.5%| 14.5%] . . 16% +ve +ve +4+ve N +ve D/C P
Fe203 14.5% 9% N N N N N D/IC M
MnO N 0.21% 0.17% --ve -ve ---ve | --ve -ve o/C M
Mgo 12% 8.5% 10% ++ve N ++ve | ++ve | ++ve D/C M
Ca0 3.5%| 8% (D/IC) 14% ++4VE N | +++ve| +++ve| +ve 0/C P
12% (0/C

Na20 3% 4.5% -ve N --ve -ve -ve D/C P
K20 0.2%)| 0.6% +++ve | ++4ve | +++ve | ++4ve | ++4ve D/C M
P20s | 0.04% 0.29% (O/C 0.4% 0.6% +++ve | ++4ve | +++ve | +++ve | ++4ve D/C M
LOI ’ 4% 6% 9.5% +++Ve | +4+ve | +++ve | ++4ve | ++ive Q/C p
Pb 8 ppm 12 ppm ++Ve N +ve | +4ve | ++ve D/C
Rb ____7ppm 4ppm 9 ppm ++ve | ++4v0 | +++v0 | +++ve | +4vE D/iC

1 Sr 30 ppm 100 ppm| | 200 ppm| 250 ppm +++ve | +++ve | +++vo | +++ve | +++ve Q/C: P

j Y 30 ppm 52 ppm 18 ppm| 60 ppm ++4+ve | ++ve | +++ve ]| +++ve | +44ve D/C M

' Zr 102 ppm 50 ppm| 75 ppm| 85 ppm N N | ++ve N N DrC p

130 ppm

Nb 7 ppm 5ppmi 9 ppm -ve | +++ve| ---ve N --v@ D/C -
Zn 35 ppm 125 ppm 175 ppm +VEe +4Ve +ve -ve +4+VE A D/C _ M
Cu 68 ppm 4 pp 22 ppm| 120 ppm ++ve | ++ve | ++ve | +4ve ! +++ve 0/C M
Ni 6 ppml_70 ppm 175 ppm +++ve | +++ve | +++ve | +4ve | ++4ve Q/C -
Ba \ 10 ppm 80 ppm| | 160 ppm +++ve | +++ve | +++ve | +++ve | +++ve D/C M
v i 310 pp 480 ppm| | 170 ppm N N -ve | ++ve | v D/C M
Ce 75Sppm| 120 ppm| |20 ppm| 40 ppm N -ve N N +ve D/C \M
Cr 25 ppm 150 ppm| 330 ppm| 480 ppm| | +++ve | +++ve | +++ve | +++ve | +++ve D/C P
Ga 16 ppm 25ppm| |__12ppm| 21ppm N -ve +ve -ve | +ve biC P

FEN
W




statistigal parameters presented in Table 5-1.

As indicated on Table 5-2, K70, P2Os, LOI, Rb, Sr, Y, Ni, Ba and Cr show the
strong positive skewness characteristic of lognormal distnibutions. $i0s:, Al,O4, MgO,
Pb, Zn and Cu show slight to moderate positive skewness; Fe,Os, Zr, V, Ce and Ga are
normally distributed; NasO shows slight, and MnO moderate negatively skcwéd
distnibutions.  CaO and TiO; show distibutions varying from normal to moderitely
positively skewed. Niobium shows a variable distribution. |

Table 5-1 indicates that, relative to the outcrop samples, those from the Skidder
Prospect drill core have a higher average content of most of the mujor elements, and they
have higher average concentrations of trace elements Y, Zr, Zn, V, Ce, Cr and Ga. They
have lower contents of CaO, MnQ, Sr, Cu, and Ni. These differences are atso rcﬂ;cted by
offset peak distributions on histograms presented in Figures B-1 to B-7, Appendix B.
There is little geochemical vanation between pillowed and massive flows (Table 5-1). The
pillowed flows do, however, contain a greater average concentration of Cr and lesser
overall Zn than the massive flows. |

The presence of more than one data population is indicated for most of the major

oxides and trace elements (Table 5-2). Two data populations result from the offset of the

outcrop and drill core data distributions, and outliers of anomalously high and low values
define separate populations in several of the major oxides and truce element data

distributions (Table 5-2).

5.2.2 Principal component analysis

Table 5-3 shows a Pearson correlation coefficient matrix for the ISkidder Basalt
samples, and Table 5-4 lists varimax-rotated factors extracted from the Amjor and trace
element data (see Appendix C fqr description of method used). The various factors

presented in Table 5-4 indicate groupings of interelement correlations. Eight factors were

<




Table 5-3: Pearson correlation matrix for Skidder Basalt outcrop samples, and Skidder Prospect drill core'samples
that are relatively unaftected by the mineralizing event(s) .

Si0y
TioZ
AlO3
Fe203
MnO
Mgo
CaO
Na20
K20
P20s
LOI
Pb
Rb
Sr
Y
Zr
. Nb
Zn
Cu
Ni
Ba
Vv
Ce .
Cr
Ga

Zn 1.00
Number of Samples = 114 Cu -.09] 1.00

Ni - 191 29| 1.00

Ba 14| 00| .00|1.00
1.00 \Y 28] 00l -11] .00/1.00
10| 1.00 Ce 00l 00] -17] -27] .00]1.00 )
-26] .00 1.00 Cr -26| 21| .88 .00| -.06| .00|1.00
.00 .46 16| - 1.00 Ga 321 -16) -34] .07] .08 .42 -29
-33] .00 .00 .28/ 1.00 Zn Cu N Ba V Ce Cr
-451 -.11 24 5] .30 1.00 '
- -.28 -.28 -.34 J2] -09]1.00
- 41 .18 .10 00| -.27| -.63] -28| 1,00
-04] .00 .36 .00] .00] ~.00] -.03 .00} 1.00
43| .45 .00 00| -22| -38]| -.37 .26] .00 1.00
- 711 -.31 .00 -35]. .00] .16/ .50] -34 .04 -.19| 1.00
.00] .00 .00 .00l 15| .00] -.09 .00 .09 .00] .14]1.00
-13] .00 .27 -.14 .00 .00 .00 14] .73 .00 19| .27]11.00
-26] -.11 .30 -03] 14] 05| 24] -16] .21 -15] .00 00| .24|1.00
48| .71 -.02 31 -.13] -.40] -.45 .39 .00 63| -.42| .04 -.08] -.26|1.00
35| .70 .00 26| -.10| -.30] -.39 .29] - .00 49| -27| 00| -13] -23| .86]1.00
00] .48 .00 25| 00| .00f -15 00] .00 36| .00 00| .00l -10] .45] .61[1.00
00] 15| - .28 40] 36| .21] -.39 .00] .00 .00] -09] .14 .00{ .00] .20] 10| 0O
-26] -.28 .00 -.23] .00] .24] .33 -27] .00 -.37 17] 00| .00] .00) -381 -37| -17
-54] -.36 .00 -27] .16] .48 .39 -.44| .. .00 -.34 S50 00| 00| 21| -54] -43] -.18
-07] .00 14 .00] .05 .00] .00 .00 .53 06] .00 .00] .34 .22 .00] .00] .00
-26] .23 .28 52| 00| .27] -.15 00l .00] -3r| 00/ .13] .00] .00f .00] .00 .00
18] .43 .00 24| 00| .00] -.33 00] .00 29| -.18| .00| -.24| -17| .35 47| .49
-43] -27 08 -32| .00l .47] 24/ -36] .00 .22l -.41] .00 .00] 17| 50| -36] -.08
12| .39 A5 40| .00l .00| -.35 00 .01 26| -.31 .00] -.09] -24] .46|° 45| .41
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Table S-4: Varimax-rotated factors extracted from Skidder Basalt major and
wrace element geochernical data

Factor 1 Factor2 Factor3 Factor4 Factor5 Factor6 Factor 7 Factor8
Vartance 21.7% 105% 139% 171% 11.9% 10.7% 6.9% 7.3%
SiO2 -.347| -.597 -.351
TIO .678 )
Al,04 . 267 -.266 .533 .260
Feo03" 296 .491
MnO '
Mgo .647 -.261 237
Cao 797
Na20 - -.460
K20
P20s
LOI .331
Pb

.683

Rb
Sr
Y
zr
Nb
- Zn
Cu
N
Ba
v
Ceo
a
Ga

.542

* Total iron as Fe;Og




147

extracted from the data.

Factor 1 accounting for 21.7% of the variance has large positive loadings for TiO,,
P,Os. Y, Zr, Nb, Ce and Ga and a moderate positive loading for Fe;Oq* ‘(total iron) (Table
5-4). Intercorrelations between the principal components of this factor are probably
eftected by mugmatic processes since the elements having large positive loadings in the
factor are all incompatible with early crystalhizing minerals in a basaltic magma. |

//‘:actor 2 accounting for 10.5% of the variance has lurge positive loadings for

Fezo;*, MnO and Zn; moderate positive loadings for MgO and Ba; and a large negative
loading for Na,O (Tuable 5-4). Most elements that have positive loadings for this factor are
components of chlorite, a ubiquitous phase in most of the Skidder Basalt. Magnesium and
iron are major components of chlorite and the Skidder Basalt chlorites contain minor
amounts of Mn (Chapters 4 and 6). Also, As discussed in Chapl.er 6, Zn concentrations are
high in chlorite-rich rocks from the Skidder Prospcét alteration zone. The negative loading
for Na,O is probably a result of volumetric effects regagding mineral components of the
rock, that is, highgr contents of chlorite in a sample necessitate lesser‘contents of albite.
The po?hc loading for Ba in this factor is probably fortuitous.

Large positive loadings for K,0, Rb and Ba, and moderate positive loadings for
A0y and Sr characterize Factor 3 which accounts for 13.9% of the data vaniance (Table 5-
4). Positive correlations between the principal components of this “potassium” factor i.e.
K-O, Rb, Ba and Sr are readily explained by substitution of Rb, Ba and Sr for potassium
in potassium-bearing minerals. Aithough aluminum is a component of most potassium
silicates, it s ajgo a component of mo:t other silicates in the Skidder basalts; therefore, its
moderate positive loading in this factor is probably fortuitous.

Factor 4 which accounts for 17.1% of the data vanance is characterized by large
positive loadings for MgO, Ni and Cr; slight positive loadings for Al,O3, LOI, and Ce; and
moderate to strong negative loadings for Si1O, Naz(grnd Y (Table 5-4). Positive

intercorrelations between the principal components Cr, Ni and MgO are produced by the
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compatibility of Cr, Ni and MgO with carly formed mipcrals from a basaltic magma. -The
negative loadingof Na,0 in this "compatible element” factor, although partly anributable to
the incompatibility of Na in early forming minerals from a basaltic magma, is probably
related more to the rcciprocal nature of chlorite and albite contents in the rocks, that is, Mg-
enriched rocks having greater chlorite and therefore lesser albite coﬁtcntsf Chlorite-rich
rocks have higher LOI and lower SiO; contents than chlorite-poor rocks thereby explaining
the positive loading for LOI, and tﬁe negative loading for $i0; in this factor. Al,O; and Ce
are probably fortuitous components.

Factor 5 'which accounts for 11.9% of the data variance has large positive loadings
for CaO and LOI; a slight positive loading for Sr; a large negative loading for SiO,; and
slight to moderate negative loadings for Al,03, MgO, Zn and Ga (Table 5-4). This factor
is interpreted as a "calcite factor:'. The positive loading for Sr in this factor can be
attributed to its substitution for Ca in calcite. Larger amounts of calcite in the rock
necessitate lesser amounts éf silicate minerals‘; hence the negative loéding for Si0O,, Al20a,
and MgQ; and the positive loading for LOI in this factor. The negative loadings for Zn and
Ga in the factor are not readily explained.

Large positive loadings for Al,03, Feo03* and V; a moderate positive loading for
MgO; and moderate negative loadings for SiO7, P2Os, and Ba characterize Factor 6 which
accounts for 10.7% of the data vaniance (Table 5-4). This factor is not readily interpreted
except that a positive correlation between Fe,O3 and V can be explained by the
incorporatiox; of V into Fe-oxides.

Factor 7, accounting for 6.9% of the data variance, is characterized by a large

positive loading for Pb; moderate positive loadings for LOI and Rb; and a large negative

loading for Sr (Table 5-4). This factor is interpreted as a "Pb factor”. Pb concentrations in
the Skidder Basalt are near the detection limit for this element using the XRF analytical

method (see Appendix B) and Pb does not correlate strongly, either positively or
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negatively, with any of the other elements in ti.e Skidder Basalt analyses. Other
components of the factor are probably fortuitous.

A large negative loading for Cu; moderate negative loadings for Ce and Ga; and
modcrate positive loadings for Al;O3, NazO, P;Os, Srand Y _chaructcrizc_Factor 8, which
accounts for 7.3% of the data variance (Table 5-4). The large negative loading for Cu
dominates this factor. Copper is a chalcophile element and does not readily enter silicate
minerals but tends to occur in tiry: sulphide grains (cf. Krauskopf, 1967); in contrast,
aluminum and sodium, which have positive loudings in this factor, are components of
silicate minerals. Other components are probabl)'! fortuitous.

In.summary, two factors a}e interpreted to be related 1o magmatic processes; Factor
1, the "inconmipatible elements fﬁclor", and Factor 4, the "compatible elements factor”. Two
factors are interpreted to be related to specific minerals; Factor 2 the “chlorite factor”, and
Factor 5 the "calcite factor”. Spilitization has masked the positive correlations of the alkalis
to other incompatble elements such that potassium and elements that substitute for it form
an independent "potassium factor” (Factor 3). NajO contributes to the variance of the data
mainly through ncgativé loadings in the “chlorite factor” and "compatble elements factor”.
The remaining fgétors comprise a possiblc'_chalcophilc-clcmcnl vs. lithophile-elements
fuclO;', ie. the "negative copper factor” (Factor 8); a possible combined factor comprising
Al,O4 and Fe-oxiade "subfactors” (Factor 6); and an independent factor for lead (Factor 7).
None of the tactors has a positive loading for S103, its contribution to the variance of the

data shown by negative loadings in the "compatible elements”, "calcite” and "alumina-Fe-

oxide” factors.

5§.2.3 Geochemical subdivision
In the discussion below, mafic rocks comprising the Skidder Basalt have been
subdivided into low-Zr basalts (< 50 ppm), intermediate-Zr basalts (51-85 ppm) and high-

Zr basalts (> 85 ppm). The division at 50 ppm is arbitrary, but as shown on Figure 5-1,




the.division at 85 ppm is geochemically distinct. The high-Zr samples encircled by the
hcu&y solid line are termed Group 2 throughout the remainder of this chaprer. Figure 5-27
shows that with the exception of one sample the Group 2 samples (shown as X's) are
offset to highet Y values and like the Zr vs. V plot are separated from the remaining data.

- Analyses of Skidder Basalt samples having Zr Conccnlrluu'ons < 50 ppm are listed in
Tables B-3 and B4 Appendix B, those having Zr values > 50 ppm but € 85 ppm are
shown in Tables B-5 and B-6, Appendix B. Skidder Basalt samples having Zr
concentrations greater than 85 ppm but not included in Group 2 are listed in Table B-7,
Appendix B; Group 2 samples are listed in Tables B-8 and B-9, Appendix B. Samples
from outcrop' or drill core are listed separately and they are further broken down into
pillowed flows, massive flows or diabase.

_ The low-Zr basalts occur throughout the Skidder area (Tables B-3 and B-4,

Appendix B; Figures 3-3 and 3-4; Figures 6-1 to 6-6), and include variolitic and

nonvariolitic pillowed flows, massive flows and diabuse dykes. Many of the low-Zr

basalts display quénch-lextured morphologiés (Chapter 4). The high-Zr basalts (Tables B-
S 1o B-7, Appendix B; Figures 3-3 and 3-4; 6-1 to 6-5; and 6-7 to 6-10) comprise
intergranulur- to interseral-textured pillovx;ed flows, massive flows and diabase dykes.

Group 2 samples include pillowed and massive flows from outcrop and theSkidder area
: \
drill core (Tables B-5 to B-7, Appendix B; Figures 3-3; 5-1; 6-1 10 6-3; and 6-6 10 6-9)

Group 2 samples from outcrops are included in Unit 3 on Figure 3-4.
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Figure 5-2:Y vs. V plot showing offset of Group 2 samples as per Figure 5-1. See text
for discussion.
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The mean, standard deviation, and range for the low-Zr, high-Zr and Group 2

samples are listed in Table 5-5. The means for pillowed and massive flows of the low- and

high-Zr Skidder Basalts arc also shown. —

5.2.4 Major oxide and trace element vs. Zr plots
Major oxidc or trace element vs. Zr plots and a plot of SiO; vs. Y are presented in
Figures 5-3 t0 5-9. Zr and Y are resistant to hydrothermal alteration, and, as a result of

. 4
their incompatbility with early formed mafic phases in basaltic magmas, they can be used

* as differentiation indices (Winchester and Floyd, 1976; Pearce and Norry, 1979; Perfit et

al., 1980; Basa.ltic Volcanism Study Project (BVSP), 1981a). Table 5-6 presents a
summary of the characteristics of the various major oxides arnid trace elements vs. Zr plots
shown as Figures 5-1 to 5-9. '

S107 remains approximately constant with increasing Zr and Y. (Figure 5-3).
Moderate scatter above and b'elow._.the main trend suggests remobilization. Group 2
samples show a reversal in trend on both diagréms whereby SiO; decreases with inénaasin g
Zrand Y. 'This_ may be explained by fractionation of a mineral phase such as zircon with
which both Zr and Y are c"ompati.blc. -

TiO; increases with increasing Zr as would be expected since both are incompatible
with early fractionating mineral phases from basaltic magmas (Figure 5-3). Group"'Z
samples sﬁéw more scatter than the others but generally show a decrease in TiO, with
decreasing Zr. The trend of Group 2 samples on SiO; vs. Zr and Si0; vs. Y plots (Figure
5-3) suggests that the more "diffeféntiated" of the Group 2 rocks contain lesser Zr and Y.
If this is the case the TiO; vs. Zr diagram indicates a reduction in TiO, with magmatic
evolution of the Group 2 samples suggesting fractionation of a phase such as magnetite,
which can incorporate Ti into its structure. |

kS
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. Table 5-5: Mean, standard deviation and range for Skidder Basalt outcrop samples, ;;nd Skidder Prospect drill core samples
that are relatively unaffected by the mineralizing event(s)  Key: d - standard deviation, Min - minimum, Max - maximum

2r<50 Zr > 50<85 Group 2
31 samples Pillowed Massive| |62 samples Pillowed Massive] | 16 samples
weight %| Mean d Min Max Mean Mean Mean d Min Max Mean Mean Mean 0 Min  Max
Si0 4952 38 4230 6090 48.89 50.50| | 49.31 3.7 3840 5880 4949 48.88| | 56.03 50 4680 66.30
TiO2 0.76 02 048 111 075 0.78 1.15 02 048 175 1.15 1.15 1.36 04 049 2:00
ARO3 15.12 1,2 1220 1800 1517 1505 15.23 1.1 1290 1780 .1525 1518 1484 1.2 1260 16.90
Fe203* | 10.05 1.6 6.07 1275 9.52 1090 11.04 1.8 701 16.16 1106 10.98 1058 21 652 14.80
- MnO 0.16 00 006 0.28 0.16 0.17 0.15 00 005 0.24 0.15 0.15 014 ; 00 007 020
MgO 7.31 24 314 1218 719. 751 7.31 22 278 13.05 717 7.65 4.81 18 155. 821
CaO 6.70 3.6 018 1417 7.55 5.34 5.63 30 1.03 16.20 533 6.36 2.52 0.7 1568 435
Na0 4.73 1.0 3.06 6.54 479 4.63 4.90 09 226 6.95 5.05 452 5.70 0.5 493 6.78
K20 0.19 02 002 o7 0.14 0.27 0.17 02 000 0863 0.17 0.17 0.15 0.1 002 040
P20s 0.10 01 001 056 0.10 0.10f | 0.15 01 004 036 016 0.14 0.35 02 007 086
LOt 4.90 24 184 1180 5.15 4.50 459 25 148 13.34 4.58 4.62 282" 1.0__062 4.61
Total [ 99.55] [98.36]100.84] 99.43] 99.76] [99.63] [97.75T100.85] 9956] 99.80] [99.30] 98.26[100.53
ppm * Total iron as Fe203 -
Pb* 3 31 0 12 3 3 3 27 0 11 3 4 4 32 0 10
Bb' 3 2.7 0 7 2 -3 2 28 0 157 2 2 1 13 0 4
Sr 93 685 20 347 105 72 87 427 12 248 81 102 50 248 30 118
Y 20 6.2 11 43 20 20 31 6.9 19 | 50 - 31 31 52 7.9 34 62
- Zr 39 86 16 50 T39 39 69 - 78 52 85 70 67 112 165 88 144]
Nb** 3 14 1 6 3 4 5 15 2 9 6 5 6 1.6 3 9
Zn © B4 457 23 258 4l 104 79 245 36 150 79 81 97 319 29 148
Cu 51 3486 0 131 47 56 41 266 1 121 40 45 14 154 0 61
Ni 67 66.0 0 3N 68 65 5 383 0 151 48 55 7 134 0 49
Ba 35 466 0 159 31 43 26 449 0 316 21 39 30 342 0 109
v 319 679 190 468 295 358 |- 353 77.0 183 579 354 351 203 116.9 54 479
Ce 46 20.7 6 84 41 54 67 316 17 153 66 70 83 250 33 116
Cr 183 153.5 15 549 201 154 162 1319 0 497 164 156 34 501 0 172
S Ga._.. - 14 2.6 8 18 14 15 . 16 3.3 10 28 16 17 19 28 13 23

* Pb and Rb concentratians in the Skidder Basalt are very low, close to the detection limit of X-ray fluorescence spectrometry, the analytical

method used (Appendix B) .
** Close to detection limit of the X-ray fluorescence spectrometry method

£C1
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Figure 5-3: Scattergrams of SiO2vs. Zr and Y, and TiO2 vs. Zr for the Skidder Basalt.
Arrows indicate suggested "differentiation” trends, note reversal in trend for the
Group 2 samples; see fext for discussion.
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Figure 5-5: Scattergrams of MgO, CaO and Na;O vs. Zr for the Skidder Basalt.
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Figure 5-6: Scattergrams of K, O, P,05 and LOI vs. Zr for the Skidder Basalt.
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Figure 5-7: Scattergrams of Sr, Y and Zn vs. Zr for the Skidder Basalt.
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Scattergrams of Cu, Ni and Ba vs. Zr for the Skidder Basalt.
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Figure 5-9: Scattergrams of Ce, Cr and Ga vs. Zr for the Skidder Basalt.
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Table 5-6: Characteristics of major and trace element versus Zr plots

Behaviour with Increasing Zr
Degree of scatter Mafic rocks other than Group 2 Group 2 Comments
Si0O2 moderate constant . decreases
TiOg slight/moderate increases increases
ARO3 [extreme ? ?
Fe203* | moderate increases increases Group 2 shows parallel but offset trend
MnO moderate/extreme decreases to Zr=50 ppm then - | decreases
i increases to Zr=85 ppm
MgO |exireme decreases iIncreases Scatter above and below "main” trend

: orobably alteration related
Ca0O moderate/extreme decreases constant Note separation between outcrop and drill
core samples
Na20 |[extreme increases increases to Zr=115 ppm j
then decreases :
K20 extreme ? decreases
P20s5 [ moderate increases ?
| LOI moderate/extreme decreases slight increase
| Pb extreme ? 2
Rb extreme 7 ?
Sr extreme ? constant
Y slight increases increases
Nb moderate - |increases increases
| Zn moderate/extreme increases ?
| Cu extreme decreases constant
Ni moderate’extreme decreases constant

| Ba extreme
Vv moderate increases increases Note possible two groupings with

parallel but offset trends

| Ce moderate increases ?
Cr moderate/extreme decreases 7

| Ga moderate increases increases




Fractionation of magnetite from the magma that produced the Group 2 samples is

supported by V vs. Zr and V vs. Y plots shown on Figures 5-1 and 5-2. Thc low- and
high-Zr basalts display considerable point scatter but V shows an overall increase with
increasing Zr and Y. Group 2 samples show a para.llel but offset trend of decreasing V
with decreasing Zr suggestive of a fractionating mineral phase such as magnetite and/or
clinopymxehc from the rﬁagma(s) which produced the rocks (Shervais, 1982).

Fe,0O3* shows moderate scatter but an overall increase with increasing Zr (Figure
5-4). The parallel but offset trend of decreasing Fe;(O3*with decreasing Zr shown by the
Group 2 samples supports fractionation of magnerite as suggested above.

A sigmoidal distribution is shown by the data on the plot of MnO vs. Zr (Figure 5-
4). MnO decreases with increasing Zr at Zr values below approximately SO ppm, increases
with Zr from Zr concentrations of 50-85 ppm, and shows a decrease with increasing Zr for
Group 2 sgamples.

Moderate to extreme scattering of points above and below the "main trend” of
decreasing MgQO with increasing Zr (Figure 5-5) suggests that alteration has resulted in
addition of MgO 1o some of the rocks but removal from others. The trend of decreasing
MgQ with decreasing Zr shown by the Group 2 samples supports the reversal in trends
suggested above for these samples.

CaO shows moderate to extreme scatter on Figure 5-5 but does show an overall
decrease with increasing Zr. The greater amount of CaO in outcrop samples relative to drill
core samples is evident on this diagram. Group 2 Sarnple$ have consistently lower CaO
values.

Na,O shows extreme scatter on Figure 5-5 suggesting some redistribution in
addition to the overall addition of Na expected as a result of spilitization. Despite
modifications .as a result of alteration. an overall increase with increasing Zr is indicated.

P,0s shows slight to moderate scatter and overall increase with increasing Zr

(Figure 5-6). The high P;Os content of some Group 2 samples suggests apatite was a
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fractionating phase and that somie of the samples may be sampling cumulative apatite from
within the magma. The very low P;Os content of other Group 2 samples suggests that
these samples are sampling a magma from which a phosphorus-bearing phase.such as
apatite has fractionated.

Y shows slight to moderate scatter on Figure 5-7 and increases in concentration
with increasing Zr in the low- and high-Zr basalts, and the Group 2 samplcs..

Zn, Ce and Ga show moderate to extreme point scatter but show an overall increase
in concentration with increasing Zr, suggestive of their being incompatible ‘with early
fractionating phases (Figures 5-7 and 5-9). Zn and Ce in Group 2 samples show a large
variation and no clearly defined trend wi't'h increasing Zr concentration but Ga shows a
parallel but offset trend of decreasing Ga withdecreasing Zr.

Cu, Ni and Cr show moderate to extreme scatter on Figures 5-8 and 5-9 but show
an overall trend of lower concentrations with increasing Zr concentragon.

cher major oxides and trace elements, and loss on ignition _(LOI) show extreme

scatter and no consistent trends with increasing Zr.

5.2.5 Spilitization

As indicated in Chapter 4, the Skidder Basalt rocks have a mineralogy characteristic
of spilites (cf. Amstutz, 1974). Secondary minerals present in the Skidder Basalt (outside
the Skidder prospect alteration zore) are calcite? epidote, actinolite, albite, chlorite, and
minor quartz and hematite. Mottl (1983a) suggcs;ed' this mineral assemblage to be
characteristic of hydrothermal alteration under relatively low water to rock ratios (less than
30) (Figure 5-105. According to cxpcrimemal results summarized by Rosenbauer and
Bischoff (1983) the effects of seawater interaction with rocks under low water to rock
ratios should be an overall increase in Mg and probably Na, an overalkdecrease in Ca and

K and redistribution of Si, Fe, Mn, and Zn.
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Figure 5-10: Diagram after Mottl (1983a) showing secondary mineral assemblages
characteristic of various seawater/basalt ratios.
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Redistribution of Si and Fe in the Sklddcr Basalt from spilitization is supponed by .
the range of Si0; and total iron as FeqO3 values ata given Zr concentration shown on the
element vs. Zr plots (Figures 5-3 and 5-4; Table 5-5). Moderate scatter of points above
and below the "main trend” on the diagrams suggests addition of _siliéa ﬁnd/or iron to some
samples but removal from others.

Table 5-7 compares ﬂ}e mean composition of th.e Skidder Basalt with 'that of
average ocean floor basalts, the’Annieopsquotch Complex, average island aré\‘hasalts and
basalts of th'e Buchans Group. Redistribution rather than an overall addition or removal Q,f
Si and Fe is further supported by the similarity of the average contents of S10; and total
iron as Fe203 in the Skidder Basalt when compared to relatively unaltered ocean floor and
island arc basalts ('fable 5-7). The average content of MgO is lower in the Skiddcr Basalt
than in average occan floor and some island arc basalts but the average Na,O content of the
Skidder Basalt is‘ considerably ﬁigher than tlic others (Table 5-7). This indicates thai
alteration has resulted in an gvérall addit}qn of Na;O to and probably some removal of
MgO from the Skidder basalts, The extreme scatter shown by MgO and Na,0 on Figure S-
5 suggests that the amount of removal/addition of tRese elements was 'madcpcndcm of the
priginal, unaltered composition of the rocks. The a\'efagc'contcnt of K0 in the Skidder
Basalt is less than average unaltered ocean floor and island arc basalts ETa{blc 5-7)
indicating pr'oft;)z/iblc depletion in the Skidder Basalt as a result of alteration. Average CaO
content of the Skidder Basalt is also less than the others. Calcium removed from -fcldspars
as :; result of albiization may have been redeposited as calcile in veins. Thus, although the
low Ca contents of the Skidder Basalt may be due to alteration it may also be partially a
result of sampling bias since samples rich in calcite were not analyzed and calcite veins

were removed from the samples that were a'nalyzed.

N
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Table 5-7: Comparison of averages of major element components of the Skidder Basalt to those of ocean floor basalis, island arc _ 1
basalts, the Annieopsquotch Ophiolite and the Sandy Lake Formation basalts of the Buchans Group D

/ . - Annleopsquotch Skidder ) Buchans Group , )
Ocean Floor Basalts Ophiolite Basak Istand Arc Basaits ' Bas#ts :
weight % la 1b 2 3a n 4 S5a b - 6 7a 7
- Si02 : 50.53 50.93 49.56 49.28 50.69 50.39 51.90 50.73 50.63 52.00 48.80 46.60 -
; TIO2 156 1.19  1.42 1.24 135 | 109 080 083 .086 083 083  0.87 Lo
: AI,03 1527 15.15 . 16.09 1492 14.94|- 1511 16.00 17.38 18.16 17.30 15.47 ° 16.81
FeO 10.46° 10.32° 10.47° 8.20  8.09 - 956* 696 779 753 |° - - ;
Fe203 . - - 270 256 | 10.76* . 3.01 3.29 . 8.63** 11.54* ,
MnO - PO 020 0.26 0.15 017 019 019  0.19 0.14  0.13 |
MgO - 747 769 7.69 756  7.14 6.93 6.77 697 561 7.39 580 6.72
Cca0 11.49 11.84 11.34 11.05  7.14 5.43 11.80 1151 11.15 11.70 19.90  6.27 |
Na20 262 232 280 236 - 3.99 4.94 242 206 196 226/ | 300 182 /
- K20 0.16 014 0.24 003 006 0.17 0.44 0.26 0.27 0.42 -0.97 1.40 %
P20s 0.13  0.10 - 0.10  0.12 0.17 0.11 0.09. 010 _ 0.13 . - F
N=42 N=7 N =114 N=43’ N =89 N =12 N=5 N=8

* Total iron as FeO
** Total iron as Fe 04 ¢
N - Number of sampies

Melson gl al, (1976): Average basalic glass; a) Allantic, Pacific and Indsan Ocean spreading centers, b) indian Ocean spreadmg center

. Pearce {1976): Average ocean foor basalt .
. Dunning (1984): Annieopsquotch Ophiolite a) average of sheeted dykes b) average of lavas _ ' : .
Jakes and White (1972): Average island arc tholeiite _
Ewart (1982): Average basalts of low-K orogenic volcanic rocks a) southwestern Pacific b) nonhwestem Pacitic

Basallic Volcanism study Project (1981b): Average New Britain island arc basalts
Thurtow (1981a): Buchans Group, Sandy Lake Formation (Thuriow and Swanson, 1987) a) mafic flows b) malic pyroclastnc rocks

NOvawN

a
1o
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The chemical effects of spilitization on thé alkalies are illustrated on Figure 5-11.
Hughes (1973) showed ﬁm, on this diagram, unaltered igneous rocks ptet -in a field which
he termed the "igneous spectrum”. The Skidder basalt rocks plot outside the igneous
spcctrurﬁ, close to the spilite field, indicative of enrichment of Na,O relative to K20 in the
rocks (Figure 5-11). '

Goff (1984) used a ternary plot of MgQ, SiOy anc; CaO/Al;05 in an effort to define
the mobility of Mg, Si and Ca during alteration. ‘He outlined fields for unaltered basalts,
and unaltered intermediate and felsic volcani'c rocks. The Skidder Basalt sampl'cs show
exireme scatter on this diagram suggesting an overall decrease in Caand a redistribution of
the other elements (Figure 5-12). For comparison, samples of Annieopsqudtch Cosnplcx
dykes (gcochemical dara presented in Dunning, 1984) occupy a restricted area in the fresh
basalts field (Figure 5-12).

Thc redistribution of Si0; and 10tal iron as well as the decrease in potassium as a
result of alteration of the Skidder B_asaltvis supportive of alteraton by seawater interaction
with the rocks under low water/rock ratios. However, the substantial increase in sodium
that has probably occurred as a result of spilitization of the Skidder Basalt is not predicted
by experimental results (e.g. Rosenbauer and Bischoff,1983). Mottl (1983b) usgs
metamorphic differentiation to explain the discrepancy in the amount of sodium increase
predicted by-experiments on basalt/seawater interaction and the greater inqeasc noted in

altered basalts. He suggests that sodium diffuses away from the "reaction front” under

natural conditions, a process not duplicated in the experiments.
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Figure 5-11: Skidder Basalt samples plotted on the "igneous spectrum" diagram of
Hughes (1973). Island arc tholeiite field after Stauffer et al. (1975).
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Figure 5-12: Skidder Basalt samples plotted on a ternary diagram after Goff (1984).

See text for discussion.
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5.2.6 Classification s . . f

Wmchcstcr and Floyd (1977) defined fields for the common volcanic rocks ona-
binary p]ot of Zr/TiO, (used as a differentiation index) versus Nb/Y (used as an index of
alkalinity) (cf 'LP{mrc\c and Cann, 1973) 'I?xe Skidder Basalt rocks are classxficd as sub-
alka]mc on this dxagfa,m.(Fxgurc 5-13) andeall dominantly in the sub-alkaline basall and
basalt/andcsxte fields. Two of the Group 2 rocks are classified as andesxtcs

2

. Garcxa-_(1978) shghtly modified fields on a Ti versus Zr dlagram of Pearce and

- Cann (1973) used to distinguish rocks of tholéiitic:\'ersus calc-alkaline affinity. Tholeiitic

magma types show an increase in Ti with differentiation whereas calc-alkaline magmas do -

not. The Skidder Basalt rocks define a tholeiitic trend ‘on this diagram (Figure 5-14).

-
~ Skidder Basalt samples comajning lesseg amounts of Ti and Zr plot dominantly in the

overlapping island arc tholcmc/ocean floor basalt field and those with greater amounts of Ti

and Zr plot mostly in thc ocean ﬂoor basalt field.

5.2.7 Tectonic setting B ‘

Many authors (e.g. Perfit, et al., 1980; Basaltic Volcanism Study Project (BYSP),
1981a; 1981b; Pearce, 1982) héve no.ted that mid-ocean ridge basalt suites have higher
concentrations of the high field strength (HFS) cations Ti, Zr, and Y, and l‘he compatible
element Cr, and have'much lower contents of the large ion lithophile (LIL) elemments such
as K, Rb, Ba, and Sr, than do island arc tholeiites. The high relative abundance of the LIL
elements and yet low relative abundance of the HFS ‘cations in island arc tholeiites is
difficult to explain by magmatic processes since members of both elemeht grotips behave as
incompatible components and woupld partition preferentially into early fornCd melts. The
selective removal of the LIL el:nJems from hydrous subducted oceanic crustal rocks by
hydrothermal solutions has been suggested as one possible explanation (e.g. Best, 1975;

Saunders and Tarney, 1979). Several explanations for the overall lower concentrations of

the HES cations in island arc tholeiites have been put forth; e.g. by dilution of these
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Figure 5-13: Skidder Basalt samples plotted on classification diagram after Winchester and Floyd (1977).
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Figure 5-14: Skidder Basalt samples plotted on variation diagram used by Garcia (1978) to
discriminate basalts from different tectonic settings.



' elements as a result of greater dcéree_s of partial melting (Pearce and Norry, 1979), or by
¢ ! . . . .

stabilization of mineral phases with which the HFS cations are compatible, for cxa}nplc.
stabilization of minor oxide phases as a-fesult of melt generation under higher o;cygen
fugacity (Dixon and Bafiza, 1979). An alternate explanation advanced is that ocean floor
tholeiites have been émic_:héd with respect to the HFS elements due to repeétcd influxes of
primitive magma and su.bsequent—.’magma mixing (O'Hara, 1977). N
. * The average t':onlcn'ts- of large ion lithophile elements are lower in the Skidder Basalt
rock; relative to island arc tholeiites and Buchans Groupj basalts and are comparable to |
;thoée of average ocean floor basalts and the Annicopsquotch Ophiolite (Table 5-8). The
LIL elements are used as indicators of tectonic setting here with caution since hydrothermal
alteration has affected thé contents of these elements in the Skidder Basalt. Basaltic
Volcanism Study Project authors (BVSP,.1981a) éuggcst that St abundarices of less than |
200 ppm separate ocgan floor tholeiitic rocks from thdleiitcs of other tectonic regimes. The
average concentration of Sr (82 ppm) for the Skjdder Basalt is approximately equal to that
of Lhc dykes and lavas of the Annieopsquotch Ophiolite and both have sngmﬁcamly lower
average concentrations than island arc tholeiites and Buchans Group Basalts and are
somewhat less than average values for oceaﬂ floor basalts. Other elements used to
'dj&riminat;: between ocean floor and island arc tholziites, e.g. Ti, Zr, Y, Cr, and Nj, hévc
concentrations, in the Skidder Basalt, intermediate between the two types (Table 5-8).
- However, the average concentration of Y in the Skidder Basalt is ohly slightly less thanthe
average for_'ocean floor basalts and the Anniegpsquotch Ophiblitg but is somcwhat\higher
than average concentrations for island arc tholeiites. |

Trace element yariation diagrams commonly used to distinguish bdsalts from
'd_jfferent (ectgnic setting are shown in i:igurcs 5- 15 to 5—l§.<The_§kiddcr Basalt rocks plot
d‘ominaml,y witiﬁn the ocean floor basé/h field and a few in the low potassium tholeiite field ‘

on Figures 5-15 ahd 5-16 after Pe /and lCann (1973). Some samples, including sevcral_
.of the Group 2 samples, plot outside all fields toward the Y apex on Figure 5-15. Several




Table 5-8: Comparison of averages of minor element components of the Skidder Basalt to those of ocean floor basalts, island

ppm

Cu
Zn
Ga

arc basalts, the Annieopsquotch Ophiolite and the Sandy Lake Formation basalts of the Buchans Group

Ocean Floor Annieopsquotch Skidder Buchans Group
Basalts Ophiolite Basalt Island Arc Basalts Basalts
LARGELOW-VALENCY CATIONS
8 9a 3a 3b 9b 5a 5b 6 7a /)
1064 1660 747 498 1411 3570 2159| 2241| 3487 8052 11622
1 2 1 1 2 4.7 41(22)*] 2.4(2) 5.7 22 34
12.2 20 62 50 29 60[ 90.2 (21)] 195 (8) 63.3 410 721
- - 2 3 3 4(18)| 5.3(1) 2.4 25 30
127 121 95 83 82 231| 224 (22) 247 (3)] 337.6 256 245
LARGE HIGH-VALENCY CATIONS
- 90 57 70 68 40 31 (21)] 313 (3) 41 72 80
- 8393 7434 8093 6534 5035 4975 5156 4976 4975 5216
- 4.6 1 2 5 1.7 1.7 (5) - 1.6 - -
- 33 36 42 31 17 16 (21)] 17 (1) 17 - -
FERRO-MAGNESIAN ELEMENTS
270 251 170 123 146 111 82 (20)| 31 (1) 176 243 134
250 - 326 352 327 - 286 (20)| 240 (1) 254 177 326
135 90 74 44 47 18 36 (20)| 38 (1) 69 48 40
86 30 38 40 - 98 (20)| 40 (1) 94 52 66
85 86 143 83 - 78 (21) - 71 64 90
17 14 14 16 . - 15.2 - -

* Values in parentheses indicate number of analyses

©CoENOTW

Dunning (1984): Annieopsquotch Ophiolite a) average of sheeted dykes b) average of lavas

Ewart (1982): Average basalts of low-K orogenic voicanic rocks a) southwestern Pacific b) northwestern Pacific
Basaltic Volcanism study Project (1981 b): Average New Britain island arc basalts
Thurlow (1981a): Buchans Group, Sandy Lake Formation (Thurlow and Swanson, 1987): a) mafic flows b) mafic pyroclastic rocks
Basaltic Volcanism study Project (1981a): Type 1 oceanic tholeiites

Pearce (1982): a) Mid-ocean ridge tholeiites b) tholeiitic volcanic arc basalts

CL1
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Figure 5-15: Skidder Basalt samples plotted on the Ti-Zr-Y diagram of Pearce and Cann
(1973), used by them to discriminate basalts from different tectonic settings.
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Figure 5-16: Skidder Basalt samples plotted on the Ti-Zr-Sr diagram of Pearce and Cann
(1973), used by them to discriminate basalts from different tectonic settings.



174

;amplcs pl(;t &u”t'ide.all fields and away from-tt;c St apex on Figure 5-16 s*ggesting
relative depletion in Sr for some of the Skidder Basalt rocks. In contrast to thSkidder
Basalt samples, the Sandy Lake Formation bﬁsalts of the Buchans Groué plot
prc_dominahﬂy in the calc-alkaline basalts field on the Ti, Zr, Si"giagram (Thurlow, 1981a).
The Skidder Basalt rocks plot in the MORB/arc lavas .and MORB/Qithin-platq lavas
Aﬁelds with some scatter into the field of island arc lavas on Figure 5-17 (after Pearce,
1980.). On Figure 5-18, the Skidder Basalt rocks overlap the MORB, within-plate basalts
and island arc tholeiite fields at higher Cr cohcenﬁations, and-plot in the within-plate basalts

and island arc tholeiites fields at lower Cr concentrations (after Pearce, 1980). They plot

close to the boundary of island arc and ocean floor tholeiites at highcr Ni conce?idons

and prcdorﬁinamly within the island arc tholeiite field at lower Ni concentrations onf igure

5-19 (after Beccaluva et al,, 1979).
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Figure 5-17: Skidder Basalt samples plotted on the TiO2-Zr trace element variation
diagram of Pearce (1980), used by him to discriminate basalts from different
tectonic settings.
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Figure 5-18: Skidder Basalt samples plotted on the Cr vs. Y diagram of Pearce (1980), used by
him to discriminate basalts from different tectonic settings.
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Figure 5-19: Log-log plot of Ti/Cr ratios vs. Ni in Skidder Basalt samples. Fields after
Beccaluva et al. (1979).
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5.2.8 Rare-Earth Element Geochemistry ;
5.2.8.1 Introduction |

Eight relatively unaltered Skidder Basalt samples were analyzed for ralre-c_g(th
element (REE) concentrations using the method of Fryer (1977). Further details of the
analytical method are givén in Appendix D. The sarﬁplcs chosen cc;ver the fange of
Skidder Basalt compositions from low-Zr quench-textured basalts to high-Zr Group 2
basalts and andesites (). Analyses are p;cscmcd in Tables 5-9 and.S-IO. rarranged i order
of increasing Zr concentrations. : ' »

Rare-earth element concentrations obtainedfrom an analysis ‘ internal Memonal
Univer\sity of Newfoundland (MUN) granite standard MUN—I are listed in Appendix D. A
comparison of th&ghondri!_e-norrn‘alizcd (Taylor and Gorton, 1977) REE pattern for MUN-
1 from the analysis pcrfonﬁcd during this stud'y to tt{e'range of previous analyses suggests
some loss of Sm, Nd, Gd a.nd Er and severe loss of Eu, presumably during the 1:(.3n
exchange process (Figure 5-20). However, the overall LREE-cnn'Ched,- HREE-depleted‘
pattern is consistent with the previous analyses.
5.2.8.2 Results

Table 5-11 shows a Pearson gorrclation matrix for the rare-earth elements and other
selected elements in the representative suite of Skidder Basalt samples. SiO; shows no
correlation to very weak positive correlation with the light rare-earth elements ( LI}EE), (La,
Ce, Nd and Sm) and Eu, and a weak positive correlation with the hcé{%’} rare-'egn'h elements
(HREE) Gd, Dy and Er. The "incompatible" elements Ti (TiO7) and Zr and the alteration-
rﬁodiﬁcd incompatible element, Na (Na,0), show a strong positive correlatien with the
LREE plus Gd and show a moderate: positive correlation with Eu, Dy and Er. P,Os shows

a strong positive correlation with the middle rare-carth elements (MREE) Nd, Sm and Gd

and moderate positive correlation with the remainder of the REE, probably reflecting the

high mineral to melt distribution coefficients for all the REE in apatite but also its relatively
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Table 5-9: Major element contents, and trace and rare-earth element concentrations for a
representative suite of Skidder Basalt outcrop samples, and Skidder Prospect
drill core samples that are relatively unaffected by the mineralizing event(s)

Weight % S 59 SK 27 17 S 34B SK 30 88
SiO2 47.90 53.70 49.60 50.90
TiO2 0.49 0.82 0.84 1.07
Al,03 15.10 14.30 14.50 15.00
FeoO3* 10.12 10.61 9.65 9.77
MnO 0.16 0.14 0.15 0.10
MgO 11.13 7.13 577 8.92
CaOo 8.03 3.16 8.60 3.96
NasO 3.68 412 4.41 5.18
K20 0.0% 0.30 0.14 0.17
P20Os 0.01 0.10 0.13 0.12
LOI 3.75 5.34 5.70 3.76
Total 100.46| 99.72| 99.49| 98.95
ppm
Pb n.d. 4 5 3
Rb n.d. 5 2 7
Sr 67 58 98 72
Y 17 23 21 28
zr 16 43 52 57
Nb 4 4 4 5
Zn 68 105 60 67
Cu 84 55 56 41
Ni 148 27 37 36
Ba n.d. 42 2 4
Vv 190 379 327 275
Cr 371 96 93 151
Ga 13 16 14 28
* Total iron as Fe,Oq4
n.d. - not detected
RARE EARTH ELEMENT CONCENTRATIONS
S59 SK 2717 S 34B SK 3088
chondrite chondrite chondrite chondrite

ppm | nomalized ppm | normalized normalized ppm | normalized
La 2.7 8.6 4.3 13.7 8.9 28.3 8.0 25.4
Ce 7.0 8.6 12.0 14.8 23.1 28.4 20.9 25.7
Nd 8.1 13.6 8.1 15.2 17.4 29.1 15.8 26.5
Sm 4.0 20.8 2.7 14 1 4.6 24.0 4.5 23.4
Eu 1.9 26.3 1.0 13.9 1.4 19.4 1.1 15.2 .
Gd 4.9 18.9 3.3 12:7 6.0 23.2 6.2 23.9
Dy 8.7 26.8 41 12.6 6.1 18.8 6.8 20.9
Er 4.4 20.7 7 12.7 2.5 11.7 3.4 16.0
Total | 41.7 39.2 70. 66.7
Chondrite-normalizing values used are those of Taylor and Gorton (1977)
Ratios (Chondrite Normalized)
La/Ce 1.0 0.9 1.0 1.0
La/Sm 0.4 1.0 1.2 1.1
Eu/Eu* 1.3 1.0 0.8 0.6

Eu* = (Sm+Gd)/2




Table 5-9 (continued):

Weight %
- SI02

TiOp

A0 -

Fe203*

MnO

MgO

Ca0

Na,0

K20

P20s

LOI

Total T

ppm

Pb

PR<PIQNEN<LZ

-
”
SK 27 1 S 80B

48.30 48.10|
1.27 1.76
17.10 14.10
14.58 11.24
0.10 0.13
4.95 4.48
5.40 9.55
'5.21 4.56
0.42 0.03
0.13 0.22
2.77 6.53
1‘90.23| [ 100.70
n.d. 5
3 n.d.
134 45
27 47
75 92

6 9

62 85

8 28

49 . 6
nd. n.d.
237 480
243 34
16 18

* Total iron as Fe,04
n.d. - not detecled

RARE-EARTH ELEMENT

Eu* = (Sm+Gd)2

CONCENTRATIONS
"SK27 1 S 808
chondrite chondrite
; nomalized nomallzed
ta [109] 346 || 9.7] 308
Ce |31.7] 39.0 26.3| 32.3
Nd |24.8] 415 21.2] -355
sm | 7.0l 365 6.1 31.8
Eu 2.0 277 20| 277
Gd 8.0l 309 g2l 317
Dy 8.4/ 2538 8.8] 27.1
Er 3.6/ 169 4.4 207
Total [96.4 86.7
. ~Fatios (Chondrite Nommallzed
La/Ce 0.9 . 1.0
La/Sm 09 1.0
Eu/Eu* 08 0.9
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Table 5-10: Major element contents, and
trace element concentrations
of two Group 2 samples

Weight %
Si02
TiO2
A,03
Fey03*
MnO
MgO
Ca0
Na20
K20
P20s5
LO
Total
ppm
Pb

Rb

Sr

Y

o

ND

Zn

RQ<p&Q

S 21A S 58
58.70 61.30
1.60 1.22
14.390 14.10
9.45 9.45
0.15 0.14
4.09 3.17
2.09 1.85
5.98 593
0.13 0.34
0.38 0.17
2.39 1.84
99.26 | 99.31
6 n.g.
4 nd.
31 32
53 44|
95 103
5 4
117 107
n.d. 14
nd. nd.
52 1
131 124
nd. 3
16 19

* Totaliron as FeoO4
nd. - jpot delected

RARE-EARTH ELEMENT

CONCENTRATIONS
S21A 558 r
chondrite chondrite
ppm [ normalized ppm |normalized

La 8.8 27.9 12.4 39.4
Ce |279 34.3 32,1 395
Nd [25.6 42 9 24.2 405
Sm 9.0 46.9 6.9] 35.9
Eu 2.2 305 1.9 263
Gd (103 39.8 9.3 358
Dy |10.9 33.5 10.3| 31.7
Er 5.0 23.5 52 244
Total |99.7 1023
Ratlos (Chondrite Nomalized)
La/Ce 0.8 1.0
La’Sm 0.6 1.1
EwEU" 0.7 0.7

Eu® = (Sm+Gad)/2
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Key

MUN-1 range, other
studies

MUN-1, this study

Sample/Chondrite

La Ce Pr Nd Sm Eu Gd Dy Er Yb

Figure 5-20: Chondrite-normalized (Taylor and Gorton, 1977) rare-earth element pattern
for internal Memorial University of Newfoundland granite standard MUN-1
(analytical results presented in Table D-1, Appendix D). Results from this
study are compared to the range of chondrite-normalized rare-earth element
abundances for MUN-1 from other studies (D.F Strong, personal
communication, 1986).
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Table 5-11: Pearson correlaton matrix for 1are-earth element and other selected
element concentrations in representative suite of Skidder Basalt samples

Number of samples = 8

La .00] .61}-81[ .73
Ce 00| .71]| -85 .80
Nd 14| .77} -.83 .83
Sm 271 .71 ] -.64 .79
Eu .00] .39 -.23] .07
Gd 32| .76 -.69 | .82
Dy 15| _.40] -19] .53
Er .36 | .30 .00 .41
TAAIREE| .22| .75] -.871 .83
Si0O2 TiOz2 MgO Na0

1.00
.98 [1.00
90| .97|1.00
62| .76| .90
06| _30] .54] 77
74| 82| 92| .97 .72
30| .40 .60] .83 83| .85
00| _.00] 33| .63| .75]| .68] .92
TotalREE[ .97 .96] .99| .90 .58] .95]| .67
la Ce Nd Sm Eu Gd Dy




higher disuibution coefficients for the middle REE (Henderson, 1984), Y s};ows'a strong
positive correlation with Nd, Sm and the HREE and a moderate posilivs correlation with
La, Ce a;d Eu, probably reflecting similarity in the chemical behaviour of Y to that of the
HREE (chdcr’son, 1984). TiO;, Na,O, P,0Os, Y and Zr all display strong positive
Corrglations with total REE. |

The "compatible” elements Mg (MgQO) and Cu show a strong negative correlation
with the LREE and Gd, and a weak to moderate negative correlation with Eu, Dy and Er
(Table 5-11). Elements Ni and Cr, compatible with early fractionating phases in basaltic

magmas, have moderate to strong negalive correlations with the LREE and weak negative

correlations with the remaining REE. MgO and Cu show a strong negative correlation and

LLOL Ni and Cr show a weak to moderate negative correlation with total REE.
L

La. Ce and Nd display a strong positive correlation with Gd and with cach 0?\{

and show a weak to moderate positive correlation with Eu, Dy and Er. Samarium and Gd
are strongly positively correlated wiih all the REE and with each other. Europium, Dy and

Er show astrong positive correlation with each other and moderate positive correlation with

Nd and Sm. ¢ )

-

Figures 5-21 1o 5-24 present chondrit¢c-normalized (Taylor and Gorton, 1977)
patterns for the Skidder Basalt samples amanged in order of increasing Zr concentrations.
REE concentrations range from 8 to 47 x chondrite as shown by a composite of all lhe.
Skidder l}nsalt REE patterns presented in Figure 5-25. Sample S 59, a low-Zr quench-
textured .hasult, pives a LREE depleted- (L.a/Sm = 0.4) and relatively HREE-enriched
pattern with a slight positive Eu anomaly (Euw/Eu* = 1.3). The other samples have
.rLme,ly flat REE to xhg,hlly LREE depleted patterns (La/Ce = (0.8-1.0 and La/Sm = 0.6-
1.2) and show a general increase in ol REE wnh increasing Zr concentration (Figures 5-
21 0 5':25). Sample SK 27 17 has no Eu anomaly but samples with higher Zr -

concc Atrations have slight negative Euanomalies (Ew/Eu* = 0.6-0.9). All samples except

S 59 and SK 27 17 show depletion of the HREE relative 1o the others.
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Figure 5-21:

B EEEE|

l!!!lll

Key

-®- S 59 (16)

T

-O- SK 27 17 (43)

Zr concentrations
in brackets

Chondrite-normalized rare-earth element patterns for Skidder Basalt samples
having Zr concentrations < 50 ppm.

100
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bt 1 s a1l

Key

-®- S 34B (52)
-O- SK 30 88 (57)

-M- SK 27 1 (75)

Zr concentrations
in brackets

| 1 1 1 1 1 L 1
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Figure 5-22: Chondrite-normalized rare-earth element patterns for Skidder Basalt samples

having Zr concentrations > 50 < 85 ppm.
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S 10 + 8- S 80B(92)
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Q. s .
= J in brackets

Figure 5-23: Chondrite-normalized rare-earth element pattern for Skidder Basalt sample S
80B, a high-Zr basalt not included in Group 2.

100 T
) 7%
z | Key
©
5
e ®- 5 21A (95)
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@ 1 .O-
2 ] S 58 (103)
(% - Zr concentrations

in brackets

Figure 5-24: Chondrite-normalized rare-earth element patterns for Skidder Basalt Group 2
samples.
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Figure 5-25: Composite of chondrite-normalized rare-earth element patterns for the Skidder
Basalt.
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5.2.8.3 Discussion

Studies of :he effcets of alteration-on the REE have given conflicting results (cf.
Humphrs, 1984). Ludden and Thompson, (1978; 1979) report that low-temperature
alteration, e.g. pa.lagon: zation of submarine basalt glasses, can result in LREE enrichment,

and a uniform increase n the HREE in the rims of pillows relative to the interiors. Studies

of spilites have shown either enrichment of the REE (Hellman and He_ndcrson, 1977) or no .

effect at all on REE concentrations (Herrmann ¢ al,, 1974) as a result of spilitization.
Expcrimental studies }m the cffects of hydrothermal alteration of basalts suggest slight
enrichment or depletion of the LREE, but very little modification of the HREE under
hydrothermal conditions ranging from 150°C to 350°C (Menzies et al,, 1979). Similar
results were reported after experimental reaction of oceanic tholeiite with seawater at 500-
600°C, 800- 1000 bars and water/rock ratios of 1-3 (Hajash, 1984).

Undet mag’matic conditions, the rarc-earth elements tend to concentrate in the u‘{:at
(c.g. Humphr_is, 1084). -Of the corfimon rock forming minerals, clinopyroxe‘ne is onct)f
the most important major phases in terms of removing REE from the liquid and also
selectively enriching the liquid in the LREE (Hendcrs‘on, 1984; Humphris, 1984).
Distrihuti(:h coefficients are low for REE partitioning in other common rock forming
mincrals such as olivine, magnetite and plagioclase (Eu being an exception in the latter
casce). However, common accessory minerals in basalt such as apatite and sphene, and
possibly zircon in more differentiated compositions, play a major role in REE distribution,
Mincral/melt distribution coeificients presented by Henderson (1984) for ap;atitc and sphene
in felsic rocks range from 17-50 for apatite and 27-]92 for sphenc. Both these minerals

concentrate the MREE relative to the LREE and NREE. -Zircon tends to concentrate the
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HREE. Henderson (1984) reports mineral/melt d_is‘trib'ulion coefficients for Zr in felsic

rocks of ';bout' 4 for the LREE, in contrast to ab’o?t 48 for Dy and 345 for Lu.

A With the c‘x{cption of § 59, the Skidder basalt samples show a similarity of REE
patterns whi_ch supports a cogenetic origin for the basalts including the Group 2 samples.
Extensive clinopyroxene f;acdonatiOn which would expect to be reflected by LREE
enrichment in the high-Zr basalts is not indicated. The relative depletion of the HREE in
the Skidder samples, -is probably a result of loss during the ion exchange proccsls
(Dunning, 1984, G. Jenner, personal communication, 1987). Hpwever, it is p‘ossible that
the convex downward REE patterns shown by several of [hclﬂsamples may be partially
con&olled/b§ the host minerals to the REE within the spilitized Skidder Basalt. Sphenc isa
common éitcésséry mineral in the Skidder samples (Chapter 4) and presumably much of the
phosphorus content of the samples is hosted by apatite. Both these mineralsl have high
mineral/melt distribution cocfficients for the REE and preferentially incorporate the MREE
{Henderson, 1984).

Europium anomalies arc often attributed to substitution of Eu?+ for Ca2* and Na* in
plagioclase (c.g. Henderson, 1984). Thus, positive Eu anomalies are suggested to indicate
plagioclase accumulation and ncgativclEu anomalics indicative of substantial plagioclase
fractionation (at least 25% plagioclase removal, Basaltic Volcanisin Study Project (BVSP),
1981a). Coish et al, (1982) suggest ri-:moval of Ca and Eu during albitization of
plagioclase although mobilization may only be local since reprecipitation oflﬁese elements
may occur by formation of epidote and/or calcite near plagioclase grains. Sun and Nesbitt
(1978) also attmbute Eu anomalies to alteration.

The Skidgcr Basalt samples do not show the severe depletion of Eu that would be
expcected by com‘paring the analysis of the MUN-1 standard conducted during this study to
previous analyses of the standard (Figure 5-20) but lass of Eu and hence production of the

negative Eu anomalies in the Skidder Basalt samples as a result of the analytical method

cannot be ruled out. Loss of Eu as a result of albitization in some of the Skidder Basali
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samples is supported by the most ;;fonounccd negative Eu anomaly being in sample SK 30
88 which has the lowest CaO content and the highest positive Eu anomaly being in sample
S 59 which has a high CaO content. However, contrary to this argument and sui)ponive of

at least some magmatic control, i.e. plagioclase fractionation, on the negative Eu anomalies

_ TN
in the Skidder Basalt is that sample S 80B which has the highest CaO content has a

negative Eu anomaly and sample SK 27 17, which has a low CaO content has no negative

Eu anomaly.

5.2.8.4 Tectonic environment y

The range of chondrite-normalized REE concentrations in the Skidder Basalt is
compared to that of ocean floor basalt lavas in Figure 5-26. High-Zr and Group 2 Skidder
Basalt samples contain higher LREE and MREE concentrations than "normal” or N-type
MORBS (Figure 5-26). A highly evolved ocean floor basalt from the Galapagos Ridge
(BVSP, 1981a) conta.ins about the same LREE and MREE concszntrations as the'most REE-
enriched 'Skidder Basalt samples but it has a significantly higher HREE concentration.
Some, but not "dll of the Skidder samples show LREE depletion a typical characteristic of
N-type MORB (e.g. BVSP, 1981a; Saunders, 1984). The Skidder Basalts do not sho»\;
the characteristic LREE ex\m‘_chmcni of enriched MORBS (Erlank and Kable, 1976; Le Roex
¢t al,, 1983; Saunders, 1984,\5‘\,or_the extreme LREE enrichment typical of within-plate
alkalic lavas from oceanic islands, represented on Figure 5-26 by Azores Islands lavas.
The Skidder Basalt samples do fall within the range of "transitional” or T-type MORBS
(Figure 5-26) which have intermediate REE characteristics between N-type and cnri(;hcd
MORBS showing either LREE depletion or enrichment.

Figure 5-27 cotnpares REE concentrations in the Skidder Basalt to those of island
arc bdsalts. Some of the Skidder samples show flat REE patterns characteristic of island
arc tholeiites (e.g. BVSP, 1981b) but the overall abundances of REE in the Skidder Basalt

are greatcr such that the most evolved of the New Britain island arc reference suite
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Figure 5-26: Range of chondrite-normalized rare-earth element abundances in the Skidder
Basalt compared to: N-type MORBS (Saunders, 1984; data from: Frey et al.,
1980; Kay et al., 1970; Saunders, 1983; Schilling, 1975a; Srivastava et al.,

1980; Sun et al., 1979; Thompson et al., 1976); transitional MORBS

(Saunders, 1984; data from: Langmuir et al., 1977; Wood et al., 1979;
O'Nions et al., 1976); enriched MORBS (Saunders, 1984; data from: O'Nions
et al., 1976; Schilling, 1975b; Wood et al., 1979); and alkalic Azores Islands
Lavas (White et al., 1979). The rare earth element pattern for a highly evolved

ocean floor basalt from the Galapagos Ridge is also shown (Basaltic

Volcanism Study Project, 1981a).
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Figure 5-27: Range of chondrite-normalized rare-earth element abundances in the

Skidder Basalt compared to that of: the New Britain Island Arc Tholeiite
reference suite (Basaltic Volcanism Study Project, 1981b); tholeiitic and
calc-alkaline basalts from the Sunda Arc (Whitford et al., 1979); basalts,

basaltic andesites and andesites from the Marianas Islands (Dixon and

Batiza, 1979); and modern boninites from the west Pacific (Crawford and

Cameron, 1985; data taken from: Cameron et al,, 1983; Jenner, 1981;

Sun and Nesbitt, 1978).
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(BVSP, 1981b) overlqps or:ly the lower-Zr Skidder samples. Some of théﬁSkiddcr
samples have negative Eu anomalies, a characieristic usually lacking in island arc basalts
(BVSP, 1981b). The Skiddcr Basalt samples do not show the LREE enrichment
characteristic of calc-alkaline basalts represented on Figure 5-27 by the Sunda Arc.
(Whitfor‘d ¢t al., 1979) and they do not show e overall REE depletion characteristic of ™
modern boninites (Cameron ¢t al., 1983; Jenner, 1981; Sun and Nesbitt, 1978).
_Raré-eanh element analyses of basalts and andesites from the Mananas Islands
show considerable overlap with the Skidder Basalt but the former have a characteristic
negative Ce ant.)m.ary not shown by the Skidder samples (Dixon and Batiza, 1979).
Negative Ce anomalies have been noted in several island arc suites (e.g. Jakes and
Gill, 1970; Ewart ¢t al,, 1973; Taylor et dl,, 1969; White and Patchett, 1984)(; and in the
Point Sal ophiolite in Califorhia (Mcnziés gtal,, 1977), interpreted Ey Pearce ¢t al, (1984)
as having been formed in a supra-subduction zone setting. Dixon and Batiza (1979) relate
the negative Ce anomalies in the Marianas lavas to the ability of Ce to attain a quadrivaiem
ionic state with correspondingly smaller ionic radius; they suggest that depletion of Ce is
related to depletions in other small, hi-ghly charged ions such as Ti, Zr and Hf. White and
Patchett (1984) suggest that negative Ce anbmalies are a'”cbr'nmon, but not ubiquitous,
fearure” of island arc volcanic rare-eanh.elemcnt patterns. They indicate that the anomalies
may be inherited from subducted altered oceanic crust or sediments or alternatively be a
result of fluid-solid partitioning during dehydration of xﬁc subducting slab. Cullers and
Graf (1984) also suggest that the negative Ce anomalies are source related. Menzies gtal.
(1977) attribute the negative Ce'anomnlies in the Point Sal ophiolite as being related to
prolonged interaction of the lavas with sea water, the latter having a pronounced negative
Ce anomaly (e.g. Humphris, 1984). Stabilization of minor oxide phases as a result of
melting under hvdrous conditions in the source for island arc basalts has been ir.voked as
one possible explanation for depletion in these basalts of high field strength cations such as

Ti, Zr and Nb, and the REE (e.g. Saunders 1., 1980). Presumably, conditions of
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higher oxygen fugacity would tend to stabilize the quadrivalent Ce ion (cf. White and
Patchett, 1984) and destabilize the Eu2* ion and could provide an :xplanatipn for Ce
depletion in some and a general lack of Eu anomalies in most island arc basalts. Ce_nai'nly,

however, lack of extensive plagioclase fractionation in island arc basalts (e.g. Perfitet al,, -

1980) can also provide an explanation for their lack of negative Eu anomalies.

5.2.9 Extended rare-earth element diagram

Pearce (1982) attempted to incorporate several of the gcochemiéal features that
characterize basalts from various tectonic settings onto one extended rare-carth style
diagram on which average compositions are normalized to N-type MORB (Figufe 5-28).
On Figure 5-28 the avcrage composition for the Skidder Basalt normalized to N-type
MORB is compared to the average normalized composition for E—.rype MORB (Wood et al.,
1979; Pearce, 1982); for alkalic occanic island basalts fmﬁ th'c Azores (Pearce, 1982); for
the-New Hebndes calc-alkaline basalts (Goron, 1977); and for island arc tholeiites from
the South Sandwich lIslands (Pearce, 1982). Also presented for comparison i; the average
compositdon of the Annicopsquotch Complex dykes and lavas (calculated from geochemical
data presented in Dunning, 1984). | '

Alkalic oceanic island basalts show a characteristic enrichment (relative toﬂ N-Type
MORB) of the large ion lithophile elements (LIL) Sr, K, Rb and Ba; high field sorength
cations (HIES) 'Nb, P,’ 7Zr, ;l‘i and Y; and rare-earth elements (REE) Ce and Sm (Pearce,
1982). E-type MORB are enriched in the LIL elements and’HFS elements Nb, P and Zr
plus the light REE (Pearce, 1982) relative to N-type MORB. Calc-alkaline basalts are
highly enriched in the LIL elements; are depleted in HES elements Nb, Zr, Ti and Y; but
are enriched in the light rarc-earth elcments and P relative to N-type MORB (Pearce, 1982).

Island arc tholeiites are slightly enriched in Rb and Ba but are significantly depleted in the

HES clemerits and Cr relative to N-type MORRB (Pearce, i1982).




193

Rock/MORB

SEE O 88

VLSS S AL A

Skidder Basalt

Annisopsquotch dykes and lavas

E-Type MORB, mid-Atlantic ridge at 45° N
alkalic, oceanic island basalt, Azores Islands
island arc tholeiite, South Sandwich Islands

calc-alkaline basalt, New Hebrides

Figure 5-28: N-Type-MORB-nomalized trace element patterns for: average Skidder Basalt;

average Annieopsquotch dykes and lavas (data from Dunning, 1984); E-type MORB

(Pearce, 1982; Wood et al., 1979); alkalic, oceanic island basalt (Pearce, 1982);
island arc tholeiite (Pearce, 1982); and calc-alkaline basalt (Gorton, 1977).



The Skidder Basalt is slightly enriched in Ba, Nb, P and the LREE, is slightly

depleted in Sr, and, like the Annieopsquotch Complex is slightly depleted in Zr, Ti and Cr
relative to N-type MORB. Overall, both the Skidder Basalt and Annieopsquotch Complgx
have a pattern more similar to N-Type MORB than to the other basalt types. The Skidd

Basalt does not show dcplc:tion of the HFS elements nor as much depletion of Cr as is

characteristic of island arc tholciite:?.




5.2.10 Petrogenetic model

Mid-ocean ridge basalt gco;'hemistry 1s dominated by low pressure tractional
'crystallization of olivine + Cr-spinel followed by olivine + plagioclase; only late in the
crystallization history does clinopyroxene become a liquidus phase (e.g. Bender ¢t al.,
1978; BVSP, 1981a). This contrasts with the liquid line of descent proposed for island arc
tholeiites (cf. Perfit et al.,1980) in which clinopyroxene instead of plagioclase is the early
mineral phase. Chnopyroxene replaces olivine as the liquidus phase at pressures greater
than 12 kb (BVéP, 1981c). Also, ﬁolloway and Burnham (1972) showed that plagioclase
15 not a stable phase under hydrous magmatic conditions and that the important crystallizing

phases under these conditions are clinopyroxene, olivine and magnetite. This prompted

Perfitetal. (1980) to suggest that the substitution of clinopyroxene for plagioclase as an

early mineral phase in island arc tholeiites may be due to crystallivation at greater depths or
at higher py,0 conditions.
Skidder Basalt chromite compositions suggest a liquid line of descent for the

Skidder Basalt similar to that for MORB, i.e. early crystallization of Cr-spinel and olivine,

e

—_—

fo]lowccfb'; olivine and plagioclase * Cr-spinel and late fractionation of clinopyroxene (see
Figure 4-34). Early L;rystal‘lization of plagioclase 'is supported by-xhc presence in the
Skidder basalts of ubiquitous large albitized plagioclase phenocrysts.{ Pearce and Nojry
(1979) modeled the effects of fractionation of several minerals Wiﬂ.l- fcgurd toZrand Y.
These effects are shown as vectors on Figure 5-29. The trend outlined by the Skidder
Basalt samples is consistent vyith fractionation of olivine and plagioclase. Extensive
fractionation of clinopyroxene which would tend to lower the Y/Zr ratio is not observed.
Holloway and Burnham (1972) suggest tiat early fractionation of plagioclase from
a magma is indicative of fractionation under loyv fo, conditions. Vanadium, which is
compatible with Cr-spinel, is also compatible with clinopyroxene and magnetite under low

oxygen fugacity conditions (less than or equal to log fo, of -10) (Shervais, 1982). Hence,

vanadium concentrations in the Skidder Basalt should show the effects of fractionation of

4

-~
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Figure 5-29: Zr vs. Y plot of the Skidder Basalt samples. Vectors show the effects of fractionation
of various minerals on the Zr/Y ratio (after Pearce and Norry, 1979).
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Cr-spinel, clinopyroxene and magnetite. The behaviour of Ni and Cr in basaltc magrﬁus is
dominated by the three phases olivine, Cr-spinel and clinopyroxene. Nickel partitions into
olivine and Cr into Cr-spin?l, which crystallize early from basaltic magmas, and both Ni
and Cr partition into clin;pyroxcnc, having distribution coefficients of 2 and 10
respectively (Sun ¢t al,, 1979).

Figure 5-30'i!lu'stratcs the behaviour of V with respect to Cr and Ni in the Skiédcr
Basalt and Figure 5-31 is a plot of log Ni versus log Cr for the Skidder Basalt s;mplcs.
Although considerable point scatter is evident, the data presented on each of the three
diagrams define a trend wi‘th several changes in slope as shown by the visually cstimarcd

best fit" lines through the data. Slope changes between line segments labelled A t

Fxgurc 5-30 and A 10 E on Figure 5-31 are thought to reflect changes in the number dand
am.our& of mirneral phases that were fractionating from the the magma(s) which produced
the rocks. Note that the range of Nior Cr valucsrincludf:d in each line segment labelled A
to D on Figure 5-30 is equivalent to the range of values included in each of the similarly-
labelled line segments on Figure 5-31. Stippled areas on Figure 5-31 outline the two fields
in which data from the Annieopsquotch Dykes plot (geochemical analyses in Dunning,
1984). ‘.
Segment A on Figures 5-30 and 5-31 is thought to reflect coprecipitation of olivine
and Cr-spinel £ plagibclase. Peaking of the amount of Cr-s;;incl and olivine frgctioﬁ‘ation
is suggested by segment B which shows an overall dcc-rcase inVv wit"h decreasing Cr and
Ni. The general increase in V concentration with decreasing Cr and Ni as shown by
segment C is probably indicative of the coprecipitatjon of olivine and plagioclase and
presumably marks the reduction and then cessation of Cr-spinel precipitation. The
continued reduction in Cr concentrations shown by segment C suggests that clinopyroxene
is probably a fractionari%g phase at this point in the evolution of the magma (or magmas)
that produccd the Skidder Basalt rocks. However, the increase in ovcrall V concentration

'y

shown by segment C suggests that fractionation of clmopyroxenc was not emensive

~
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Figure 5-30: Vanadium plotted against Cr and Ni for the Skidder Basalt. Heavy lines
are suggested "differentiation” trends. Line segments A, B, C and D are
discussed 1n text.
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Figure 5-31:Cr vs. Ni plot for the Skidder Basalt. Heavy lines mark suggested
"differentiation” trend. Line segments A, B, C and D, and the dashed lines
mark the same ranges of Cr and Ni concentrations as on Figure 5-30.
Stippled lines outline fields in which the Annieopsquotch diabase dykes plot
(data from Dunning, 1984). Line segment E is discussed in text.
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enough to prevent a buildup of V in the remaining magma or altematvely that ah increase in

.fo, occurred thereby reducing the compaﬁbility of V in clinopyroxene (Shj;vais, 1982).

The mgarked reduction in V shown by Trend D defined mainly by Group 2 samples
probably indjcgtes more extensive fracuonation of clinopyroxene and t}‘lc onset of magnetite
as a fractionating phase.

Trend E on Figure 5-31'defined by the Annieopsquotch Ophiolite dykes is a

deviation from the Skidder Basalt trends and probably marks more extensive fractionation

of clinopyroxene and a cessation of olivine precipitation in the magma that produced these

. rocks. Note that Skidder Basalt trends C and D on this diagram are subparallel to the Ni

axis which further supports the suggestion made above, that fractionation of large amounts
of chinopyroxene did not occur until late in the fractionation of the magma or magmas that

produced the Skidder Basalt rocks.

5.2.11 Group 2 petrogenesis

Group 2 samples are characterized by: large variations in SiOQy, TiO, Fe,04, P20
and V contents; high Na,O, Zr and Y concentrations and; low MgO, CaO, Sr, Ni and Cr
contents (Figures 5-3 to 5-9). The high total REE, Zr and Y concentrations and low Ni and
Cr concentrations of the Group 2 samples suggest that they crystallized from a somewhat
differendated basaltic magma. Comparison of the rare-earth element patterns for the Group
2 samples and those of the other Skidder Basalt rocks (section 5.2.8) suggests that the
Group 2 rocks are cogenetic with the others. Their variable TiO,, Fe;03, P2Os and V

contents suggest that accessory minerals such as magnetite and apatite were probably on the

. liguidus of the magma(s) from which they crystallized.

5.2.12 Comparison to ophiolite complexes

Spilidzation, the presence of variolitic pillow lavas, the sparseness and smaller size

of amygdules, the high mg'gnctic susceptibility and tholeiitic chemistry distinguish the




),

Skidder Basalt from the Buchans Group basalts and illustrate its similarijy to ophiolite

]

. pillow lava sequences, ¢.g. those of the Annicopsquotch (Dunning, 1984) and Bay of
.Islands Complcxés (Malpas, 1976), and to pillow .lavas of the ophiolitic Lushs Bight
Grc;up (Smitheringale, 1972; Swong, 1973; Kean, 1984). The ore metal content of the

Skidder prospect, that is, copper and zinc and only a very minor amount of lead; and the

occurrence of the prospect in basgﬂts rather than felsic rocks further support an ophilolilic

environment of formation. The presence of rondhjemite dykes and pods in the Skidder

Basalt is also consistent with an ophiolitic environment.

Beccaluva et al, (1980) state that ophiolites such as the Troodos and Vourinos
complexes, which plot in the island arc tholeiite field on trace element variation diagrams,
have several characteristics in common. These complexes often contain lavas similar to

boninites in that they have very low contents of Ti and the incompatible elements, and very

high Cr and Ni concentrations. Coish and Church (1979) describe flows with similar
characteristics in the Betts Cove ophiolite. Other effusive rocks present in these ophiolites
are more depleted in the incompatible elements and compatible elements such as Cr and Ni
than typical ocean ﬂéor tholeiites. Beccaluva ¢ al, (1980) further state that the variation in
the modal mineralogy of the Troodos and Vourinos ophiolitic rocks define a fractional
crystallization order of Cr-spinel plus olivine, clinopyroxene, orthopyroxene, and then
plagioclase, similar to that described for island arc tholeiites (Perfit ¢t al,, 1980).
Miyashiro (19.73) suggests that the Troodos ophiolite formed in an island arc environment
and '(Bcccaluva et al,, 1980) conclude that the Troodos and Vourinos ophiolites probably
originated by "spreading processes above a subduction zone close to an intraoceanic
converging plate margin”.

According to Beccaluva gt al, (1980) cumulus minerals in.the gabbroic complexes
and phenocryst phases in the lavas of the Northern Apemming Ophiolites, which have

. MORB-type chemistry, indicate a crystallization order of Cr-spinel plus olivine,

Py
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plagioclase, clinopyroxene, Ca-poor ﬁyroxenc, Fe-Ti oxides and finally apatite, similar to
that suggested for MORB (cf. Bender e al,, 1978, BVSP, 1981a).

' The Skidder Basalt rocks have low concentrations of Lhé large ion lithophile
elements like Mid Ocean Ridge Basalts (MORB) and typically plot in the field of MORBS
or overlap the MORB and island arc tholeiite fields on many trace element variation
diagrams (section 5.2.7). The lack of lavas similar to boninites in the Skidder Basalt, and
its indicatcd"liquid line of descent, that is, Cr-s;')incl plus olivine * plagioclase, olivine plus

. Pplagioclase, and laié in the fractionating history, clinopyroxene plus magnetite and apatite
suggest a greater similarity of the Skidder Basalt to MORB-type ophiolites. Pearce ¢t al,
(1984) conclude that ophiolites with MORB chemistry, which include the Macquarie Island
(Griffin and Vame, 1980) and Bay of Islands ophiolites (Suen ;_LQL, 1979), may have
formed in "incibiem oceans, major oceans, leaky transforms" or in "back-arc basins".

Figure 5-32 compares the range of chondrite-normalized REE concentracons in the

Skidder Basalt to that of several Newfoundland ophiolites. As shown, the range of
Skidder Basalt REE, although extending to higher REE c‘oncentrations, overlaps that of the
Annieopsquotch pillow lavas (Dunning, 1984), the Bay of Islands dykes and lavas (Suen

etal, 1 979) and the upper lavas of the Betts éovc ophiolite, but none of the Skidder Basalt
samples show the exwreme REE depletior‘m characteristic of the Betts Cove lower lavas

(Coish gt al., 1982). The Annieopsquotch and Bay of Islands ophiolites are geochemically
similar to N-type MORB (Dunning, 1984; Suen ¢t al,, 1979). The upper lavas of the Betts
Co;/e ophiolite also have geochemical similarities to MORB, but the lower lavas are more
similar geochemically to boninitic lavas (Coish ctal, 1982) '

Figure 5-33 compares the range of chondrite-normalized REE abundances in the

Skidd=r Basalt to dykes and layas of the Sarmiento ophiolite and metabasalts of the eastern

Liguria ophiolite. .Wi'tﬁ the exception of HREE depletion and slightly greater enrichment of

the light XEE, the range of REE abundanges is similar in the Skidder Basalt to that of the

eastern Liguria ophiolite, which is geochemically similar to MORB (Venturelli ¢f al,, 1981;
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Figure 5-32: Range of chondrite-normalized rare-earth element abundances in the Skidder

Basalt compared to that of the Annieopsquotch pillow lavas (Dunning,
1984); the Bay of Islands dykes and lavas (Suen et al., 1979); and the Betts
Cove upper and lower lavas (Coish gt al., 1982).




204

100

30
20
[}
=
D
=
o 10
=
Q
)
o
E
3]
n Skidder Basalt
Sarmiento ophiolite dykes and lavas
RERN having Zr £ 247 ppm
OGN Eastern Liguria ophiolite metabasalts
1

La Ce Pr Nd Sm Eu Gd Dy Er Yb

Figure 5-33: Range of chondrite-normalized rare-earth element abundances in the Skidder
Basalt compared to that of dykes and lavas of the Sarmiento ophiolite
(Stern, 1979), and that of metabasalts from the eastern Liguria ophiolite

(Venturelli et al., 1981).



205

Pearce ¢t al.,, 1984). The range (zf REE abundances in the Skidder Basalt is also similar to
that of the dykes and lavas from the Sarmiento ophiolite (Figure 5-33), which formed in an
Early Cretaf:cous cxtcnsional.'back arc basin (Stern, 1979). The Skidder samples,
however, do not show as much LREE enrichment as those of the Sarmiento ophiolite.
Intermediate icelandites and silicic dykes are present in the Sarmiento ophiolite. These
rocks have higher Zr; Y and REE concentrations than the associated basalts, but have
similar Ce/Yb ratios prompting Stem (1979) to suggest a cogenetic origin for the basalts,
the icelandites and the silicic dykes (Stern, 1979). Ferro-gabbros in the Sarmiento
ophiolite closely approximate in composition the calculated crystal extracts required to
evolve ferro-basalts into icelandites and the more silicic differentiates (Stern, 1979). Stemn
(1979) indicates that the Sarmiento ophiolite is best modeled by a "magma chamber
replenished only a limited number of times with 2 continuously decreasing volume of
undifferentiated magma followed, subszquent to the last input of new par'ental magma, by
closed system fractionation which results in the formation of ferro-basalts, icelandites and
silicic differentiates”.

The Skidder Basalt contains more rocks characteristic of differentiated basalt
compositions and has lower average concentrations of incompatible elements than typical -
ocean floor basalts. Stern and de Wit (1980) state that these characteristics are typical of
ophiolites formed at slow spreading ridges. They explain this by indicating that slow
spreading ridges would probably have magma chambers that act as closed systems for

longer periods of time than those at fast spreading centres where magma chambers would

I'd

be constantly replenished with batches of primitive magma.
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5.3 Geochemistry of the Skidder Trondhjemites
5.3.1 Introduction

Trondhjemite dykes intrude the Skidder Basalt in the vicinity of the Skidder
Prospect and near the pyrite-rich zone at S 72 (Figures 3-3 and 3-4) about 2 km to the
northeast. Also, a small body of trondhjemite (keratophyre (?)) intrudes or is interlayered
with the Skidder Basalt in the northeastern portion of the map area (Figures 3-3 and 3-4).
The trondhjemites are typically light grey-green, fine grained and massive to feldspar
phyric. Rare, partially resorbed mafic xenoliths are incorporated into the trondhjemite dyke

at S 10.

5.3.2 Major and trace element chemistry

Twelve analyses of trondhjemite dykes from the immediate area of the Skidder
prospect are listed in Table 5-12. They comprise four outcrop samples and eight samples
from the Skidder prospect drill core. Like the mafic rocks in the vicinity of the Skidder
prospect massive sulphide deposit, several of these trondhjemites have been
hydrothermally altered by the mineralizing event(s) (see Chapter 6). Several of the dykes
contain fractures, vugs and grain interstices filled by quartz, chlorite or pyrite, or some
combination of these minerals, and abundant disseminated pyrite occurs in samples SK 27
29, SK 30 51, SK 30 757 and SK 32 17. Also included in Table 5-12 are three analyses
of the trondhjemitic pod exposed approximately two km northeast of the Skidder prospect
and one sample of a trondhjemite dyke (?) (S 73) which occurs near the pyritized area at S
72 (Figure 3-3). The sample preparation and methods used for the trondhjemite analyses
are described in Appendix B.

The rocks fit the geochemical definition of low Al,O3 (oceanic) type trondhjemites
(Barker, 1979) for they contain: 2 68% SiO»p; = 4-5% FeO + MgO; < 2% K;0 and; < 15%
Al,Os3. A Pearson correlation coefficient matrix for the Skidder trondhjemites is presented

in Table 5-13 and selected X-Y plots are shown on Figures 5-34 and 5-35.
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Table 5-12: Analyses of Skidder trondhjenfltc outcrop samples
Trondhjemite Dykes/ Trondhjemite Pod
Skidder Prospect Area
weight % S2 S4 S10A §13B S73 S 67 S 68 S 69
SiOg 77.40 80.20 7560 7610 80.00 80.00 67.90 76.90
TiO; 0.09 0.11 0.22 0.44 0.28 0.21. 0.43 0.28
Al,03 11.40 10.10 11.40 10.80] 10.00 10.20 14.60 11.50
Feo03* 3.06 3.01 3.21 2.76 2.61 1.86 5.32 2.04
: MnO 0.03 0.06 005 0.03 0.02 0.02 0.06 0.02
- Mgo 0.60 0.69 1.12 1.00 0.59 0.36 . 1.35 0.39
Ca0 0.04 0.25 0.46 0.73 0.10 0.13 0.8 . 0.14
Na;0 5.83 5.08 5.78 5.50 4.76 4.03 4.66 5.89
K20 0.11 .16 0.15 0.11 0.20 1.08 2.00 0.03
P20sx 0.06 0.03 0.08 0.09 0.11 0.02 0.05 0.05
LOl 0.85 1.01 1.20 1.14 0.87 0.89 2.38 0.62
Total 99.47} 100.70] 99.25] 98.70] 99.54| [ 98.80]/ 99.64] 97.86
ppm V4
Pb 1 6 1 2 3 0 7 7
Rb 2 4 2 4 1 20 35 2
Sr 22 26 31 54 21 19 48 23
N Y 46 40 56 50 48 58 74 69
g 142 133 169 132 170 186 220 182
¢ Nb 2 5 5 6 6 6 6 6
n 51 73 40 30 53 21 90 61
Cu 1 6 0 14 17 14 . 29 17
‘NI 0 0 0 3 0 0 0 0
La 4 4 0 7 3 14 19 9
Ba 15 16 13 30 4 21 88 0
v 17 10 19 73 10 13 15 13
Ce 14 19 13 15 64 81 g0 98|
O 0 0 0 0 5(. 8 1 3
. Ga 12 12 10 9 13 12 20 13
. ' Totaliron as Fe O3 RARE-EARTH ELEMENT
. CONCENTRATIONS
S68
chondrite
pom | normalized
Chondrite-normalizing values used are those of La 14 .4 45.7
Taylor and Gorton (1977) Ce 34.7 42.7
Nd 27.6 46.2
Sm 7.9 411
Eu 1.3 18.0
< Gd 7.9 30.5
| Dy 9.6 29.5
Er 5.4 25.4
Total- [ 108.8

Ratios (Chondrite Normalized

La/Ce 1.1
La/'Sm 1.1
Eu/Eu* 0.5

Eu* = (Sm+Gd)/2




Table 5-12 (continued): Analyses of trondhjemite dykes from the Skidder Prospect dnil} core
»

weight % SK6 8 SK2725 SK2729 SK 2945 SKJ30 1. SKJ757 SK3217
SI0, 78.00 76.90 78.80 70.30 75.00 81.10 78.40
MO, 0.07 0.16 0.13 0.31 0.18 0.13 . 0.00
A0, 10.70 11.20 10.30 12.80 12.10 1030 ° T 9.30|
Fo207 1.23 2.20 0.99 2.63 2.45 0.60 3.00
MnoO 0.03 0.04 0.03 0.05 0.03 0.01 0.02
Mgo 2.39 2.42 2.67 4.90 0.91 0.50 1.19
Ca0 0.18 0.07 0.08 0.14 : 0.18 0.20 0.24
Na0 4.34 4.95 452 3.23 5.90 2.80 - 4,82
K20 0.54 0.10 0.09 1.73 0.97 1.81 0.086]
P,0s 0.01 0.04 0.02 0.02 0.15 0.02 0.00
Lol 1.50 1.17 1.34 2.74 0.52 1.58 1.76
Total 98.99] 99.25] 98.97] 99.05] 98.79]
ppm
Pb 9 0 5 6 4
Rb 6 2 0 ) 23 3
39 34 32 30
53 . 50 47 49
162
5 4 4 7 6
386 34 54 asg
14 17 24 13
0 0 0 0
28 . 15 " . 8
104 25 86 5
15 14 20 17 19 12
125 73 84 110 84 77
5 4 0 8 12 4
13 9 17 14 12 12

Roo<PLZoEgN<w

Depth (fest) 143.0 691.0 11.0
Depth {melres) 43.6 210.6 34
Distance'* 63.2 ' 37.4 238.6

* Totaliron as FeyOq RARE-EARTH ELEMENT
CONCENTRATIONS
** Distance from most intensely altered rocks
in the ¢l hole SK 301

et
normalzed

103.2)
100.2
81.2
71.9
30.5
50.2
38.2
258

Chondnte-normalizing values used are thosa of
Taylor and Gorton (1977)

= m o
%WQE: QL

Ratios (Chondrite Normalized)
La/Ce 1.0
La/Sm 1.4
Eu/Eu* 0.5
Eu' = (Sm+Gd)/2




Table 5-13: Pearson correlation matrix for Skidder trondhjemites

. “
Number of samples = 16 - Nb 1.00
Zn .00{ 1.00
Cu 21| .00| 71.00

S102 1.00 N 00[_ _-09] 00| 1.00
TO2 -.59] 1.00 Ba 38 00| .32 00| _1.00
AN203 [ -.83 .59] 1.00 v .00 oo oo g6 00| 1.00 .
Feg03*| -.72 .44 65| 1.00 Ce .37 .00]  .s8] -.33 .41 -31[ 7.00 -
MnO “-.65 3] .61 .68] 1.00 o 27| .00l .48] -11] 00l oo .51 1.00
Mgo -48] .00] .28 »00[ .36( 1.00 Ga 25| 65| .39| -24] .43 -14] 38 .00
Ca0 -49| .63 .42 58] ..37 .00] 1.00 Nb n Cu N Ba v Ce a
Na0 | .00l .00l .00 .39 .00 -.19[ .00 1.00 .
K20 -.34 18] .45 .00] .00l .00 11| -62] 1.00
P05 .00l .35 12 16] .00] -o08 .00 .s4] .o0] .1.00
LOl -.56 .00] .38 7| .34 .66 .26/ -.52 56 -.41| 1.00
Total .00 .00 .00 .34 .57 .00l .00 .00 .00l .00 .00] 1.00
Pb .00 .00 .15 .00 .00 .00 00 .00 .26 .00 .16 .00[ 1.00
Rb -.43[ .32 .50 00 ool 00| 32| -58_ .96 00 .64 00| __.07[ 1.00
Sr -26] 28] 15 .00 o0 .oo] .64 .00 oo .00 .17 .00l .00 .00] 7.00
Y -52] .52 .56 27| .00 ool .42[ oo 28] .0o0[ .10[ -.26] .01 .43 00 1.00
r -60| .37] .68 .00[ .00 23] oo .00 .70 00[ .34 -.04] .24] .66 .00] .64 1.00
Nb .00 23] .00 .00 .00l 15[ .00 -45] .44 .00[ 32| -10] .00 .41 .00] .00 .39
Zn -44]  17] .82 44| 551 .00 .00f .00 .22/ .00 .42 .40[ .13] .33 .00o] .o5] .20
Cu .00 .00l .00 .00 -15] 00 .00 -27| .50 .00] .00[ .00 .21 .46] .26 ~ 26| .39
N .00] .47] .00 .00 .oof .00l .48 00l .00[ 13] .00] .00] .00 .oof ..s3[ .00 -.30
La -.32 .00] .31 00| 00] .44] oo -26[ .46] 00| .41 ool .63| 42 .00 .27] .as
Ba -.20 .00 .29 00 .00] .36 00| -62]| .82 -.00 .55 .00 51 .67 .06 .00 .44
v 00| .49] .00 .00 .00 .cof .46 o0of .o00f .15 00[ .00 .00 00| .s8[ 00 -.15
Ce .00 .00 .00 -.19 -.18 .00 .00 -.29 .36 .00 00| y 44 .54 .22 .00 27 .55
(o .46 -.30 -.30 -.63 =60 .00 -.32 -.36 .00 .00 .004 -.19 .00 .00 .00 .00 .00
Ga -.69 29| .73 .50 .35 15 12 00| .67 00 54 00 .41 .71 00 .50 .74

Si0; Tz Mz03 Fez03 MnO MgO CaO Na/q'o K20 Pz05 LOl Total Pb  Rb & Y =z
* Total iron as FepxQ04

60C
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Figure 5-34: Element versus SiO» plots for Skidder trondhjemites.
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Figure 5-35: Miscellaneous X-Y plots for Skidder trondhjemites.
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Si0O has a significant negative correlation with the other major oxides which, in tumn, ha\;c
positive corrclation;» with each other (Table 5-13; Figures 5-34 and 5-35). These
correlati\ons are, in part, a result of the large amounts of SiO, present and the fixed total of
100%. However, the negative correlations of 510, with major oxides such as TiO; and
MnO, which are present in relatively small amounts, and with trace elements such as Zr and
Y suggest‘lhut minor mineral phases, e.g. Fe-Ti oxides and zircon, fractionated from the
trondhjemitic meli(s) (Table S-13; Figures 5-34 and 5-35). Substitution of Rb and Ba for
K and of Sr for Ca in minerals containing these elements is indicated by p(;silivc

'_f.'corrclﬂtions between Rb, Ba and K70 amd between CuQ and Sr.

The relatively high MgO contents of some trondhjemite dykes from the Skidder

M

prospect drill core (Figure 5-34) are probably a result of hydrothermal alteration associated
with formation of the massive sulphide deposit (see Chapter 6). Some of the trondhjemites
from the SdeE;r prospect area also have slightly elevated Cr concentrations (Figure 5-34),
which r?ay 150 be due to hydrothermal alteration (??) or pcssibly wall rock contamination,

All but one of the Skidder trondhjemites plot in the trondhjemite field on the
normative Ab-An-Or diagram according to the classification scheme of O'Connor (1965),

the remaining sample plots as a granite (Figure 5-36). Most Skidder trondhjemites contain

»

4 . .
higher SiO; and lower Sr than the wondhjemites and granophyres from various tectonic -

settings presented op variz?tion diagrams after Coleman and Peterman (1975) (Figure 5-37)
and Coleman and Donato (1979) (Figu;c 5-38). The high 510; content is probably partly
due to grea;er differentiation of the magma which produced the Skidder trondhjemites
relative 1o the others (see below) and possibly partly dcc/to local imroducdgy of silicaas a
result of hydrothermal alteration related to spilitization of the surrounding basalts and/or the
Skidder prc;spect mineralizing event. The relatively low Sr concentrations of the Skidder
rrondnjernites is probably mainly due to hydrothermal alteration.

Many workers suggest that the low K,0 contents of oceanic plagiogranites cannot

be fully cxplained by igneous processes and are probably a result of K removal gye to
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Figure 5-36: CIPW normative proportions of weight per cent albite, anorthite and
orthoclase for the Skidder trondhjemites. The classification scheme is after

O'Conner (1965).
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Figure 5-37: SiO;-K,0 contents of Skidder trondhjemites compared to those of other rock
suites (after Coleman and Peterman, 1975).
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silicic rocks from various tectonic settings (atter Coleman and Donato, 1979).



215

interaction with hydrothermal fluids, specifically heated seawater (e.g. Coleman and
Donato, 1979). The présence of hydrous phases in many ophiolite trondhjemites and late-
stage gabbros, and the association of epidotite with some ophiolite trondhjemites has led
some workers to postulate introduction of heated seawater into the magma from which the
trondhjemites crystallized (e.g. Malpas, 1979; Sivell and Waterhouse, 1984a; Pederson and
Malpas, 1984). They suggest that water saturation of the magma would result in
development of a metasomatic fluid into which K, Rb and Ba would partition and be
removed from the crystallizing magma. Coleman and Donato (1979) indicate that the
higher K70 and Rb contents of Iceland rhyolites and Red Sea granophyres probably better
reflect the original contents of these elements from igneous processes since these rocks

have not been exposed to heated seawater but have interacted with hydrothermal meteoric

water, which is ineffective in removing K>O and Rb from the rocks.
Rb and to a lesser extent KO contents in the Skidder trondhjemites roughly define
mixing lines between the low contents characteristic of oceanic plagiogranites and the high

contents typical of Iceland rhyolites and Red Sea granophyres (note however that the data is

offset to higher SiO; and lower Sr contents) (Figure 5-37 and 5-38). While lack of
interaction with seawater may explain the higher K,O and Rb contents of some of the
trondhjemite pod samples, the higher contents of these elements in some of the
trondhjemite dykes from the Skidder prospect drill core suggest that addition of K,O and
Rb to the trondhjemites by interaction with upwelling hydrothermal fluids may provide a
more appropriate explanation (see section 4.5.6).

Two contrasting origins have been proposed for low-Al,O3-type trondhjemites.
For example, the Visnes plagiogranites, and trondhjemites in the Bay of Islands complex
are thought to have formed by magmatic differentiation of basaltic magma (Malpas, 1979;
Pederson and Malpas, 1984). In contrast, the East Karmoy trondhjemites are considered to
have formed by partial melting of amphibolite (Pederson and Malpas, 1984), and the Little

Port and Twillingate trondhjemites by partial melting of mafic tholeiites (amphibolites),
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which are basement to, or occur at the basé of, island arc sequences (Malpas, 1979; Payne
and Strong, 1979). Pederson and Malpas (1984) noted that the Visnes and Karmoy
n'ondhje;m'tcs can be distinguished by the highcr concentrations of Y and Zr of the former.
As shown in Table 5-14, the trondhjcmic/es suggested{ to have _formed by magmatic
differentiation have higher average concentrations of Y and Zr than the trondhjemites
considered to have formed by partial fusion. Skidder trondhjemites have sigr;ificanﬂy
higher average Y concentrgtion than the Litglc Port and Karr_n\oy trondhjemites and have

higher average Zr concentration thatf the Little Port and Twilli%e trondhjemites. These

“features suggest that Skidder trondhjemites are more akin to those presumed to have

formed t{y magmatic differentiation than those considered to have formed by partial fusion.

- Figure 5-39 illustrates the relationship between the Skidder trondhjemites and the
Skidder basalts on the basis of Si0z-and Zr contents! Silica enrichment in basaltc magmas
is typically ascribed to fractionation of Fe-Ti oxides (e.g. Dixon and Rutherford, 1979;
Stern, 1979; Pederson and Malpas, 1984) but crystal fractionation alone cannot readily
explain the gap in SiO; concentrations that is evident between the highest-SiO; Skidder
Basalt compositions and the Skidder trondhjemites (Figure 5-39). o

Dixon and Rutherford (1979) suggest that the gap in silica compositions between
oceanic and ophiolite p}z;giogranitcs and associated basalts could be a result of liquid
immiscibility pros:esses.. They demonstrated experimentally that extreme fractionation of
basaltic liquid under low fo, conditions resulted in an Fe-enriched basaltic liquid that
separatcd- into ;r;nﬁsciblc silica-rich and Fe-rich liquids at 1010°C. They suggest that
plagiogranites may ‘bc the solid equivalent of the silica-rich liquid but the crystalline
equivalent of the Fe-enriched basic liquid has not been identified in mid-ocean ridge rocks
or in ophiolites. Philpotts (1979) and others, howéver, have described occurrznces of
immiscible glasses in tholeiitic basalts. Philpotts (1982) showed that if immiscibility of an
Fe-enricied basalt occurs at Si0; concentrations bc]c;w 52 per cent, the felsic melt will be

enriched in Na and that K will enter the mafic melt. This situation is reversed if

Fa




Table 5-14: Comparison of average Skidder trondhjemite to averages of other wondhjemites

Trondhjemites suggested Trondhjémites suggested
to have formed by to have formed by
magmatic differentiation partial fusion of amphibolites
Visnes Bay of
Name Plagiogranites islands Littie Port  East
Reference 1 2 Complex Kammoy Twilllngate
weight % 263% SI02 2 65% SI02 2 1 3
Sl02 73.50 75.06 ‘ 71.42 76.40 7445
TO2 0.32 0.20 0.23 0.17 022
Al,03 12.64 13.10 13.56  13.19 13.02
FeO 0.48 1.33 2.09 0.47 -
Fe203 3.76 1.30 0.81 0.49 262°
MnO 0.06 0.06 i . 0.11 0.03 £0.07
Mgo’ T 0.24 0.19 . 0.94 0.36 0.28
Ca0 4.28 1.02 225 . 297 185
4.73 6.07 7.96 5.69 503
0.13 0.7 i 0.70 0.27 0.47
0.07 ‘. . 0.05 0.20 0.01
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Figure 5-39: SiO,vs. Zr plot for Skidder area rocks.
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immiscibility occuirs at higher SiO; contents. Watson (1976) experimentally determined
partition coefficients for several elements between immiscible mafic and felsic liquids in the
system K;0-A1L,03-FeO-Si0; at 1180°C and 1 atm. He found that P Ca, Zr, Ti, Sr, Ba,
Cr, Mn, Mg and the rare-earth elements all partiion into the mafic melt. Thus, while major
element contents of plagiogranites compare relatively well with those of the felsic portions
of acid/basic immiscible liquid psirs (cf. Philpotts, 1982), experimentally determined
partition coefficients for minor and trace elements between liquid immiscibility pairs
(Watson, 1976) suggest that the felsic portion of an immiscible liquid would probably have
lower minor and trace element concentrations than do plagiogranites (cf. Pederson and

Malpas, 1984).

Pederson and Malpas (1984) suggest that magmatic differentiation involving filter ]
A ]

pressing ‘of differentiated interstitial liquids in gabbro provides an alternative to liquid
immiscibility as an explanation for the gap in silica compositions between the Visnes
plagiogranites and more mafic rocks of the Karmoy Ophiolite. The process involves

crystallization under static magmatic conditions and lack of complete equilibrium between

solid phases and the encompassing melt (AJ-légre and Minster, 1978; Pederson and Malpas, -

- 1984)

Figure 5-40 shows that atthough Zr and Y reach higher concentrations in the
trondhjemites, and have slightly higher Zr at a given Y concentration, no large gap exists
between the highest-Zr and highest-Y Skidder basalts and the Skidder wondhjemites.
| Watson (1‘979) concluded that melts with molar ratios of (Na;O + K;O) / Al;O; below 1.0
could become saturated with respect to zircon with less than 100 ppm Zr in the melt. Thus,
zircon is.probab,ly a liquidus phase in a trondhjcfniiic melt and, if differentiadon of the melt
occurs, trondhjemites formed from early differengiates will probably contain more Zr than
rocks formed from later aiwf'fcremiates of the melt. Zirconium and Y correlate negatively
with Si0;, in the Skidder rondhjemites (Table 5-13; Figure 5-39) suggesting that both were

being removed from the melt which produced the trondhjemites. Vectors on Figure 5-40
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Figure 5-40: Zr vs. Y plot for the Skidder Basalt and Skidder trondhjemites. Vectors show the
effects of fractionation of various minerals on the Zr/Y ratio (after Pearce and Norry,

1979).



show that fractionation of amphibole and/or apatite followed by zircon plus amphibole
and/or apatite would produce the suggested trend to lower Zr and Y concentrations with

increasing differentiation. With the exception of two samples, P,Os shows a rough

negative correlation with S10, (Figure 5-34) supporting the suggested fractionation of

apatite. Greater differentiation of the trondhjemitic melt accompanied by zircon and apatite
+ amphibole fractionation provides one explanatior for the slightly lower average Zr and
concentrations of the Skidder trondhjemites compared to those of the Bay of Islands
opﬁiolite and the significantly lower contents of these elements in the Skidder and Bay of
Islands trondhjemite s when compared to the Visnes plagiogranites.

Pederson and Malpas (1984) note that, on the basis of Zr-Y concentration, the
Visnes plagiogranites, considered by them to be magmatic differentiates, lic on a Raleigh
fractionation trend from more mafic members of the ophiolite; but that the anatectic East
Karmoy plagiogranites are relatively depleted in Y and lie away from this rend (Figure 5-
41). The Skidder trondhjemites have lower Zr and Y concentrations than the Visnes
plagiogranites but do plot on the suggested Raleigh fractionation trend, occupying an
intermediate position between the gabbros and the biotite diorites, which are intimately
associated with the Visnes plagiogranites in some areas (Pederson and Malpas, 1984). In
fact, fractionation of minor phases with which Zr and Y are compatible from a magma of
similar composition to that which produced the biotite diorites could produce the trend

shown by the Skidder trondhjemites.
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Figure 5-41: Zr and Y concentrations of the Skidder trondhjemites compared to rock suites
from the Karmoy ophiolite (after Pederson and Malpas, 1984).
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533 Rare-earth element chemistry
Rare-earth element (REE) patterns for two Skidder trondhjemites are presented on
Figure 5-42. The rare-earth element concentratiots (listed in Table 5-12) were determined

using the thin ﬁim methud of Fryer (1.977) {see Appendix D). Sample S 68 is from the

trondhjemite pod, and sample SK 30 1 is of a relatively unaltered trondhjemite dyke from

the Skidder prospect drill core. The patterns are flat to slightly light rare-earth element

_enriched and have negative' Eu anomalies. Rare-earth element concentrations for sample S
68 and the heavy’REE concentrations of sample SK 30 1 generally overlap the range of
REE concentrations for t.he.: high-Zr Skidder Basalt samples; but SK 30 1 has significantly
higher light REE concentrations xhén the high-Zr Skidder Basalt samblcs and trondhjemite
sample S 68.

On Figure 5-43, REE patterns for the Skidder trondhjemites are compared to silica-

rich rocks from the Mid Atlantic Ridge and East Pacific Rise, and tc ophiolite

plagiogranites. The Skidder trondhjemites have total REE concentrations approximately -

equivalent to those of the quartz diorite from the Mid Atlantic Ridge, and their pattern of
light REE enrichment is similar to, bat less pronounced than that of the quartz diorite. The
Skidder trondhjemites have o'v;eran REE abundances less than the high-silica glass from the
East Pacific Rise and do not show the light REE depletion which characterizes this sample.
The ;QEE patterns for the Skidder trondhjemites qyerlap those of the Semail and Visnes
plagiogranites, but the Semail and Visnes plagiogranites do not show slight light REE
enrichment, which.is characteristic of Skidder trondhjemite sample SK 30 1. The Skidder
trondhjemites are significantly more REE enriched than the anatectic East Karmoy
plagiogranites, and the negative Eu anomalies shown by the Skidder rondhjemites contrast
with the positive Eu anomalies shown By the East Karmoy trondhjemites.
“

Zircon preferentially incorporates the heavy REE, having a mineral/melt distribution

coefficient of 400 for Lu, but having mineral/melt distribution coefficients of only 10 to 20

for the light REE (Henderson, 1984). Hornblende also preferentially incbrpopatcsvhc
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Figure 5-42: Chondrite-normalized (Taylor and Gorton, 1977) rare-earth element patterns
for the Skidder trondhjemites. Range of Skidder Basalt REE concentrations

shown for comparison.
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heavy REE, but has much lower mineral/melt distribution coefficients, ranging from about
4-7 for the middle'and heavy REE to about | for the light REE (Arth and Barker, 1976).
" Pederson and Malpas (1984) showed that, by using a two-stage proccss, the flat REE
patterns of the Visnes plagiogranites could be produced from a light-REE-depleted, highsly
evolved basalt. The first stage involves remo&al of plagioclase and clinopyroxene from the
melt, and the second involves fractionation of appropriate amounts of plagioclase,
hornblende, Fe-Ti oxides, apatite and zircon. Sitnilarly, it is suggested that the REE
pattern shown by Skidder trondhjemhc S 68 could be produced from evolved basalt by
fractionation of appropriate amounts of these minerals. Sample SK 30 1 has higher overall

REE concentrations, a lower Zr concentration, and shows relative light REE depletion

relative to S 68. Fractionation of an appropriate amount of zircon from a magma of similar

composition to that which produced S 68 could result in the lower Zr concentration and the
relatively light-REE-enriched pattern of the magma from which SK 30 1 crystallized. The
h'ighcr P,Os content of SK 30 1 relative to S 68 suggests that although apatit¢ may have
been a fractionating phase in the trondhjemitic magma, not enough was removed to deplete

the magma in either P or the REE.
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5.4 Conclusions

The Skidder Basalt c8nprises a spilitized, tholeiitic, sub-alkaline, assemblage of
basaltic pitlow lava, pillow breccia and massive flows; accompanied by lesser amounts of
mafic pyroclastic rocks and chert. Spilitization of the rocks has resultedan redistribution of
S105; and total iron, removal of K70 and MgQO, and extensive addition of Na>O. The
Skidder Basalt rocks define tholeiitic trends and typically plot within the ocean floor basalt

~ ,
field or overlap the ocean floor basalt and island arc th&iiitc fields on trace element

" variation diagrams. (Chemistry of Skidder Basalt clinopyroxénes and chromites suggest it

has greater similarity to MORB than to island arc tholeiites (Chapter 4)). The suggested
paragenesis of the Skidder Basalt is olivine + Cr-spinel * plagioclase, olivine + plagioclase

and, late in the crystallization history, clinopyroxene + plagioclase + magnetite + apatite.

" The Skidder Basalt is geologically and geochemically more similar to the pillow lava

sections of ophiolite complexes than to thc Buchans Group basalts. It probably formed in

an exlensional tectonic environment at a slow spreading oceanic or back arc¢ basin ridge!.
N
Low-A1,03 oceanic-type trondhjemite dykes and pods intrude or are interlayered

with the Skidder Basalt in places. They are chemically similar to trondhjemites considered

to represent late maynatic differentiates of basaltic magma.
)

I Re-analysis of a sclected number of the Skidder Basalt samples by G. Jenner using the 1CP-MS
' analyucal tcchnique, which provides more accurate Nb results than the X-ray fluorescence spectrometry
method used in this study, showed that some of the Skidder Basalt samples are depleted in Nb, a
characterstic of island arc tholeiites, others, however, are not depleted in Nb and are similar 10 MORB
(G. Jenner, personal communication, 1988).




Chapter 6
GEOLOGY, ORE PETROLOGY AND LITHOGEOCHEMISTRY OF
THE SKIDDER PROSPECT

6.1 Introduction

Thé Skidder Prespect, located approximately 12 km south-southwest of the town of
Buchans, is a volcanogenic massive sulphide deposit hosted within mafic volcanic rocks of
the Skidder Basalt (Figurss 1-1, 3-1, 3-3 and 3-4). The prospect was discovered in 1971

by ASARCO Incorporated, and later outlined by information from 7795 m of drill core

A s
from 38 diamond drill holes drilled in the immediate area. The drilling was done by

ASARCO Incorporated between 1971 and 1975, and by Abitibi Price Incorporated, inii
\"jjint venture with ASARCO Incorporated, during 1976 and 1977. The total probable and
<possiblc reserves for the prospect are approximately 900 000 tonnes, grading about 2% Cu
and 2% Zn (Barbour, 1977). The reserves also include minor amounts of Pb and Ag

(Barbour, 1977). |
During the summer of 1983, the author carried out detailed geologiéal mapping in

the vicinity of the prospect, and relogged approximately S0 per cent of the drill core.

6.2 Local Geology

6.2.1 Introduction
The massive and disseminated sulphides comprising the Skidder Prospect are
hosted within basaltic pillow lavas, mafic pillow bmcciag and aquagene tuffs of the Skidder
Basalt (Figures 3-3 and 3-4). Out:crop sample locations, vertical projections of the
_-~diamond dnll holes, and \./crtical projections of the Skidder Prospect two main semimassive
to massive sulphide-bearing lenses (Lenses 1 and 2) are shown on Figure 6-1. A detailed
geological compilation map of the Skidder Prospect area is prescnteq as Figure 6-2. The

distribution of units on Figure 6-2 has been determined on the basis of outcrop

Vg
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Legend and symbols to accompany Figure 6-2.
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3

observations and the projection of geological units t(; surface from those observed in drill
core. In the vicinity of the Skidder Prospect, subdividing the Skidder Basalt into
geological units is difficult since the various rock units, i.e. pillowed basalt and lesser
amounts of mafic pillow breccias and aquagene tuffs, are interlayered. Thus, with the

“exception of distinctive variolitic pillowed basalt units, subdi\:isions of the mafic rock units
on Figure 6-2 are based on t.heir Zr concentrations (geochemiéal analyses are presented in
Appendix B). -

As shown below, variolitic pillowed basalts are spatially associated wiih sulphidc-
rich L'mits of the Skic‘idcr Prospect. These basalts, f;)rojccted to surface, comprise the
variolitic pillow basalt unit shown in the northwestern portion of Figure 6-2. The variolitic
pillowed basalts typically huv‘e Zr concentrations less than 60 ppm (see Section 6.10.1).
Outcrops of variolitic pillow basalt also make up a portion of the low-Zr (< 50 ppm" basalt
unit in the central-eastern portion of Figure 6-2. Most of the nonvariolitic basalts in the
area have imcrmcdiz‘n‘e Zr cgncentrétions. Exceptions are: a low-Zr basalt unit and a high-
Zr (> 85 ppm) basalt/andesite unit in the central portion of Figure 6-7: and a low-Zr basalt
unit located in its central portion. l

Drill log sections for the diamond dnll holes reloggea by the author are presented in
Figures 6-3 to 6-10, including a cross-section through the prospect along Line 33200 west
(Figure 6-3) (see Figure 6-2 for location of cmsé-scction). Patterns shown along the right

* side of the drill holes represent the different rock units, while those along the left sid% of the
holes indicate the alteration secondary mineral assemblages; Zr concentrations of analyzed
core samples are also indicated. |

An attempt has been made to texturally subdivide the Skidder Basalt into three pinits
on Figure 6-3. Underlying the semimassive and massive sulphide units of Lens | are at

least 200 m of variolitic pillowed basalts. A 160 m-thick package of nonvariolitic pillowed

basalt interlayered with massive basalt overlies the semimassive and massive sulphide-

‘bearing units (see drill holes SK 27 and 28, Figure 6-3b). This package is, in turn,




overlain by mafic isolated pillow breccia (Carlisle, 1963), lesser massive basalt and/or

diabase dykes, and minor pillowed basalt. The drill section for SK 29 (Figure 6-4) shows
a similar sequence of units. In drill hole SK 31 (Figure 6-5) semimassive layered pyrite is
interlayered with fine grained black chlorite-talc tuff.

~ Drill holes SK 35 and SK 37 (Figures 6-8 and 6-9) intersected semimassive and
massive sulphides of Lens 2 (Barbour, 1977). Pillowed to massive basalt and very fine
grained chlorite-talc tuff immediately underlie the sulphide-bearing zones in these two drill
f‘IOICS. Variblitic pillowed basalt and lesser massive basalt overlie the sulphide-bearing
zones. Variolitic pillows are noted up 1o 100 m above the sulphides in SK 37A and up to
200 m above in SK 35. The variolitic pillowed basalt is overlaih by interlayered
nonvarnolitic pillowed and massive basalt.»

Trondhjemite dykes cut all units.
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Pillowed basalt, lesser mafic pillow breccia

Mafic pillow breccia

Massive basalt, diabase dykes (?)
Diabase dyke
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SYMBOLS
Hole Number
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SK 29
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Alteration mineral assemblage SK 29 4 o2 102
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location Zirconium concentration
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i A —— 100m
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28 and 30 not preceded by drill hole number Alteration - . Elevation (metres)
due to lack of space. : € I
Zr concentrations on a portion of Figure 6-8 _' Geology
are included in bold type in brackets following 50m «@— Drill hole depth
sample number.
Abbreviations
py - pyrite ep - epidote cc - calcite
qQz - quartz hm - hematite cl - chlorite
M semimassive and massive sulphides

T trondhjemite dyke

E.O.H - end of drill hole

Legend, symbols and abbreviations to accompany Figures 6-3 to 6-10.
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Figure 6-3a: Cross-section (looking 060°) through the Skidder Prospect at line 33200 west (see Figures 6-1 and 6-2)
showing geology (right of drill hole), alteration (left of drill hole), and whole rock sample locations for
drill holes SK 6, 27, 28, 30 and 34. Legend and symbols on page 234.
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showing geological units and alteration zones as logged in drill holes SK 6, 27, 28, 30 and 34.
Zirconium concentrations in bold type. Legend and symbols on page 234.
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Figure 6-4: Drill section (looking = 060°) showing geology (right) and alteration (left) as logged in drill
hole SK 29 (see Figures 6-1 and 6-2). Whole rock sample locations in plain text to left and Zr
concentrations in bold type to right of drill hole. Legend and symbols on page 234.
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Figure 6-5: Drill section (looking = 070°) showing geology (right) and alteration (left) as logged
in drill hole SK 31 (see Figures 6-1 and 6-2). Whole rock sample locations in plain
text to left and Zr concentrations in bold type to right of drill hole. Legend and
symbols on page 234.
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Figure 6-6: Drill section (looking 060°) showing geology (right) and alteration (left) as logged in drill hole SK 32
(see Figures 6-1 and 6-2). Whole rock sample locations in plain text to left and Zr concentrations in
bold type to right of drill hole. Legend and symbols on page 234.
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locations in plain text to left and Zr concentrations in bold type to right of drill

logged in drill hole SK 33 (see Figures 6-1 and 6-2). Whole rock sample
hole. Legend and symbols on page 234.

Figure 6-7: Drill section (looking 080°) showing geology (right) and alteration (left) as
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Figure 6-8: Drill section (looking 055°) showing geology (right) and alteration (left) as
logged in drill holes SK 35 and 35A (see Figures 6-1 and 6-2). Whole rock
sample locations in plain text and Zr concentrations in bold type. Legend and

symbols on page 234,
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Figure 6-9: Drill section (looking 055°) showing geology (right) and alteration (left) as
logged in drill holes SK 37 and 37A (see Figures 6-1 and 6-2). Whole rock
sample locations in plain text (left of drill hole) and Zr concentrations in bold
type (right of drill hole). Legend and symbols on page 234.
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Figure 6-10: Drill section (looking = 045°) showing geology (right) and alteration (left) as logged in
drill hole SK 38 (see Figures 6-1 and 6-2). Whole rock sample locations in plain text to
left and Zr concentrations in bold type to right of drill hole. Legend and symbols on
page 234.
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6.2.2 Rock unit descriptions
6.2.2.1 Pillowed basalt and pillow breccia
’. Pillowed basalt that is relatively unaffected by alteration associated with formation
of the Skidder Prospect sulphides is generally medium green to medium grey and fine
grained. Pillows are typically between 0.5 and 1 m in cross-section, but locally’arc up to
1.5 m across (as estimated by the spacing of chlorite-rich selvages). An estimated 25 per
{/{\Q\n\l of the pillows are amygdaloidal. The amygdules are filled by calcite and/or lesser -
Q/\J ulngunts of epidote, quartz or chlorite. They are typically 2-4 mm in diameter, and make
\ up less than 10 per cent of the rock. Interpillow material, typically hyaloclastite, is
generally more chloride than that making up the pillows themselves.
Most pillow breccia units in the vicinity of the Skidder Prospect are similar to
isolated pillow breccia, as described by Carlisle (1963). They consist of rounded "mini-
pillows”, 5-20 cm in diameter, within a darker green, more chloritic, hyaloclastite matrix.

The matrix characteristically comprises 30 to 60 per cent of the rock. Lesser amounts of

"broken-pillow" (Carlisle, 1963) and flow-top breccias, consisting of angular basialtic
fragments within a chlorite-rich matrix, are also present. =

A photograph of drill core samples representative of isolated pillow breccia units in
the Skidder Prospect area is presented as Figure 6-11. Rounded miniature pil.lows in the
sample at the top of the photograph are epidotized, as is a portion of the matrix. Hematite
forms a ring just inside the pillow selvage. Note that the pervasively epidotized pillows are
cu: by epidote/calcite veins. Light grey-green, round, brecciated, miaiature pillows occur
in a darker green chlorite-rich matrix in the sample at the centre of the photograph.
Chlorite-bearing veins cut the pillow at right and buff calcite fills interstices between breccia
fragments at left-centre. A sample of highly silicified pillow breccia is shown at the bottom
of the photograph. In this sample, interpillow areas are completely replaced by quartz and

pyrite, while the pillows themselves are relatively less altered.
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Figure 6-11: Photograph of drill core samples showing features of mafic, "isolated" (Carlisle, 1963)
pillow breccia as noted in the Skidder Prospect drill core. Sample at top of photograph is
from DDH SK 30 at 96' (29.3 m); sample at centre of photograph is from DDH SK 33 at

74.5' (22.7 m); and sample at bottom of photograph is from DDH SK 32 at 388" (118.3 m).
See text for discussion.
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Variolitic pillowed basalts that occur in the vicinity of the Skidder Trospect have
undergone various degrees of alteration, but otherwise are similar to those exposed
elsewhere in the Skidder area (see Section 3.3). The varioles are typically light grey, 3-6
mm in diameter, and, in most places, occur within a felati_vcly more chloritic mdrrix. In
general, the variolitic pillows have a 2-3 cm- thick, chlerite-rich, nonvariolitic outer rim.
The vanoles are typically individually distinct in outer portions of the pillow but coalesce to

* form a continuous mass in pillow cores. Smaller vanolitic pillows (<20 cm in diameter) -

L}
generally do not have coalesced cores.

A photograph of drill corev'samples showing vanioles is presented as Figure 6-12.

«Note that the rocks saxﬁ)’led have been extensively altered. Varioles are coalesced to form a

continuous mass in the centre sample, but are incompletely coalesced in the sample at the
top. Larger, more silicified varioles are present in the sample at the bottom. Note that

pyrite occupies the interpillow area in the top sample.

6.2.2.2 Massive basalt and diabase dykes

Medium green-grey, fine- to medium- grained massive basalt flows, sills or d"ykcs
are interlayered with the pillow basalt and mafic pillow breccia. Massive flows and diabase
dykes are difficult to distinguish from each other in drill core. On Figures 6-3 to 6-10
massive units that have well developed chilled margins and show intrusive relationships
with adjacent rocks are shown as diébasc dykes. In places, the massive units are
autoclastically brecciated. :

Relatively unaltered, fine- to medium-grained mafic diabase dykcs intrude sulphide-
rich units in places; e.g. a diabase dyke intrudes massive layered sulphides between 635’
and 644.5" in drill hole SK 27 (Figure 6-17), and one intrudes intensely silicified, pyrte-
bearing rocks between 1258' and 1267.5' in drill hole SK 34 (Figure 6-20). )
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Figure 6-12: Photograph of drill core samples showing features of variolitic pillow lavas. Sample at top
of photograph is from DDH SK 37A at 1282.5' (390.9 m); sample at centre of photograph is
from DDH SK 34 at 1028’ (313.3 m); and sample at bottom of photograph is from DDH SK
27 at 709’ (216.1 m). See text for discussion.
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6.2.2.3 Mafic pyroclastic rocks

Minor amounts of mafic pyroclastic rocks are interlayered with the mafic flows in
the Skidder Prospect area. The pyroclastic rocks are typically poquy bedded and range in
grain size from fine graimid tuffs to lapilli tuffs composcd of angular medium green-grey
lapilli in a chloritic m‘atrix. A photograph showing typical features of the mafic pyroclastic
rocks 15 presented as Figure 6-13. The sample in the top of the photograph shows light
green-grey, elongate angulﬁr fragments in a darker green, more chlorite-rich matrix. The
sample at the centre of the photograph is of bedded, medim green mafic tuff. Note that
this roc;( has been significantly altered by the sulphide mineralizing event(s). Deposition of
quartz and pyrite has occurred parallel to the layering. The sample at the bottom of the

photograph shows rounded to subangular light green-grey mafic fragments in a dark green
ra .

chlorite-rich matrix.

N
6.2.2.4 Trondhjemite dykes

Light grey-green, fine grained rondhjemite dykes intrude mafic rocks in the area of
the Skidder Prospect. The dykes are massive to feldspar * quartz porphyritic. The
porphyritic dykes comai.n S’pcr centof 1 to 3 mm fcldspaf and 1p§scr amounts of quartz
phenocrysts in a dense matrix. In many areas, layeﬁng is prese}lt within 30 cm of the
contact of the dykes with adjacent units. The layering is defined by alternating light and
dark grey-green 16 buff, 0.5 to 1 cm wide zones that parallel the dyke contact.

Trondhjemite dykes that intrude the rocks in the vicinity of the Skidder Prospect in
places scpara'te rocks that hive been affected by different intensities of alteration (e.g. the
dyke at 250 m in dnll hole SK 34, Figure 6-3). In other areas, particularly in the most
intensely altered zones, the rondhjemite dykes have highly altered rocks on either side and
are typically altered themselves (Figure 6-19). This implies that intrusion of trondhjemite
dykes occurred in the Skidder Prospect area both before and after formation of sulphides.

’

’ /

\
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Figure 6-13: Photograph of Skidder Prospect drill core samples showing features of mafic pyroclastic
rocks. Sample at top of photograph is from DDH SK 28 at 295" (89.9 m); sample in centre
of photograph is from DDH SK 31 at 193" (58.8 m); and sample at bottom of photograph is
from DDH SK 29 at 467' (142.3 m). Sce text for discussion.



6.2.2.5 K-feldspar-rich masses

K-fcldspar-ri(‘:h areas, typically less than 10 cm wide (as estimated from length of
cored sections), were intersected by drfll holes SK 35 énd SK 37. The mode of occurrence
of these K-feldspar-rich masses ranges from distinct K-feldspar crystalsin a blﬁck chlorite
matrix (Figure 6-14) to foliated gouge zones in which rounded K-feldspar + qu{z;nz masses

are incorporated in a chlorite matrix (Figure 6-15).

6.3 Sulphide-bearing Zones
6.3.1 Introduction

\

Detailed stratigraphic (;olumns for the sulphide-rich zones .in dialmond drill holes
relogged by the authqr are presented as Figures 6-16 to 6-24,

Drill holes SK 6, 27, 28, 30 and 34 provide a cross-séction Lhroug? sulphide-rich
zones relatéd to Lens 1. Semimassive to massive layered and unl.ayered sulphides plus
spatially related jasper were intersected by'drill holes SK 6, 27 and 28; disseminations and
veins of sulphides in intensely altered rocks were intersected in SK 30-and 34. Brecciated
jasper is underlain by 0.3 m of massive pyrite in DDH SK 6 (Figure 6-16). Thin mas'sivc
sulphide zones interlayered with brecciated jasper, massive basalt and mafic lapilli tuff
occur over a 75" (22.8 m) section in SK 27 (Figure 6-17). In places, the massive
sulphides in SK 27 are: cut by post-ore diabase dykes. Several gouge zones are noted.
Two sulphide-rich zones were intersected by drill hole SK 28 {Figure 6-18). Massive and
layered sulphides; pyrite, chlorite-rich tuff; intensely silicified, quartz-pyrite-bearing rock;
and brecciated jasper comprise the upper zone which has a cored thickness of 28.5' (8.7
m). The lower sufphidc—rich zone, which occurs 100' (30.5 m) below the upper,

represents one of the thickest cored sections of massive sulphides in the Skidder Prospect.

In the lower zone, 16.5" (5.0 m) of brecciated jasper and lesser massive pyrite overlie

39.5' (12.0 m) of layered and unlayered massive sulphides (Figure 6-18).

\




Figure 6-14: Photograph of drill core sample showing K-feldspar crystals in black chlorite. Sample is
from DDH SK 37 at 392.5' (119.6 m).

MEANTIRAETDE

Figure 6-15: Photograph of drill core sample showing rounded K-feldspar/quartz masses in a foliated
chlorite-bearing gouge zone. Sample is from DDH SK 37A at 1510.5" (460.4 m).
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Brecciated basalt, 1-2% chlorite veins

Light grey-green silicified rock; 5-10% quartz veins, 1-2% pyrite

Bright red, brecciated jasper; 3-5% quartz veins, and some quartz-
chlorite veins containing 1-2% pyrite; angular jasper fragments
occur in a chloritic matrix at upper contact

Purple, brecciated jasper containing 10-30% quartz veins;
1-5% disseminated pyrite throughout

Massive, fine- to medium-grained pyrite, rare jasper fragments

Silicitied, brecciated mafic pyroclastic (?) rock; 10% quartz, and 1-5%
pyrite throughout

Figure 6-16: Stratigraphic column showing sulphide-bearing units noted in core from
diamond drill hole SK 6. Sample locations and numbers indicated on left
side of stratigraphic column; hole-depths, in feet and metres, on right.
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SK 27

575.5' Chlorite gouge; probably fault
Chlorite and lesser quartz, foliated in upper section;

176 m 2-5% sphalerite and chalcopyrite in lower section
579"
Layered massive sulphides comprising pyrite, 20% sphalerite and
581’ 25% chalcopyrite; greater proportion of chalcopyrite down hole
Quartz-rich foliated zone, probably fault
583.5
Strongly foliated, highly chloritized mafic lapilli tuff; 5% pyrite in veins
and irregular masses throughout
603"
Brecciated, quartz-veined jasper; some calcite and chlorite veins;
185 m about 10% pyrite
609’

Fine- to medium-grained massive basalt

— 625’

NN
A AT AT AYAYY

|

AP 192m  Foliated, chlorite gouge zone
NN
AN oo
Medium- to coarse-grained massive basalt
41 — — 632 Layered jasper and oxide iron formation; 5 cm-thick, magnetite-rich
42 — [ section at top; 10% interlayered pyrite; possible load cast feature
— 634’ indicates stratigraphic top to be up hole
:i . 635' Layered, medium grained pyrite containing about 2-5% chalcopyrite
Dark green diabase dyke; post ore
639’
45 — M 639.5' Medium grained, massive pyrite and lesser chalcopyrite
Dark green diabase dyke; post ore
196 m
644.5' Layered pyrite containing 5-10% chalcopyrite; near base of section,
= 646" interlayered hematite-rich jasper and brecciated quartz-veined jasper
occur, the jasper contains chalcopyrite and sphalerite veins
Medium grained basalt containing 5-10% quartz veins; chlorite rich
650" in places

Figure 6-17: Stratigraphic column showing sulphide-bearing units noted in core from
diamond drill hole SK 27. Sample locations and numbers indicated on left
side of stratigraphic column; hole-depths, in feet and metres, on right.



517°
518.5'

523’
160 m

529.5'

533.5

164 m
540°
542.5'
544’

547"

549’
649’
650.5'

200 m

— 659.5'
61 — [A—— — 861.5'

670"

205 m

Chlorite-rich basalt, 5% quartz veins

30-70% pyrite in a matrix of quartz and lesser chlorite; 1-3% chalcopyrite; sphalerite
veins at 522'; pyrite occurs as rounded masses and as cubes, 2-4 mm across

Semimassive sulphides; 70-80% pyrite; 2-5% chalcopyrite in a matrix of chlorite and
lesser quartz; subrounded pyrite fragments, 0.5-1.5 cm across, present in some
areas

Pyrite-chlorite "tuff™; 40% pyrite cubes and irregular fragments in a dark green chloritic
matrix

Quartz and pyrite; 10-20% disseminated and vein pyrite in a silicious, quartz-veined
matrix; sphalerite occurs along the outer edges of quartz veins in places;
chalcopyrite makes up 10% of the sulphides in some areas

Layered massive sulphides comprising pyrite and an estimated 5-10% chalcopyrite and
2-5% sphalerite
Massive unlayered sulphides; pyrite and 5-10% chalcopyrite

Brecciated jasper cut by numerous quartz and sulphide (predominantly chalcopyrite)
veins

Brecciated, very chlorite-rich basalt

Massive basalt; about 1% pyrite

Brecciated jasper; 1-5% quartz veins; 1-2% disseminated pyrite

Massive pyrite

Brecciated jasper; 1-5% quartz veins;
1-2% disseminated pyrite; grey chert near base

— 687
Laminated pyrite; » # — 210m
2-5% chalcopyrite; 7/ Fine- to medium-grained,
1-3% sphalerite Al layered pyrite;
7/ 3-10% chalcopyrite;
2 - 3-5% sphalerite
7/
v
: . 67 —
Massive, medium
grained pyrite; — 213 m
5% chalcopyrite; 68 —
lesser sphalerite
69 —
704'
70 — 7l 205 Chlorite, talc (?) schist
— 706.5 Layered pyrite and quart
6. Chlorite- and talc-
— 708’ bearing, schistose rock

Figure 6-18: Stratigraphic column showing sulphide-bearing units noted in core from diamond drill hole
SK 28. Sample locations and numbers indicated on left side of stratigraphic column;
hole-depths, in feet and metres, on right.
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SK 30
725"
Fine grained basalt; 1-2% pyrite; silicified in sections
728
Very dark green, intensely chloritized, talcose rock; 10% quartz;
pyrite veins
732'
] — 24m
i Highly silicified, brecciated rock; several 5-10 cm-wide, cross-cutting
A quartz veins; minor pyrite in thin chlorite veinlets
51—
— 755
757 —
— 21m Highly silicified, buff, brecciated rock; 10-15% thin, chlorite, pyrite,
quartz veins
__ 764.5' _
Basalt; quartz-filled amygdules
765.5'

Quartz, much of which occurs in veins, and 10 to 80% medium
grained pyrite; few preserved fragments of original host rock

769’

771—/ — 235m

Variably silicified, mafic rock; quartz veinlets throughout

788'

10-80% typically medium- to coarse-grained pyrite in intensely silicified
241 m rock; about 50% of this section contains highly altered fragments of
brecciated mafic host rock, recognizable varioles in places; about
20-50% quartz veins; 1-5% chalcopyrite and sphalerite in 0.5-0.75
cm-wide quartz veins between 800 and 825 feet, sphalerite typically
occurs along vein walls

Light grey-green, brecciated, quartz-veined trondhjemite dyke; contains
finely disseminated pyrite throughout; rock consists almost totally of
quartz within 30 cm of contact

10-80% typically medium- to coarse-grained pyrite in intensely silicified
rock; about 30% of this section contains highly altered fragments of
brecciated mafic host rock, recognizable varioles in places; about
20-50% quartz veins.

Figure 6-19: Stratigraphic column showing sulphide-bearing units noted in core from
diamond drill hole SK 30. Sample locations and numbers indicated on left side
of stratigraphic column; hole-depths, in feet and metres, on right.



925Ato E—

74—

75—

76A —

944 —

768 —

SK 30

LRttt aT
R
R
It
CCICIR I
CICICIICICINICEY

.l
-
g
.
J )
»
Y
.
o
-
2%

A o

s
LR

924’

928’

285m

939’

948’

290 m

955’

Variably silicified, mafic dyke; quartz veinlets throughout; minor
disseminated pyrite

Semimassive, coarse grained, angular to subrounded pyrite in a
black chlorite matrix

5-70% medium- to coarse-grained pyrite in quartz; chalcopyrite up to
5% in some sections; sphalerite occurs along walls of quartz veins
in places

Chlorite, talc tuff (?) (chemical sediment (?)); irregular masses and
veins of light green talc occur in black chlorite; pyrite + quartz
veins occur in places

Figure 6-19 (continued): Stratigraphic column showing sulphide-bearing units noted in
core from diamond drill hole SK 30. Sample locations and numbers indicated
on left side of stratigraphic column; hole-depths, in feet and metres, on right.
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Highly chloritic pillow breccia; 15% quartz veins; 3-5% pyrite, much of which
is in quartz veins

25-75% pyrite in massive and vein quartz; minor chalcopyrite and rare
sphalerite, the latter occurring on the outside edges of quartz veins

5-25% pyrite in massive and vein quartz; rare sphalerite, typically occurring
on the outside edges of quartz veins; few fragments of intensely altered
host rock, including varioles in some places

White-grey quartz containing very finely disseminated pyrite; few chlorite
veinlets

Medium grey-green, amygdaloidal, "late” mafic dyke

White-grey quartz containing very finely disseminated pyrite; few chlorite
veiniets

Medium grey-green, amygdaloidal, "late” mafic dyke

Variably silicified, chloritic, variolitic pillow basalt; selvages very chloritic;
about 1% quartz veins and 2-5% disseminated pyrite and pyrite veinlets
more silicified and chloritic from 1275'-1297"; pyrite typically less than
25% but up to 80% in places

Variably silicified, variably chloritic, intensely altered mafic rock; 5-10%
quartz veins; 5-10% black chlorite masses; 5-30% medium grained
pyrite; some irregular masses of intensely altered host rock, including
varioles in places

Highly chloritic, intensely altered mafic rock; some sections indicate part of
unit may be a very fine grained chlorite-talc tuff (?) (chemical sedimentary
rock (?)); other sections suggest unit is very intensely altered mafic
volcanic rock, eg. the presence of altered varioles; unit typically contains
5% pyrite; also 5% pyrite-bearing quartz veins in places

Chiloritized, variably silicified basalt; about 1% pyrite

Figure 6-20: Stratigraphic column showing sulphide-bearing units noted in core from diamond
drill