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Frontispiece. Finn Hill, Colliers, viewed from the west.
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ABSTRACT

.
.

Late Precambrian (Hadrynian} volcanic rocks of the westernm part
of the Harbour Main Group near Colliers comprise a thick succession
of chiefly rhyoli-tic ash-flow tuffs overlain by basaltic Yavas and

intruded by porphyritic sills of intermediate composition. 7The tuffs

form three distinct ash-flow sequences, each composed'ﬁ’of a number of

—_——
—

simple oocling units. The Bacon.Cove sequence at the base of the
section, the Weavers 11 sequence in the middle, and the Pinn Hill

sequence at the top, are aach characterised by contrasting phenocryst

assemblages consisting of albite + quartz + biotite, albite + quartz, v

and albite + minor quartz and clinopyroxene, respectively. Concentra-
tion of crystals and xenoliths near the base of individual cooling
untts is a direct result of gravitative settling of the suspended load

during. aah-flowk emplacement together with concomitant winnowing of the

fine ash fraction. The majority of the Colliers ash-flow tuffs probably

represant the dis'tal deposits of a much larger agh-flow field origi-
nally situated to the north of the map area. ’
Suksequent devitrification and hydration of volcanic glaé- have
~ . .
preserved vitrocl;stic textures with ‘remarkable fidelity. The de\i'i’t—
rification textures so formed locally resemble structures produced
during the. experimental devitrification of natural rhyolite glass.
Mild structural deformation dated as Late Hadrynian and post-

<

\ . .
Cambro-Ordovician involved block-faulting and two distinct periods of

)

e




&
folding and weak penetrative deformation. Metasomatic alteration

largely preceded a regional metamorphism of prehnite-p ' lyite
grade which may have accompaniea Late Precubriﬁm foldifg.

Electron mi¢croprobe analysis of fcldspa.r oompos;ltions throughout

the compl.f.a range of Harbour Main volcanie rocks revaaled pradonnantiy,

albite and K-feldspar of metamrphlc origin, and rare iqneous anortho—
clase and calcic plagioclase.

The chemical effects o)f .alteration processes on the whole-rock
analyses havt-sjgen examined guanfitatively where possible prior to -
classification of magmatir trends and affinities. Localised meta-
somatisr involved mobility of essentially Nazo, Kzo, ca0, Rb, and Ba.
The least mobile éonstituents are A1203, TiO'z, total Fe, 2r, Cr, and
Ni. : N

The gilicic ash-flow ‘tuffs and granitoid rocks of the Harbour
Main Group are very similar in composition and characterisad by high
total alkalies, Ba, and"K/Rb, and low Ca0 and R/Sr. Ba/Sr and Rb/Sr
ratios indicate that plaqiocl;‘u was p‘tecipitilud early in.the d._i.‘ffer—
entiation r(istory of rhyolitic maqmas and that biotite was a compara-
tively laﬁ phase to arrive on the liquidqus. The po'rphyr_itic sills
or "porphyrites" have relatively high K,0, Ba, and Fb, and loy Ca0 a}\d

Sr, and are veéry similar in composition ue continen interior

"a-ndesites". The ‘basad tic mcksv are "trangitional" to "mildly alkaline"”

chemical types with typically high A1203 and low ’!‘102 The main rock-

types of the Harbour Main Group cannot be related simply by fractional

crystallisation of a parental silicate melt.

e i ol e b e e g e A R e st e S

A2




III

The accumulated chemical data and prominent bimodal asso g,

-

strongly suggest that the Harbour Main voltanic suite was emplaged in ~

an environment characterised by riftiiig and distension of continental

lithosphere. It is suggested that the ash-flow tuffs and porphyrites
originated by pnrti;l\ fusion of the lower consinemtal crust and.that
the basaltic rocks were derived by partial melting of an upper nmiy

scurce region. ‘
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CHAPTER I
INTRODUCTION

The Avalon Peninsula of southeastern Newfoungland is formed by
a northerly trending belt of Late Precambrian (Hadrynian) volcanic,
4 !
plutonic, and sedimentary rocks that are little deformed and metamor-

phosed, and that are overlain locally by the eroded remnants of a

thin platformal succession of Cambro-Ordovician shales, limestones,

and sandstones. The oldest Proterozoic unit (the Harbour Main Group)
forms *the core (15 miles; 24km wide) of Eastern Avalon, and consists
of a subaerial assemblage of felsic and mafic lava flows, silicic
ignimbrites, and volcanogenic sediments intruded by hypabyssal rocks
(rhyolite and "porphyrite” sills, and diabase dykes) and a granitoid
pluton (the Holyrood Plutonic Series). The Harbour Main and Holyrood
— )
rocks are unconformably overlain to the east and west by a sequence
of marine sediments consisting mainly of greywackes and cherts locally
intercalated with volcanogenic material and glaciomarine deposits
(the Conception and Connecting Point Groups). The marine sequences

are flanked in turn by coarser grained, molasse-type detritus of

shallow marine and fluviatile origin (Cabot and Hodgewater Groups).

-

The study presented below comprises a detailed volcanological
and petrological account of the volcanic rocks of the Harbour Main

Group with special emphasis placad on the ash-flow deposits.

L
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FIG.

1.

Location map of Colliers Peninsula, S.E. Newfoundland
(after Brueckner, 1969} .
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1.1. Location and Access

The Colliers Peninsula is situated in southwestern Conception
pay at latitude 47°28'N, longitude 53°11'w, and forms part of the
Peninsula of Avalon, Scutheasternm Newfoundland. The area lies
apprgximately 42 miles (69.6kms) west of the city of St. John's,
the provincial capital (fig. 1). It is easily accessible by road
alofg Highway 60 (the Conception Bay Highway) or alternatively by
trave}lling inland along the Trans-Canada Highway as far as the
Avondale access where a gravel road connects with Highway 60. In
the western part of the map area the wooden dwellings of 'Gplliers
occupy the shores of Colliers Bay; at the base of the peni;'.ula the
communities of Conception Harbour, and further north Kitchuses and
Bacon Cove, overlook Gasters Bay to the sast.

The map area is covered by National Topographic Series sheets
1 N/6 East Half (Holyrood) and 1 N/1]1 East Half (Harbour Grale) at
a scale of 1:50,000. Maps of the general geology include those of
Hutchinson (1954), Map 1035A Harbour Grace, and McCartney (1954),
Preliminary Map 54-3 Holyrood, on a scale of 1 inch to 1 mile, and
McCartney (1967), Map 1168A whitbourne, on a scale of 1 inch to -

4" miles.

1.2. Historical Background

The bay and settlement of Colliers were named after James Collier,

one of the first settlers in the area; his grave can be found at James

Cove to the north.
L
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DBLE 1.

Lithostratigraphic Units of the Avalon Peninsula, 5. E. Revfoundland (modified from McCartney (1967) and Rose (1932)

B e Mestern Avalon Central & Eastemn Avalon Eastemmost Avalon
e (Rose, 1952)
(noCartney, 1967)
ironstone,
Rarly shale, lime- Wabana Group
Ordovician 5000£¢. stone and Bell Island Growp
L Clarsnville Formation water-cover
Late Cambrian 300£t Elliot Cove Formation
Middle Manuels River Formation
Cambrian 780£t Chasberlain's Brook Formation
Brigus Forsation
Rarly 75f¢ smith Point Pormation Acadian Series
Cambrian 522€¢ Bonavista Formation
Eo-Cambrian 0-600ft. quartzite disconformity angular unconformity disconformity
Random Pormation
disconformity angular unconformity
6000£t conglomerats
Holyrood Plutonic Series
(607 t 11 m.y.)
Precambrian 13400£¢t arkose Musgravetown Group Hodgewatsr Group Cabot Group
siltstons including
Bull Arm Formation
B8000f¢t felsic to mafic
volcanic rocks disconformity
(Hadrynian) 6000f¢t siltstone Connscting Point
90001t greywacke Growp
tillits Conception Group
6000£¢t felsic tc mafic volcanic wnconforal ty

rocks, including porphy-
rites and Holyrood-type

granitoid rocks

Harbour Main Growp



Physiography and Climate

The map area covers‘ approxim.ately 7.5 square miles (19.4km2) and
has a coastline of about 14 miles (22.5kms) in length with excellent
rock exposures. Outcrop inland is also good with about 70% exposurg.
' o
The highest poInf in the area, Camphell Hill, rises about 425ft (128.5m)
above sea level; Finn Will, Weélvers Hill, and the hills to the west and
so:thwest of Bacon (Cove exceed 300ft {(91.4m) in height.

Plei.'s.tocene qlaci;ers have greatly modifi'ed the landscape and

L

réches moutonnées (for example, Finn Hill), whaleback ridges, and ice-
striated rock surfaces generally indicate a northerly to nor‘thwesterly
direction of ice movement. Glacial till and areas of bog thinly
blanket the bedrock in parts of the peninsﬁla;nboulder trains and
plerched erratics up to B8ft (2.4m) in diameter are of local oriqin.A
" Thé-general glacial features of the Avalon Pe;insula have been described
in some detail by Henderson (1960) and Jenness (1960).

.

Contrary to the experiences of McCart.neyA(lgg, p. 7) the author

enjoyed a hot and somewhat dry field season. Torrential rain fell on

June 1st and the next rainstorms occurred on Ju 4th and again on

August 8th. Such sunmers are indeed rare on the Avalon.

\

-

1.4. Geological Setting of Eastern Avalon in the Light of Previous

Geological Work

- t
~

S

Jukes (1843) published the first geological map and report of

Neﬁtoundlang as a result of field work undertaken during 1839-40. On

-~

-




the easternmost part of the Avalon; Jukes (ibid.) recognised an

"Upper Slate Formation” (Cambro-Ordovician sediments and Hodgewater

\
.Group in part), and a *Lower Slate Formation™ ({(Signal Hill sandstones

and St. John's shales). Murray, the first Director of the Geological
Survey of Newfoundland, and His Assistant and successor, Howley, pub-
lished two volumes of progress reports of the Survey and a detailed
geological map (Murray and Howley, 1881; Howley and Murray, 1918).
They divided the Precambrian rocks
of Avalon into "Laurentian gneiss, etc.” which represents the main
areas of granitic rocks; and "metamorphic slate and sandstones, etc.”
which cor‘responds to the Harbour Main Group. Walcott (1899) used the
term "Avalon Terrane” for the Precambrian sedimentary rocks overlying
the "Archean gneiss" (Harbour Main Group) and introduced the names
“Conception Slates® and "Toerbay Slates" for the lower two formations
of his “Avalonian" or "Avalon series®. Buddington. (1919) clarified
the relations and petrology of the Precambrian plutonic and volcanic
rocks with the aid of chemical analysis, and proposed the term
"avondale volcanics"” for the "Archean gneiss” of Walcott. HoOwevey,
Howell (1925) suggested the name be replaced by "Harbour Main wvolcanics"
Working on Eastern Avalon, Rose (1952) re-defined the Harbour Main Group
to include the volcanic and sedimentary rocks of the "Harbour Main
(Avondale) volcanics". He referred to the “"Conception slate" and
"’Dorbay’slate" as the Conception Group, and included st. John's;
Signal Hill, and Blackhead formations in his Cabot Group. Rose's

publication was the first of a series of G.S.C. maps and memoirs on




the regional geclogy of the Avalon by Rose (ihid.}, Hutchinson (1953),

Jenness (1963), and McCartney (1954, 1967). _

Absolute aae determinations of Precambrian rocks were carfled
out by McCartney et al., (1966) using whole-rock Rb-Sr methods to
date the Holyrood "granite" {sensu lato). An isochron plot gave an

age of 574 + 11 m.y. (decay constant = 1.47 x 10—] ’year‘l) which

they regarded as the time of emplacement of the granite in Harbour

-

. wal

reported by Fairbairn (1965 in McCartney et al., 1966} for a Rb-

Main and Conception Group rocks. A similar age of 597 t 42 m.

determination on a potassium feldspar from the same granite. v‘{hil
the exact figures are still subject to some uncertainty (cf. Frith
and Poole, 1972), they clearly.indicate a Late Preeambrian {Hadrynian)
age. s

The terminology of the lithostratigraphic units of Avalpn
currently used is that of Rose (1952), though the "Holyrood granite
batholith"” is more correctly referred to as the Holyrood Plutonic
Series (McCartney, 196€7). The general relationships of major
li thostratigraphic units and ‘correlation of rock-types in other
parts of the Avalon are shown in ‘tahle 1. For other reviews of
the geology of Eastern Avalon the reader is referred to McCartney
(1967, 196‘9), and Brueckner (1969).

Recently, Anderson and Misra (1968), Misra (1969), and
Brueckner and Anderson (1971) have described soft—bodied metazoan

fossils and tillite horizons from the Conception Group: and King

(1972) has shown that current directions in the Cabot and Hodgewater




Groups indicate a southerly direction of transport of molasse-type
sediments from a source to the north.

Controversy has arisen, however, concerning the original
depositional environment and tectonic¢ setting of the Precambrian
rocks of Avalon:

Papezik (1969, 1970) carried out the first detailed studies
of ash-flow deposits on the Coll@ers Peninsula at Finn Hill, and
presented 22 chemical analyses of rhyolitic and basaltic rocks of
the Harbour Main Group. He interpreted their sodic composition in
terms of differentiation from an alkali-olivine basalt parental
magma in a post-orogenic tectonic setting of the Basin-Range type.

Alternatively, Hughes (1970) and Hughes and Brueckner (1971)
have discussed Late Precambrian tectonic movements within the
Appalachian belt (the so-called Avalonian QOrogeny) in terms of the
formation of a volcanic archipelago by calc-alkaline volcanism.
They presented a model of island arc;type vo‘lcanism in which a
"syn-volcanic” constructional phase is represented by four pene-
contemporaneocus facies - vent, alluvial, marine, and plutonic
(corresponding to the Harbour Main Group, Conception Group, and
Holyrood Plutonic Series) - thereby attempting to -reconcile

f

conflicting age relationships between the isochron age for granite

emplacement (McCartney et al., 1966) and depositional, erosiocnal,

. . : ' .4 .
and tectonic events preceding the Lower Cambrian marine transgression

(cf. McCartney, 1966, p. 955; 1969, p. 122). The Cabot and Hodgewater




Groups were formed during a “"post-volcanic" destructional phase in
a marine and alluvial environment.
The “contemporanecus” model of Hughes +nd Brueckner and the

.

"sequential” model of McCartney have been discussed by Frith and

Poole (1972). They regard a date of 607 * ll m.y. as a more precise

estimate for emplacement of the Holyrood Plutonic Series “"since
4

11 1

dates calculated by using the first constant (1.39 x 10 ~~ year °)
appear to be more consistent with results of other dating methods"
(Frith and Poole, ibid., p. 1059). They pointed out that a time
range of 37-57 m.y. between intrusion of Holyroofl granite and the
beginning of Lower Cambrian deposition on Avalon satisfied both
models.

More recently, Hughes and Malpas (1971) and Malpas (1972) have
presented evidence for alkali metasomatism, with enrichment of rubidjum
and potassium, in Doe Hills rhyolite ’of the Bull Arm Formation on the
;st:hmus of Avalon. They suggest that metasomatism, involving both
the alkalies and calcium, may have heen operative on a large scale
in rocks of the Harbour Main Group. Conseguéntly, -Hughes (1972a)
regards the Late Precambrian volcanic rocks of the Avalon Peninsula
as part of a “spilite/keratophyre prﬁvince" resulting from a “"bulk”
matasomatism broadly coeval with regional metamorphism.

The presence of a low-grade regional metamorphism of prehnite-

pumpellyite grade in the Precambrian lithologies of the Avalon has

recently been recognised by Papezik (1972a, in press).




It is evident from previous geological work that Avalon geology

is indeed complex and somewhat controversial. Any attempt to achieve

a better understanding of the geological evolution of Precambrian -
rocks on Avalon must inevitably deal with some of the controversial
issues. s
: [
1.5. General Geology of the Map Area
4

/

The Colliers Peninsula forms part of the “"Western Block" of

Brueckner (1969), separated from the "Middle Block" ("Holyrood Horst” 9

of McCartney (1967) and main outcrop of Holyrood Plutonic Series) by
a high-angle fault system extending south-southwest from Hdlyrood
Bay (fig. 2). Unfortunately, preseht knowledge of the stratigraphy
nd structure of the fault-bounded blocks does not allow firm litho-
stratigraphic correlations to be made across the Avalon.

Rocks of the Harbour Main Group underlie a major portion of
the Cblliers Peninsula; the volcanic pile faces west and dips
steeply in tl.lat direction (fig. 3). A stratigraphic suicesslon
over 7900ft (240Bm) in thickness is well exposed and consists of

f - felsic pyroclastic rocks, volcanogenic sediments, and minor lava

' ) flows, intruded by transc;ressive sills of “"porphyrite", diabase
dykes, and rhyolite, and overlain to the west of the map area by a
series of basaltic flows, best exposed along the wgstem shores of

Colliers Bay. McCartney (1967) regarded these mafic flows as the

' youngest part of the Harbour Main Group with an estimated thickness

j /
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FIG. 3. General Geology of Colliers Peninsula.

basic intrusives = porphyrites)




FIG. 4. Location of Geochemical Sampling Sites Outside the
Map Area (modified from McCartney, 1967).
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of approximately 1000ft (304.8m). However, reconnaissance of the
area around the Blue Hills, 3 miles (4.8kms) south of the map area,
indicates that this is best regarded as a minimum thickness for
the mafic volcanics at this horizon (cf. fig. 4).

Greywackes, siltstones and minor tillites of the Conception
Group in the northern part of the peninsula lie in fault contact
with Harbour Main rocks to the south. McCartney (1954) interpreted
parts of this contact west of Bacon Cove as an unconformity,
mistaking a fault slice of conglomeratic and laharic sediments of
the Harbour Main Group gn'basal Conception conglomerate.

‘A small synclinal remnant of Lower Cambrian detrital rocks
and limestones rests on folded Cdnception siltstones at Bacon Cove

and constitutes the youngest map unit of the area.

1.6. Present Study

The p;esent study comprises a detailed geological account of
a w;ll—exposeé stratigraphic section of the Harbour Main Group on
the western flank of the volcanic belt. The work involved mapping
an area of approximately 7.5 square miles (19.4km2), microscopic
study of over 300 thin sections, and B2 complete and 90 partial
whole-rock and mineral analyses. An attempt has been made first
to examine each aspect of the geology - stratigraphy, structure,
metamorphism, petrography, and whole-rock and mineral chemistry -
individually; then to relate the data as a whole to present concepts
concerniﬁg the petrology and tectonic setting of the Harbour Main

Group on the Avalon Peninsula.




\

Mapping Methods

After three weeks of reconnaissance mapping in August 1971, the
main part of the field work was carried out during June to September

1972, when a base camp was estahlished at Bacon Cove. Black/ and

pal
white aerial photographs on a scale of 8 inchas to 1 mile 4dd 7.5
t

inches to 1 mile were obtained from the National Air Photographic
Library, Ottawa, and werse used as a map base in the field. Rock -
types within the Hdrbour Main Group were mapped ip detail, while
the Conception Group and Lower Cambrian Strata wers mapped on a.

]
reconnaissance basis only.
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CHAPTER 11

ASH-FLOW TUFFS OF THE HARBOUR MAIN GROUP

2.1. Terminology of the Volcaniclastic Rocks

A confusing discrepancy is often apparent in the literature

between original definition, classification and current usage of the

terms describing the volcvaniclastiq rocks. This section has been
reserved to define the terminology used throughout this thesis. '
The grade-size classification and terminology of the pyroclastic
rocks favoured here is that proposed by Wentworth and Hillim (1932},
later modified by Fisher (196l), and presented in table form below
(table 2). Pisher (ibid.) describad a diversified group of wvolcanic

breccias and re-defined volcanic breccia as a "rock composed predomi-

nantly of angular volcanic fragments greatar than 2mm in size set in

a subordinate matrix of any composition and texture, or with no matrix;
or composed of f)nqmnu other than volcanic set in a wolcanic matrix."
(Pisher, 1961, p,. 1072). This term is only modified or desscribed
further, along the quidelines laid down by Pisher (1958, 1960, 1961)
and Wright and Bowes (1963) , where the evidence favours a particular

mode of emplacement and/or environment of deposition. FPor example, the

spiclastic volcanic rocks of Fisher (1961, p. 1409) contain fragmenta

pPrxoduced by “"weathering and erosion of solidified or lithified volcanic

rocks of any type“ and include laharic breccias and wvolcanic conglomer-

atas. Use of the ur, "tuff-breccia" (Norton, 1917, p. 162) to describe

" e A ko T A sk e WY s PD 0 war




TABLE 2. Terminoclogy and Grain-Size for pPyroclastic Fraqments
(after Fisher, 1961)

Grade-Size Epiclastic Fragments Pyroclastic Fragments
{(mm)

boulders (and "blocks") coarse blocks

and

cobble bombs

lapilli
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a deposit other than one of pyroclastic origin is clearly ambiguous.
Fisher (1961, p. 1412) recommended tuff-breccia be used synonymously
with lapilli tuff; however, the latter term is preferred here.

The basic depositional unit of ash-flow deposits is the ash _f_l__:l

it is "the deposit resulting from the passage of one nuée ardohte .....

it consists of 50 or more weight per cent of ash and fine-ash exclusive

of foreign inclusiong" (Smith, 1960, p. B0O), where "ash” lies in the
gize range less than 2mm as defined here. The principal genetic
concept relating to ash-flow deposits is that of the cooling unit,
an “ash-flow de?osit that can be shown to have undergone continuous
cooling” (Smith, 1960, p. 801). Recognition af zonal variations in
welding and crystallisation features of ash-flow sheets enable dis-
tinctions to be made between simple, compound, and composites cooling
units (cf. Ross and Smith, 1961). The term ignimbrite {Marshall,
1935) is used here synonymously with ash-flow tuff whether walded

or non-veldad.

A typs of ash-flow tuff referred to as a "sillar”, has been
described by Fenner (1948) and Jenks and Goldich (19%6) from the
Peruvian Andes. The sillars are thoroughly indurated due to crys-
tallisation by pneumatolytic action rather than compaction and welding

of hot pumice and shards. Although mist of the ash-flow tuffs of the

"Colliers Peninsula preserve welded textures, certain ash-flow deposits

lack a distinct zone of welding and appear to have an affinity to the
so-called sillars, though not corrasponding exactly to descriptions

in the literature.

§




ash—Flow Deposits: An Introduction and Field Relationships

An appreciatian of the. acute problems of recognition involved in
the study of Precambrian ash-flow tuffs, as compared to their glassy
Cenozoic counterparts, can be gained from the literature. Only since
thé classical textural studies of geologically recent ignimbrite
sheets.by Marshall (1935) in New Zealand, and Mansfield and Ross (1935)
in Idaho, hgvé reports of Precamb.rian occurrences become better docu-
mented. For .example, Hjelmquist (1955) identified Precambrian welded i
tuffs from Dalarna, Central Sweden; Rittman (1962) recognised welded
textures in ignimbrites in eastern Egypt; Ross and Smith (1961) men-
tioned oceurrences in Moroccc and in Prgcambrian basement rocks from
Texas oilwells; and more recently, Thieme (1970) has recognised welded
tuffs in b:asement rocks in Zambia cut by a syenitic dome dated at
1930 £ 70 m.y.

Excellently preserved ash-flow tuffs of Hadrynian age on the
Collieré Peninsula -rank perhaps among the finest examples of Pre-
cambrian ash-flow deposits documented. The Harbour Main Group as
a whd{e contains several belts of well-preserved ignimbrites des-

cribed in some detail by McCartney (1967] and Papezik (1969, 1970).

In the map area, three predominantly pyroclastic sequences,

‘composed essentially of ash-flow tuffs, are intsrbedded with volcano-

genic sediments containing relatively minor amounts of ash-flow
ui:qrial (fig. 3 and geological map in pocket). Ash-flow sequences
have been named after measured gstratigraphic sections at Bacon Cove,

_$avers Hill, and Pinn Hill; listed from oldest to youngest, they
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are referred to throughout as the Bacon Cove ash-flow sequence,
Weavers Hill ash-flow sequence, and Finn Hill ash-flow sequence,
regpectively (cf. tables 3, 4, and 5) . "rhe top and bottom of
each ash-flow sequence is marked by epiclastic wolcanic rocks
(Fisher, 1961) which vary markedly in textu;:‘e and composition
along atrike.

In I:he ignimbrite sheets so far described f@,&he Harbour
flain Group, only simple cooling (Ross and Smith, 1961) has been
recognised (cf. PapeEi‘k, 1969) . In the Colliers area, eich type-
section of an ash-flow sequence has beeﬁ divided into a succession
of simple cooling units; each unit has been numbared for ease of
reference in tables 3, 4, and 5. Cross-sections of the ash-flow
sluencea at selected localities along strike are also presented:;
thicknesses of individual unite were measured in the field and
estimated from aerial photdgraphs.

Mineral modes and proportions of pumice and xenoliths wezrxe
determined visually in thin seaction and in outcrop (where possible):

poth methods generally agreed within approximately 5-10% of the

quoted value.

[ o e b A
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2.2.1. Bacon Cove Ash-Flow Sequence

A stratigraphic section located C.5 mile (0.8km) southwest
of Bacon Cove, comprises a succession of ash—-flow cooling units
(1-9, table 3), which together with laterally equivalent units
(10-14) at Kitchuses, are oollectively referred to as the Bacon
Cove ash-flow sequence. The resistant ash-flow tuffs form a
group of narrow ridges aligned northwest-southeast and bounded by
en échelon, high-angle fau’lts. The north-northwesterly strike of
the deposits crosses these ridges at a low anale.

The Bacon Cove ash-flow sequence is characterised by a
repetitive vet distinctive series of crystal tuffs (units l, 3,
and 5: coloured red in table 3): pumiceous crystal tuffs (units
7 and 9; coloured yellow); vitric .tuffs (units 4 and 8:; coloured
green) ; and extremely crystal-rich sillars (units 2 and 6; coloured
orange). Varving proportions of phenocrystic quartz, bilotite, and
albite appear throughout the sequence. Generally, the lithic
component is gionificant only as a thin basal concentration, which
rarely exceeds|1l5% of the rock. At Bacon Cove, ash-flow aeposits
are found in erosive contact, while further south at Kitchuses,
intercalated tuffaceous sanéstonesA and epiclastic volcanic breccias

-
are volumetrically important.
. et

Units 1, 3 and 5, in the lower part of the Bacor‘ove sequence,
comprise reddish grey to dark red crystal tuffs exhibiting a zonal

pattern of welding (Ross and Smith, 1961). Generally, a thin (3-10
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ft; 1.5-3m) basal zone contains 5-10% lithic fragments less than 1.5
inches (3.8cm) in diameter set in a non-welded shard and crystal
matrix, largely obscured by iron-dxide dust. Xenoliths conaist
mainly of quartz- and biotite-bearing crystal tuff and non-welded
vitric tuff; sedimentary rock-lapilli, some showing a green altera-
tion, are common in the thick basal layer of unit 1, and a rare
granophyre fragment occurs in unit 3 (photomicrograph 1). At the
base of unit 5, which occupies a depression at the top of unit 4,
lapilli of densaly welded vitric tuff derived from the underlying
unit have been plastically deformed by welding and lie within the
plane of compaction. The transition from non-welded to welded
textures near the base of these ignimbrite sheets 1s fairly sharp,
occurring within a zone about 1-2ft (0.3-0.6m) in thickness. Welded
crystal tuff grades upward into a partly welded counterpart, and
eventually into a non-welded, fine-grained crystal tuff at the top
of the coolir;q unit.

Vertical gradations in wéldinq can be matched with systematic
changes in crystal accumulation and min;ral proportiona. Phenocryst
conteant at the base reaches approximately 40% by volume of quarte
(10%), biotite (3%), and albite” (remainder). A non-welded upper

zone marks a gradual decrease in crystals (10%) set in a finely

comninuted shard matrix haa:r,ily impregnated with hematite; the

relative proportions of quartz and biotite are 3% and 1%, respec—
tively. The siza of phenocrysts also dimiqisheu upward from 2-3.5mm

at the base to less than 0.5mm at the top of the unit.
S
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Locally, the thin (up to 3ft; 0.9m) Sasal layer of unit 3
attafns a crystal concentration of 60%, composed of about 15%
q’uartz, 5% biotite and 40% albite. Only the higher content of
hematite dust, sharp contact, and slightly smaller (0.5-2mm)
crystals distinguish this basal layer from the underlying sillar
{unit 2). However, the welded textures soc common in the central
parts of unit'Ts 1, 2 and 5 have not been chserved in the sillars.

Units 2 and 6 are unique to the Bacon Cove ash-flow sequence;
conspicuously rich in crystals of quartz, biotite, and albite set in
an intensely recrystallised vitroclastic matrix, they strongly resemble
the sillar-type ash-flow tuffs described in the literature (cf.
chapter II, section 2.l.). These deposits are typically massive
and lack any form of internal stratification; welding has not been ,.
detected. Colour generaliy varies from reddish brown to buff,
though pale green mottling is conspicuous near the top and base
of unit 6. The base of unit 2 is not exposed and the horizon
sampled texturally resembles the top gnd middle of unit 6.

Exf.ensive outcrops of unit 6 are to be found along a broad
ridge in the centre of the type-locality. It represer;ts the thickest
(240€¢t; 73.2n‘r_) cooling unit of the Bacon Cove sequence and may
comprise several ash-flows. The base of this unit overrides ash-
flow tuffs in the lower part of the sequence (units 4 and 5) and
encloses them as su.t;&ngular to rounded lapilli; seciimentary an.d
mafic xenoliths are conparat_ively rare. Small (6mm) rock fragments

of similar origin are distributed chaotically throughout the unit.




Locally, veins and patches of reddi}ybro&m jasper form a prominent

"node" with a pitted surface due to weathering, and superficially
resemble xenoliths.

Vertical variations in crystal concentration and phenocryst
proportions within this cooiing unit can be traced in the field.
Rounded crystals of gquartz (1.5-3.5mm), biotite "books" (up to 3mm),
and broken albite (0.5-4mm) set in a recrystallised shard matrix
constitute 30% (at the top of the unit) to 758 (towards the base) '
by volwume of the deposit. The proportion of phenocrysts in the
xenolitf\;c basal zone averages about 30%, of which quartz forms
15%, hiotite 4%, iron-oxide 2-3%, the remainder being albite. An
upward decrease in the amount and size of lithic fragments is
accompa;\ied by an increase in the proportion of crystals, reaching
a maximum concentration between 10-70ft (3-21.4m) abowe the base of
the unit.

Units 4 and 8 are vitric ash-flow tuffs, typically purplish
grey or salmoh-pink in colour. Unit 4 is a compact, densely weldéed
ignimbrite sheet strongly resembling a massive rhyolite flow. How-
ever, the use of a hand-lens on a weathered surface reveals deformed
and slightly flattened shards which define a compaction foliation due
to welding. At the base, a thin zone of partial welding (4-10ft;
1.2-3m) contains }pproximately 10-15% crystals of albite (0.5-2mm),
quartz (0.5-2mm), and rare flakes of biotite (<imm). This basal
layer grades fairly abruptly into a zone of dense welding above,

which encloses tiny (less than 0.5mm) broken -albite crystals and




small (2-4mm) subangular lithic fragments which form about 1% and 3%,
respectively, of the rock. Welded vitric tuff continues upward to
the hase of the overlying ash-flow tuffs (units 5 and 6) with no
observed textural change. The original tﬁickness of the cooling
unit must clearly have exceeded the maximum 210ft (64.1m) recorded
in the type-section. |

The upper vitric tuff {unit 8) is preserved in a series of
dis’continuous outcrops along the easternmost rid’ge of the type-
locality and varies from 0-50ft (0-15.3m) in thickness. Dark green
lenses of collapsed pumice are conspicuous in a purplish grey,
densely welded vitroclastic matrix, and constitute about 5% of the
unit. Other textural and mineralogical features are similar to
- those recorded from unit 4.

Units 7 and 9, well-exposed in the ridges to the extreme west,
consist of greyish red to dark red crystal tuff; a zonal pattern of
‘welding is characteristic. The presence of pumice-lapilli megascopically
distinguishes these ignimbrite sheets from cool.inq units 1, 3 and §
lower in the seguence. Dark green to yellowish brown pumice, consti-
tuting 5-10% of the rock, are preferentially eroded to form a conspic-
uous but poorly developed foliation in the interior of the sheet,
without appreciaé.’e gtaining of the dark red shard matrix. An assort-

ment of lithic fragments (<30mm across), concentrated in a mottled

~

pale green \f.o buff basal layer., includes quartz- and biotite-bearing

A ‘ ]
welded tuff, igneous rock fragments with phenocrysts of albite and

pyroxene (pnrtiy altered to chlorite and quartz), tuffaceous sandstone,
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and sparse basalt and rhyolite. Green and pink mottling in unit 7,
though most extengive at the base, occurs sporadicallX.throughout
the unit.

Mineralogical changes are marked by the disappearance of
biotite and an increase in the albite:quartz ratio. Crystal content
grad;ally’decreases with height"above the base of the cooling”unit,
ranging 25-15% in unit 7 and 30-20% in unit 9; the xenolithic basal

zone contains approximately J0-25% crystals. Crystal size commonly

varies from 2.5mm at the base to less than 1mm at the top of the unit.

The saljent features of a stratigraphic section at Kitchuses,
2 miles (3.2kms) south of the type-locality, are shown in table 3.
Although intrusive rhyolite sills and intense faulting complicate
stratigraphic relationghips, & cooling units (10-14, table 3) have
been reccgnised. ”“;}’\?3;_11 and 14 exhibit zonal variations in
welding; units 12 and 13 ar; sillars, texturally iden;ical to units
2 and 6 described earlier. Lateral correlation, however, is tenta-
tive since thick. wedges of volcanogenic sediments replace many of
the ash-flow sheets at‘Bacon Cove.

The basﬁjof the section is particularly well -exposed east of
Kitchuses in coastal cliffs overlooking Gasters Bay. Unit 10 forms
a greyish green ash-flow sheet, about 40ft (12.2m) tﬁick, with

collapsed pumice-lapilli, scattered xenoliths of red crystal tuff

(5-30mm) , and crystals (25-30%) of quartz (5-10%) and albite (208} .

unit 11, a dark purplish red ignimbrite with a pale green xenolithic




base (4ft; 1.2m thick), §ontains comparatively fewer crystals (15-25%)
and less quartz (5%): biotite has not been recorded from either of
these ccoling units. Unit 12, the lower sillar, has been partly
altered to a greyish green to pale green colour; noticeable
mineralogical differences include a lower average crystal content
(40-50%) than similar units further north, phenocrysts of pale
golden mica (altered biotite), and sparse cubes of pyrite. Crystal
conéentration near the base of unit 13 is conspicuous, reaching
approximately 508 of the rock (15% quartz, 15% biotite, and 20%
albife), and progressively decreases to about 35% (108 quartz, 5%
biotite, and 20% albite) near the top of the unit. The larger
(2-3.5nm) quartz crystals occur in the basal zone together with

biotite (3mm), albite (1-3mm) , and minor xenoliths {3-15mm). Unit

14 is a reddish grey pumiceous ash-flow tuff with a marked concen-

tration of xenoliths at the base. It strongly resembles unit 7 in

both texture and mineralogy.

-

Agh-flow deposits exposed in fault blocks to the north of
the Bacon Cove sequence strongly resemble certain cooling units in
the type-section (table 3). A grey- to pink-weathering'vitric truff,
about 270ft (82.4m) thick (map tef.‘3575,6190), is identical to unit
4 at Bacon Cove. For the most part ghards are densely welded,
though a non-welded zone.is preserved at the top of the cooling
unit. Broken crystals of albite (up to 2mm) and biotite (<2mm)

are only conspicuous at the base, and form about 15% of the rock .




The unit thins rapidly towards the south, and an isclated outcrop

of pink vitric tuff east of Campbell Hill (map ref. 3475,5860) may

represent its far-travelled equivalent. Dark red to reddish grey

crystal tuffs overlying this ignimbrite probably comprise more than
a single cooling unit. Angular to rounded crystals of quartz
(1-2mm) , biotite (0.5-2mm) , and albite (1-2mm) occur sporadically,
and welded textures have been identified. |
Considering these deposits along with gnderlying ash-flow
sheets at Bacon Cove, it is evident that a cyclical pattern of
ash- flow deposition had been established in the area at this time.
The significance of this pattern is poorly understood since it may
represent:
a) real variations in the crystallisation history
of the magma. ’
the cyclical nature of types of eruptive activity
dominant at the vent(s).
variations in the -distance of source vents from

the Colliers area.

combinations of a, b, and c.

/




weavers Hill Ash-Flow Sequence

The Weavers Hill ash-flow sequence, with a strike length a
Jittle over 4 miles (6.4kms), is the most extensive of the ash-flowl
sequences that form the Colliers Peninsula. It is particularly
well-exposed at Weavers Hill (the type-locality}, at Campbell Hill,
aﬁd in coastal cliffs south of James cove (fig. 3). It is terminated
in the north by faulting and intrusion of porphyritic sills, and
blanketed by glacial drift at the southern edge of the map area.

0f the textur;l criteria applied to distinguish individual
cooling units in the field, the relative abundaqce of enclosed
pumice, the degree of welding, the horizon of marked xenolithic
concentration (if any), and the crystal:glass (devitrified) ratio
were particularly useful in subdividing this ash-flow sequence.
Colour is certainly no guide, though pumiceous ash-flow tuffs do

appear susceptible to a greenish alteration whatever their level

in the pile (for example, units 7, 9, 10, and 14, table 3; units

48-50, 52, 54, and §7, table 5); their markedly pumiceous nature
was probably an important contributing factor (plate 1).

The Weavers Hill ash-flow sequence is characterised by a
monotonous group of drab greyish green to greenish grey ignimbrite

. -

sheets (units 17-26 and laterally equivélent units 29-35 and 36-40,
table ;) locally altered to s£ades of red, pink, and green, and
conspicuoﬁsly rich in variably compacted, dark green to vellowish
brown, limonite-stained pumice, which constitute approximately 5-15%

?
of a single cooling unit. Pumice-lapilli only rare}y enclose

o e R ek el A B AT T




4. Weavers Hill Ash-Flow Sequence.
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crystals and where concentrated in the upper part of a unit,
presumably indicate raftina of lighter pumice toward the top
(and sides) of the ash flow (cf. Kuno, 1964; Ono, 1966; Fisher,
1366 ; Lipmn, 1967; and Walker, 1972).

Al though svstematic variations in crystal content have
been detected and are particularly noticeable in the thick vitric
tuffs of the Weavers Hill ql.-:-quence (units 19 and 20; coloured
green in table 4), mechanical sorting of the crystal fraction has
generally been less efficient than that implied by vertical
variations in crystal:shard ratios of Bacon Cove ash flows. The
amount of crystals and proportion of mafic minerals differ consid-
erably in each case, and rock fragments of comparable size and
specific gravity are more chaotically distributed throughout the
entire ash-flow sequence.

The mineralogy of this sequence is remarkabiy uniform:
angular to rounded albite crystals {(many of them broken and less -~
than 3mm in diameter) are common, and resorbed crystals of quartz
(0.2-2mm) locally form up to 4% cf the rock: biotite is rare,
occurring only as )'tenocrysts in basal ash flows at Weavers Hill,
put as a cognate phase in ash-flow tuffs at the top of the sequence
. agidms Cove,

At Weavers HiIl, adequate exposure and the occurrence in
the upper éart ‘of the section of thinly bedded lenses of tuffaceous
sandstones and siltstones [represenéinq breaks in ash-flow emplacement}

facilitate subdivision of the sequence into its component cooling

o
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units (units 17-26, table 4) . The top of the sequence is marked by
an irreqular erosion surface mantled by a light reddish brown
epiclastic volcanjc breccia (Fisher, 1961) containing rock
fragments up to l0mm in diameter; this breccia is overlain in
turn by reddish brown, thinly bedded volcanic arkoses and siltstones.
Red pumiceous crystal tuffs (units 15 and 16), 0-90ft (0-27.5m)
below basal Weavers Hill ash flows (units 17 and 18), are inter-
bedded with dark brown to pale green volcanic conglomerates and.
breccias of diverse origins.

.

Units 17 and 18, 126ft: (38.4m) and 34ft (10.4m) thick,
respectively, are strongly transgressive towards the south onto
ash-flow tuffs lower in the pile (units 15 and 16) . They comprise
at least two cooling units of coarsely xenolishic ash-flow material:
angular to subrounded blocks and lapilli of accidental and accessory

origin (terminology of Macdonald, 1972, p. 123) measure up to 14

inches (45cm) average diameter and constitute approximately 20% by

volume of the rock. Xenoliths include abundant greyish white and
puxplish grey flow-banded rhyolite, quartz- and bioctite-bearing
weided tuff, dark red crystal tuff, "porphyrite", tuffaceous sand-
‘stone, and rare basalt. In the lower part of the zone of welding,
pumice-lapi.ll! are squeezed between rock fragments and moulded around
crystals, assuming a variety of shapes and orientations; higher in

these units the pumice:xendlith ratio decreases and pumice fragments
\

are consistently flattened within a compaction foliation. Crystals

of rounded quartz, albite, and spor_adic'larqe {2 .5mm) flakes of biotite, .
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probably xenocrysts, -comprise about 25-30% of the unit and are dis-
tributed chaotically throughout the wlit.

Units 19 and 20 are composed of dark greenish grey to pink-
and red-mottled vitric tuff and are distinctive in their comparative
lack of crystals (2-20%) and completely chaotic assortment of sub-
angular lithic inclusions (locally 15-20%). Xenoliths are generally
of fine lapilli-size (cf. table 2) with a slight concentration in a
non-welded basal zone up to 30ft (9.2m) thick. Red- and ’green—altere«f]
rock fragments are common; clasts of pink quartzofeldspat'hic sandstoné

and basalt occur sporadically. Crystal concentration gradually

increases from about 3% near the top to 10-20% in the lowex part

of each unit. A sharp increase in crystal content (20-35%) in a
dark red, non-welded tuff (up to 13ft; 4m thick) at Ehe top.of unit ;
20 possibly represents a separate ash flow within this coeling unit.
A zone of intense shearing and Srecciation about 200ft (61m) across
and oriented parallel to the pumice foliation does not appear to
affect the logicél progression of welding (Smith, 1960a; Ross and
Smith, l9é1) and therefore the stratigraphic position of coolir;g
units; it may, however, affect the'thickness.

Units 21-26 comprise pale green to dark red ignimbrite sheet;_
containing approximately 10-30% crystals and separated by thin veneers
of tuffaéeous-sandstones, locally conterted and enclosed as rip-up
clasts within the base of these, ash }lows. A %light concentration

3f crystals and lithic fragménts gccurs in a thin basal non-welded

layer about 2-3ft (0.6-0.9m) thick Qits 22, 74, 25, and 26, and
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in a somewhat thicker welded zcne (about 50ft; 15.3m thick) in the:
central part of unit 21; undit 23 is a vitric ash-ff;w tufflwit.h a
crystal content of approximately 10% by volume of the rock.

'(/Avin addition to the measured sec®ion at Weavers Hill, two
stratigraphic sections of the Weavérs Hill ash-flow sequence ;t
Canpbell Hill and James Cove' are presented in table 4. Lateral
correlation of cooling units is also shown where possible.

About 0.25 mile (0.4km) north of Weavers Hill, the lower
part of the ash-flow sequence (not shown in table 4) compris.es a
comparatively thin (less than 600ft; 183m) succession of dark red
ignimbrites. XenoIithiF tuffs at the base are thinner (less than
100ft; 30.5m) than similar depbsits (units 17 and 18) at Weavers
Hill, and only one cooling unit of vitric tuff (158ft; 48.2m thick)
has been recognised. <
At Campbell Hill the sequence thickens to appmxil;\ately

!

1000ft (305m) of greyish greeNpumiceous ignimbrite sheets (units.

29-35). A more chaotic distribulion of crystals and pumice, an
' .J . hd .

a paucity of s mentary partitionf§ between cooling units, hampe
attempts to subdivide the lower parf of the ash-flow sequence. A
single cooling unit of vitric tuff odcurs near the top of a pre-
dominantly crystal-bearing seguence ash-flow sheets averaging
about 20-30M crystals of quartz angl albite.

At James Cove, the nort)fnortheasterly strike of the pumide

foliation trends subparallel to the shoreline (plate 2). 1In the
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south, a dark greenish grey crystal tuff (unit 36), locally exhibiting

pinkish albite crystals, lies in fault contact with volcanic sandstones
and siltstones. Irregularities in the trend of compacted pumice are
probably due to rotation of small fault blocks antithetic to the main

fault. The most conspicuous mineralogical and textural variations are

I
,

found in"n rthem outcrops. Dark red, pumice-poor crystal tuffs
locally "capX the sequence; densely welded textures are common and

at leagt one &ooling unit measures over 100ft (20.5m) in thickness N
(uni}: 40). The total crystal content is about 308, consisting of
q.\ia.rtz {4%), feldspar (22%), and biotite (2-3%); the lithiec fraction
constitutes 5-10% of the unit. )

Small but consistent ‘amounts of biotite (1-2%) are also
found in a dark red, pumice-rich crystal tuff (unit 39) directly
underlying unit 40. Also a dark purplish red ignimbrite (unit 41,
table S) within the anlying sediments locally contains about 2%
piotite. It is of interest to note that the pfésence of biotite
as a f:ognat:e mineral in these ash-flow tuffs is accompanied by
changes in the degree of welding; felatively thin, pumice-poor and
pumice-rich igninbrite sheets exhibit 2ones of dense welding ip
their interiors, whereas in the thicker pumice-rich cooling units

lower in the sequence, compaction and welding are less intense {though

a foliation dye to welding is more easily recognised in the field).

Below the basal ash-flow deposits of the Weavers Hill sequence,

but included here for convenience, dark red to pale green crystal tuffs

4
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(units 15, 16, 27, and 28, tab‘le 4) are preserved in shallow topo-
qrapyic depressions that existed in epiclastic volcanic deposits at
the’. time of ash-flow emplacement. On the eastern slopes of Weavers
Hill two such ignimbrites (units 15 and’ 16) are found in erosive
contact. Unit 15 reaches a maximum thickness of 73ft (22.3m), and
is truncated within the upper zone of incipient welding (Ross and
Smith, 1961) by a dark red crystal tuff (unit 16) which is entirely
non-welded and forms a conspicuously pitted surface on weathering.
The absence of stratification within unit 16, the concentration of
lithic fragments (5%) and sharp contact at the base justify sub-
division into two cooling units, and moreover, suggest an ash-flow
origin. The central zone of unit 15 is densely welded and liphophysal
cavities (up to 5mm in diameter) at the base are locally filled with
sphaerulitic quartz and calcite. Vesiculation méy have been promoted
by the passage of a I;iot pyroclastic flow over wet volcanic breccias
below. Crystals of quartz {2.5mm) are comparable in size to the
larger crystals in Bacon Cove ash flows and form about 5% of a total
crystal content of 25-30%, which includes 1% biotite, the remainder
being albite. Units 27 and 28 on the eastern slopes of Campbell Hill

exhibit textural and mineralogical features similar to unit 15, and

these deposits probably represent the eroded remnants of fomerly

‘much more extensive ignimbrite sheets. Taxtural and mineralogical

features of these deposits are more reminiscent of crystal tuffs at

Bacon Cove and contrast markedly with typical Weavers Hill ignimbrites.

7
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2.2r3. Finn Kill Ash-Flow Sequence

The Finn Hill ash-flow sequence {(units 43-60, table 5)
comprises all known ccoling units of ash-f.low tuff (interbedded
with epiclastic volcanic rocks) that lie stratigraphically above
a basal ash-flow tuff (unit 43) exposed on the southern shore of
Dock Cove (cf. fig. 3 and geological map) . A stratigraphic column
over 2100ft (640.5m) thick has been compiied from a series of
sections measured'across the extrapolated length (3.5 miles; 5.6kms)
of the ash-flow sequence.

A considerable variety of ash-flow depésits has been recog-
nised, including pumice-poor tuffs with large (up to 4.5mm) crystals
of albite (units 43-47, 51, 53, 55, and 56; coloured red in table 5):
lapilli-tuffs enclosing variably compacted pumice and abundant rock
fragments (units 48-50, 52, 54, and 57; coloured yellow); and two
ignimbrites with highly unusual textures exposed at Finn Hill (units

t
58 and 59). An important difference between the Finn Hill ash-flow
sequence aﬁd those described previously is the increased proportion
of epiclastic volcanic material in the type-section; a natural
division can conveniently be made between a lower -éunits 43-46) and
an upper (units 47-60) group of ignimbrite cooling units.

The lower part of the Finn Hill sequence at Dock Cové comprises
over 480ft (146.4m) of predominantly greenish grey to purplish grey
crysial tuffs (units 43-46) interbedded with volcanic breccias and
sandstones. Zonal variations in welding have only beeﬁ detected in

unit 45, which exhibits a densely welded interior. However, a crude




Finn Hill Ash-Flow Sequence.
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aligﬁment of pumice-lapilli {about 2% by volume) has been observed
within the green altered base of unit 43. Angular to subangular
xenoliths (average diameter about 8 inches: 20.3cm) constitute
approximately 10-15% of each cooling unit, and commonly consist

of red- and green-altered crystal tuffs, reddish brown to dark
brown tuffaceous sandstones, and amygdaloidal basalt and diabase;
fragments of flow-banded rhyolite are presént but comparatively .
rare. The mineralogy is remarkably simple: euhedral to subhedral
and broken crystals of albite (2-4.5mm) form 25—40\ of the rock and
are typically the only crystals present; partially resorbed crystals
of quartz have been trecorded from‘ unit 43 where they form 1-4% of
the unit.

At Finn Hill, the upper part of the ash=flow segquence is
exceptioﬂ_ally well preserved and has been described in detail by
Papezik (1969), who presented a measured section over 800ft (243.8m)
thick across a succession of dark red to reddish grey ignimbrite
sheets separated by volcanic breccias of various origins and minor

tuffaceous sandstones. This section has beeh incorporated into the

stratigraphic column in table 5 with only slight modification (cf.
<

Papezik, 1969, p. 1407).

Ash-flow tuffs on the eastern slopes of Finn Hill form strike
ridges trending north-south and offset by east-west zones of faulting
and dyke intrugion (plate 3)'. _Units 47, 51, 53, 55, and 56 comprise
reddish grey ignimbrite sheets containlnq large (up to 4mm) euhedra\

to subhedral and broken albite crystals (25-35%) and an assortment of

-
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iock-lapilli (5-108) set in a well-preserved shard matrix. Xenoliths
commonly consist of basalt and dark red crystal tuff of accidental
and accessory origin, respectively. Welded textures at the Centre
of the sheet generally grade into partly welded and non-welded margins.
An interior zone of dense welding characteristically exhibits a con--
spicuous ali;_;n;v;ent of the long axes of albite crystals which provide
a guide to welding in the field. Units 53 and 55 .contain rounded
grains consisting of intersecting plates of hematite in a base of
chlorite, which possibjrepresent pseudomorp:hs after olivine. The
basal part of unit 56 exhibits a distinctive red and green mottling
which partly/obscures welded textures at this horizon. Alteratioh

of this re is discussed in detail later (chapter VII).

Units 48—’50i 52, 54, and 57 represent ash-flow tuffs of a
different type. \They consist of pale brown to pale green lapilli-
tuffs enclosing pumice (5-10%) and angular to rounded rock fragments
(10-20%) composed largely of rhyolite, tuffacecus sandstones and
siltstones, fragments formed by mosaic intergrowths of quartz and
albite, porphyritic rocks with albite ‘phenocrysts, and rare basalt.
Albite crystals are usually small (0.5-2mm) and form about 25-40M of
a unit;’ crystalsl are commonly anhedral to subhedral in habit and set
in an altered shard matrix. Where welded textures a:g preserved
(units 49, 52, and 54) dark green to yellowish brown pumice-lapilli
are flattened to form a weakly eutaxitic structure. Rare ciinopyroxene

crystals (<lmm) have been recorded from unit 54 and probably representn

xenocrysts.




Units 58 and 59 are intercalated with thickly bedded volcanic
breccias interpreted as ¥olcanic mudflows or lahars. Crystal content
is somewhat lower (lb—ZO\) , and lithic lapilli vary from 5-20% in unit
59 to 5-15% in unit 58.- Unit 58 is a conspicuous dark reddish brown
to almost black crystal tuff, 35ft (10.7m)} thick, exhibiting a strongly

eutaxitic foliation which curves around crystals and rock fragments and

is best seen in thin section. The mineralogy consists of crystalsg of

albite (1-3mm) and small {(0.5-lmm) clinopyroxene crystals which occur

as a decidedly cognate phase forming approximately 0.5% of the rock.

A chocolate-ﬁrown volcanic breccia overlying unit 58 contains angular

fragments of welded tuff derived from the unit below, and found up to

6 inches (15.2cm) above the base of this lahar; the contact is sharp':
-

and distinct.

Textural variations typical of Agnimbrite cooling’units (Ross
and Smith, 1961) are well preserved in unit 59. Angular to subangular
xenoliths (0.{>~4inche§; 1.3-10.2cm acrossh)‘ are for the post part
chactically Qistributed except for a slight concentration in the
middle of the xone of welding (plate 4). Megascopic textural fea- '
tures are rather striking: dark grey to black lenses measuring up
to 14 in.chea (35.5cm) in length, with rounded or delicately frayed
extremities, define a strongly eutaxitic foliation. They commonly
enclose euhedrél albite crystals (up to 3mm) and appear pancake-shaped
in three dimensions (plate 5). Similar textures are found on a micro-

scopic scale in unit 58. The inclusions described resemble the "fiamme”

or "flame structures® of "tuff lavas" from the Phlegrean Fields, Italy

»




(Cook, 1966); collapsed pumice in the "eutaxites" documented from Gran
Canaria (Schmincke and Swanson, 1967); and dense glassy inclusions in

pantelleritic ignimbrites at Fant'Ale volcano, Ethiopia (Gibson and

Y
Tazieff, 1967; Tazieff, 1969; Gibson, 1970; McBirney, 1968).

Unit 60 consists of a pale red'to pale green altered crystal
tuff containing about 20% crystals of albite (less than 2mm) set in

a partly welded shard matrix.

Lateral correlations of ash-flow cooling unite in the Finn Hill

s

gequence are shown in table 5.

At James Cove & reddish grey ignimbrite (unit 42) transgresses

Y

a2 volcanic conglomerate to rest with marked disconformity on a dark

purplish grey ignimbrite sheet (unit 41) further south. Unit 42 con-

tains angular to suban‘gular rock-lapilli comprising dark red crystal
tuff, dark brown tuffaceous sandstone, basalt, diabase, and rare
rhyolite. Large (l1-4mm) crystals of albite and small (1-2mm) quartz
crystals (3%) form about 50—40\ of the rock. A swarm of dark green
to pale brown eutaxitic pumibce—li\pilli‘ occur within a 'thin (10-20ft;
. . rr
3.1-6.1m) zone of welding in the lower part of the unit. Unit 42 has
been correlated with unit 43 at the base of the Finn Hill ash-flow
sequence on the bhasis of comparable textures, and in particula.r the
occurrence of crystale of t&uart/t.

Unit 41, by defihition therefore, lies below the base of the
Finn Hill ash-flow sequence. Although the ceptral part of the unit
exhibits a zone of dense welding, intense recrystallisation locally

destroys shard outlines (cf. chapter IfI).' Crystals of albite (<2.5mm)




constitute 108 (near the top) to 30% (at the base) of the unit; biotite
(<lmm) also occurs but forms less than 1%.

Excellent exposures of the topmost part of the Finn Hill
sequence are found at Ryans Head and along the western shoge of
Burkes Cove. Epiclastic volcanic breccias and conglomerates overlie
a fiamme-bearing iqninﬁrite correlated with unit 59 in the section
at Finn Hill (plate 6). Megascopically distinct fiamme protrude
slightly fgom the surface of glacially scoured outcrops due to
differential erosion of inclusion and matrix (plate 7). A concen- .
tration of rock-lapilli near the centre of the cooling unit forms a
discontinuous layer 0-3ft {0-0.9m) in thickness. Densely welded
textures persist as far as the upper and lower margins of this

layer and in general tﬁe boundaries of the 2ones of welding parallel

the "bedding planes” indicated by the lithic horizons. Irregqularities

at the base of this bed are reflected by gent;e warping of the

~ compaction foliation. This is interpreted as the result of slumping
due to rapid loading by anboverriding ash flow while the lower ash-
flow uni?® was still hot and capable of plastic deformation (plate 8) .
Thus, cocling unit 59 can be divided into a lower and an upper ash-
flow unit separated by a layer of rock-lapilli probably representing

a deposit formed by gravity settling of denser lithic fragments

toward the base of the younger ash flow. Gibson (1970) has described
xenolithic horizons of similar nature in ash-flow sheets at Fant'Ale.
The internal chemistry of unit 59 is presented later (chapter VIII and

table 7) and suggests that its multiple flow history may also record
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2.3. Mechanism of Ash-Flow Emplacement

The first detailed account of a nuée ardente-type eruption is

; credited to Lagroix who described the eruptioh of Mont Pelée on the \j
island of Martinicue on May 8th, 1902 (cf. Macdonald, 1972, p. 142,
for a brief resumé of this eruption). On'the previous day, Anderson
- and Flett had witnessed similar eruptioné at La Soufriére on St. . 1
Vincent, and later that same year at Mont Pelée on July 9th. Al- 4
though no scientifically observed nuées ardentes have produced
recognisable welded ash-flow deposits, the aceological evidence d

overwhelmingly favours a acas-emitting particulate flow as the agent

of transpgrt. According to Poss and Srith (1961), ash-flow deposits
L J

are typically chaotic and in this respect resemtle rather closely

' pyroclastic deposits at Finn Hill and Weavers Hill, interpreted as

ash-flow sequences. However, systematic vertical variations of

included crystals and rock fraoments are a distinctive macroScopic
feature of the Bacon Cove ash-flow sequence. Textural characteristics
such as these appear to demand density sorting during emplacement akin
to mechanisms of deposition postulated from qraded textures in the
distal ends of gubmarine density currents.
Ash-flow sheets interbedded with marine sedimentary secuences

are }novn from the literature, and in certain cases have beeh.taken
as evidence for subaqueous eruption and emplacement of fluidised

{ silicic magma. Graded textures in such deposits appear to lend

weight to this arqument. For example, textures of this nature in

; pyroclastic flows of Miocene agqe have been recorded by Fiske and
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Matsud: {1964) from the Wadaira Tuff Member of the Tokiwa Formation,
Japan. Density sorting in the thicker ash-flow ‘daposits has resulted
in concentration of partly vesiculated fragments of dacite near the
base and shredded pumice-lapilli toward the top of each unit. Further-
more, it has been shown quite convincingly that where pyroclast’ic flows
enter water pumice—ldpilli are preferentially ofiented parallel to the
direction of flow, a texture which is genetically remote fyxom their
orientation by compaction and welding (cf. Fiske, Hopson,“and Waters,
1963, p. 16). Similar deposits in which welding does. occur, however,
ha:re been described from the Ordovician (€aradocian) marine strata

of North Wales by francis and Howells (1973), from the vati Group on
fhode Island, Greece, by Mutti (1965; cf. in particular fig. 9, p. 280},
and by E‘iske (19697 from ash flows of Miocene age in Puerto Rico
.(Fiske, ibid., plate 3, fig. 2). In th; fatter*examples, however,

!

it is difficult to conceive how welding can take place to any great
extent in a submarine gnvlronment, and in this respect the,,l.gnimbrites
of North Wales have sparked a great deal of controvez‘-sy.

Gravitational sorting in terrestrial ash-flow deposits has been

described, for example, by Hay (1959) from La Soufrigre, by Fisher

(1966) from distal parts of the Picture Gorge ignimbrite of north-

central Oregon, by Ono '(1966) and Lipman (1967) from, ash-flow sheets
of the Aso Caléeru, Japan, and by Walker (1972) in a comprehensive

study Qi cfystal concentration in ii;nimbrit.os. In particular, Fisher
.(1966) reiuted lateral variations in phenocryst proportions and size

of included .rock fragments to their specific gravities or "gettling
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velocities", which, he argue;i, governed sorting and sedimentation in
a turbulent pyroclastic flow. Some measure of laminar flow during
transport was invoked by him (Fisherl, ibid., p. 360) and this
:nechanism has also been suggested by Gibson {1970, p. 199) to
explain sorting ?f xenoliths in Ethiopian ash flows at Fant’Ale.
Likewise, Elston and Smith {1970) attributed the formation of
primary directional fabrics in the Bandelier Tuff and Battleship
Rock ash-flow sheets of the Valles Caldera, New Mexico, to laminar
flowage in a highly mobile medium. Examples are kAnoum, therefore,

of density stratification within a moving ash flow which has been

preserved and recognised upon deposition. .

e

—

Concerning the textural characteristics of the Baco:yow“a'sh—
flow sequence, -it seems rgasonable to postulate that f,atfinq occyrred
at the distal parts of these ash flows. Evidence ir’/:support of this
hypothesis comes from the section at Kitchuses wher:é‘\many of the ash;-
flow cooling units are missing and were probably nerposited (cf.
table 3). In addition to a number of complex factors t;overning the
mode and intensity of a‘-particular eruption and the consequent ;atuF;z .
of the pyroclastic debris (cf, Verhoogen, 1951), it is likely that
the priservatlon of textures resultinq from primary laminar flowage
would only occur where the surface of deposltuon was relat:.vely uniform.
Considefations involving the relief over which an ash flow has
travelled mig:t explain in part at least the fabrics recorded from

ash-flow cooling units in the upper part of the Weavers Hill section

(units 19-26 in table 4) and at Bacon Cove (units 3, 5, 7, and 9, table

{

- "i
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3} as compared with those found in the lower part of the Weavers Hill

section (notably units 17 and 18, table 4).

w
*

At this point, let us gonsider the sillars of the Bacon Cove
ash-flow sequence. Cz;ystal co;\centration in these sillars could be
explained simply by gravitative sorting of crystals during flow in
an originally much thicker ash-flow“deposit. This mechanism is

indeed plausible since textures comparable with those found in the

sillars have been observed at the base of an ignimbrite sheet (unit

T

3, table 3) in the type-section at Bacon Cove. Moreover, delicate

a

wisps of devitrified glass adhering to many of these crystals
strongly suggest derivation from t;reshly erupting magma rather than
the scrapings of a weathered recolith.

One of the earl%st detailed studies of crystal-rich, glowing
avalanche dé,posits was made by Hay (1959) at La Soufriédre. Hay com-
pared the concentration of phenocrysts in >scon'.a a.ﬁd bombs with ’
their concentration in the ash fraction of these deposits. Hé found
that about one fifteenth of the'tot,al material erupted %ad been in-
corporated in the ash flow and that approximately one ﬂ]itd had been

lost as finely comminuted ash {predominantly vitric) to the cloud °

. -
overriding the basal avalanche, redsulting in marke:l enrichment of
crystals. In paxticulavr, the ferromagnesian minerals had more than
doubled their initial cancentration in the magma. The ash flow 'itself
had separated into a d.naer‘ ffa-ction consisting of'b‘lock;, 'lapfl!i, and

crystals, and a lighter fraction comprised chiefly of expm& gas

and shards. Furthermore, these textures could be traced to within a

B




few hundred yards of thc..vent, implying that segregation .in the ver-
tical eruptive column had taken place almost immediately. Lipman
(1967) and Walker (1972) have also appealed to selective removal of’/.« —
shards and their subsequent deposition at the extremities of an ash-
flow depoisit./ )

wWinnowing of shards is certainly a more appealing mechanism
for producing- the textures observed in the sillars of the Bacon Cove
ash-flow sequence since there is no evidence for extensive erosion
of a crystal-poor zone at the top of these cooling units. Al though
the sillars are much thinner 2 miles (3.2kma) further south at
Ki tchuses, there is no significant decrease in the crystal:sﬁard
ratio ax):i textures are comparable with the deposits at Bacon Cove.
This strongly suggests that a considerable amount of volcanic ash
was distributed well beyond the cenfines of the map area during

s

eruption and emplacement of the sillars. However, the problem of

estimating the rglativé amount of pyroclastic material prod‘.éed

during a single eruption is greatly increased where welded téxturgs

are lacking. For example, the greater thickness of sllllars ;t Bacon

Cove might be éttzibuted to:g number o{ undetected ash-flow units

within a single cooling unit; such phenomena ‘have been observed

whe re weld_ing is present'in- unit 59 of the Finn ;lill ash-flow sequence.
In conclusion, it has been ax‘gued that many of the textural

features of .individual cooling units within the map area have been

produced by processes involving density sorting during ash-flow
. ) . :

emplacement. In particular, densi ty stratification has played a
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major role in the formation of textures in Bacon Cove ash-flow tuffs,
especially the sillars. It should be mentioned, however, that al-
though crystal enrichment in these deposits invites an erroneous
«interpretation concerning their original concentration in the magma
prior to eruption, the size of the larger crystals in the sillars

is comparable with the average qrain size in granitic phases of the
Holyrood Plutonic Series (with which the sillars are compared
chemically in chapter VIII) and suggests that they were derived

from a magma in a relatively advanced state of crystallisation.

This magma has subsequently undergone crystal fractionation resulting

from post-magmatic eruptive processes.
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2.4. Provenance and Magnitude of the Ash-Flow Deposits

The sites of former volcanic edifices that suppliéd what must
have been considerable volumes of ash-flow material have not been
recognised in the map area. It vquld be fortuitous, indeed, if the
eroded remnants of an ash-flow éource were expos?d in cross-segtion,
and such a structure has yet to be observed in the Harbour Main
Group. Al though ash-flow sheets cannot be traced to their source,
it is possible to use indirect geological evidence~to infer the
general direction of provenance of many of the ;.ush—flow deposits and
to predict the minimum number of source vents active at any one
time. Perhaps the most pertinent features to consider are strati-
graphic variatiqns of both gingle cooling qm'.ts and entire ash- flow
sequences along strike, and variability of xenolith assemblages.
Compositiohal variations are considered later {chapter VIII).

The Bacon\ cove ash-flow sequence thins markedly twa;d the
south where many coocling units in the type—sectio‘n‘are replaced by
thick wedges of tuf faceous sﬁpstone and siltstone. Ash-flow tuffs
mineralogically and texturally jdentical to vitric and crystal tuffs
at Bacon Cove are exposed in fault blocks in the extreme no‘zth of ‘
the map area. Fine-grained cl.éstics along strike to the south are
enr.iched in shards and crystals of quartz and biotité, and represent
proximal deposits of reworked pyréclastic material, no doubt derived
largely from the unconsolidated upper zones of ignimbrite cooling
units. Strictly stratigr;phic evide;we, \_-.herefom, requires that

the source vent(s) for Bacon Cove ash flows)uarrlgcam-d ta the north




of present exposed limits of Colliers ignimbrites. Combining the
arguments above with textural evidence presented earlier {section
2.3.) it appears that the Bacon Cove ash-flow sequence was deposited

at the distal parts of a mych more extensive ash-flow fi to the

north.

In the case of Weavers Hill ash-flow tuffs, ch stratigraphic

evidence for a particular direction of provenance is‘less compelling.
The sequence #ttains a maximum thickness at bnmpbc;,ll Hill and a
minimum in the south; its thickness in the north is unknown. The
effects of erosion and palaeoﬁopography are complex and difficult

to evaluate. The presence of a thick unit of crystal tuff (unit

40, table 4) at the top of the sequerice at James Cove and its
absence to the south suggest that at least this ignimbrite had its )
origin to the north. Local conglomeratic horizons at James Cove
suggest that a region of higher élevation ‘existed here immediately
succeeding ash-flow deposition. similarly, laharic breccias inter-
bedded with thin conglomeratic horizons locaﬁed east of Cappbell Hill,
pass into fine-grained volcaniclasvﬂc deposits further south. Since
volcanic mudflowa, like nuées a¥dentes, fl&u predominately under‘ the
influence of gravity, a topographic high to the north is again
inferred. If this region of higher relief persisted throughout
deposition of Weavers Hill ash-flow tuffs, as the evidence suggests,
it is likely that the source of the uh‘ flc;uu was also located in

:h; north since they retain their sheet-1like .f.orm and do not pinch
out along strike as would be expected if they had ffo'wed from south

to north and gradually buried a pre-existing topographic high.




s

‘ Prolific fragments of flow-banded rhyolite found in these ash-flow
tuffs and laharic breccias suggest a common source area. Contrasting
assemblages of xenoliths in Bacon Cove and Weavers Hill ignimbrites
(i.e. predominantly crystal andl vitric tuff-lapilli in the forter,

and mainly flow-banded rhyolite in the latter) could Be interpreted

as indicating:

a) different source areas for each ash-flow sequence, or
b) the same source area with an intervening period of

extrusion/intrusion of visccous rhyolite at the vent(s).

In any case, it is evident that not all the extrusive/intrusive episodes

at source vents are recorded b;' the volcanic stratigrkaphy presently.

exposed. Density gtratification- of crystalg, pumice, and rock fragments
has been noted in a number of ash-flow sheets at Weavers Hill (though
less pronounced than comparable textures ix;x Bacon Cove ignimbrites)
but has not been cbserved at Campbell Hill or James Cove. These ob-
servations suggest that, all other factors being equal, the Weavers
Hill ash-flow tuffs are conpargtively ?eamr their .source.

The highly diverse nature of ignimbrites comprising the Finn
Hill sequence and relatively shor:t lateral extent of the upper and
ldwer groups of cocling \mit;s’preclude conclusions 'as to the location
of source vents. Interfingering of ;ooling mits at ‘Finn Hil‘l with
contrasting textures and xenplith suites provide evidence for at least
two separate iouzce regions concurrently active. V Pumi cecus crystal

tuffs (units 48-50, 52, 54, and 57, table 5) strongly resemble those

~———
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of the Weavers Hill sequence but contain a greater proportion of rock
fragments and clay-size material. Sparse xenoliths of flow-banded
rhyolite are found in the pumiceous tuffs and laharic breccias;
however, crystal tuffs and '.f.iam—bearing ignimbrites of the sequence
(coloured red in table 5) lack 'thyolite, though basaltic xenoliths
are common. Consequently, the former ignimbrites were probably
derived from a waning source area that may have previocusly supplied

Weavers Hill ash-flow tuffs, whereas the latter deposits were derived
I
from a separate source, U

.

Congiderations of the volumes of ash-flow fields generally lead
to conclusions involving the nature of source vents. For .example, in
an excellent review of ash flows, Smith (1960, p. 819) summarised the.
orders of magnitude of some well-known Tertiary and younger ash-flow
deposits. Ash-flow depomits of small volume (maximun of 1-10km?) and
restrictad diat;!.butiot_x he categorised as either eruptions at open
craters, for example, Hayo§ volcano, 1968; and La Soufriére, 1902; or
craters with dcmes,r for example, Mt. Pelée, 1902;v Bezymianny ,‘/‘1'956;
and Hibokhibok, 1951. Voluminous ash-flow deposits are commonly

products of eruptions through #issures, either linear or arcuate,

associated with multiple source regions or volcano-tectonic depressions. -

Ash-flow fields of thim type generally exceed 100km3 &nd many have Been
estimated to range 1000-10000km>, for example, San Juan ash-flow field,
Colorado (Luedke and Burbank, 1961); Yellowstone (Boyd, 1961); and

Lake Toba volcanic field in ﬂnlu'a (Van Bemmelen, 1949) . Intermediate

volumes azre usually associated with calderss, for example, AsoC caldera,




Japan (Lipman, 1967); 'Vallo- Caldara, Jemez Mountains, New Mexico
(Smith and Bailey, 1966); and Timber Mountain, Nevada (Ekren, 1968).
Original volumes of Colliers lgm-bnu- are uwnknown since
they are Lnéoqwleuly preserved in cross-section only; however,
some speculations concerning their original magnitude axe worth-
while since there nppoaln to be a crude correlatiaon betwsen the
volume of uh-!.'low. fields, i.e. the nature of the source vents,
and the thickness and textural characteristics of cooling units.
Nufe axﬂlonu typre or Peléean activity in historic ti- is
characuﬂud by erxuptions thfough cantral or pipe vents (Macdonald,
1972, p. 199) or from lateral cones or fissures of a composite
volcano at e maturs ltagg of growth. The deposits are usually of
rhyolitic compositions and r'oln.tv‘ly seall volumes, and thoroughly
welded textures are lacking. Furthermore, ash flows commonly follow
the course of river valleys eroded into the flanks of the main cone;
seldom do they form extensive dopoqlt.l at lowver slevations on
lu.xmmdlng plains, which are ion commonly blunk’t.d by laharic
breccias. A river valley is clsarly not & favourable location for
" the ptdlorﬁtion of loosely consolidatsd pyroclastic material, and
Streams soon excavate new channels at a fairly rapid rate. Perhaps

a Mt umusually violent amd woluminous ash-flow eruption for a

'luqu stratovolcano vas the paroxysmal sruption of prehistoric Mt.

Masama (Williams, 1942), vhich produced flat-lying sheets of pumice
extanding 35 miles (56.3ms) to the sast. ‘Though fossil fumaroles
indicate that the pumice flows were hot when they cans to rast, the

deposits are entirely non-welded and the srupticn produced a caldera




6 miles (9.7kms) in diameter, now occupied by Crater Lake. In contrast,
" the rhyolitic ash-flqw deposit which formed the Valley of 'I‘er; Thousand
Smokes in 1912 was cdonsidered to have a fissure source on the flanks

of Mt. Katmai (.Fenner, 1923; Bordet, Marinelli, Miétempergher, and
Tazieff, 1963). Macdonald (1972, p. 240) described the Katmai eruption
as “"the closest approach to a rhyolitic flood eruption that we have had

in recent centuries", yet this deposit only produced a zone of incipient
welding at the pase. )
' étrong evidence that‘ ash-flow tuffs of' the Weavers Hill sequence
were derived from a single source is provided by a suite of rhyolitic
xenoliths common to all cooling units. Similar textural and minera-
logicai characteristics further strengthen this argument. Further-
more, the general lack of sedimentary partings between cooling units

and preservation of non-welded upper margins in the majo‘rity of these
ignimbrite sheets suggest rapid emplacement during a period of intanse
volcanic activity. ) The ;arl;esp deposits a't the base of the sequence
"(units 17 and 18, table 4) appear to have been restricted to topographic
lows allowing 4ater d@posiu to spread latarally as continuous, almoat
horizontal sheets in much the same manner as the Aso III sheet, a com-
pound cooling unit, accosplished in a single eruptive ’apisocie (Lipman,

1967). Assuming a minimum thickness of 1000ft (305m) for the entire

veavers Hill sequence and that the deposits blanketed a uniform topog-

raphy for a di;‘thnea normal to strike equal to the exposed strike

[

length, i.e. 4 niles (6.4kms), then the volumes of tuff produced during

this eruptive episode is about 3.03 cubic miles (7.84km3). This
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estimate is approximately double the size of Japanese ash-flow fields
erupted through crater;; (Smith, 1960, p. 819}, and is much greater
than regﬁant estimates of the "great sand-flow" at xatmai National
Monument. (compare Fenner, 1923, with Gedney, Mattesorn, and Forbes,
1970) ; however, it falls short of the volumes of pumice flows cal-
culated for Crater Lake by Williams (1942) . Although the vulum'etric
evidence is entirely speculative, the forrm and textures of cocling
units comprising the Weavers Hill ash.—flow sequence are considered
incompatible with their origin at a crater in the summit region of
a composite volcano (if past experience of such eruptions.is adequate}:
instead, the evidence is moref\cﬂonsistent with a fis>sure/caldera source
and deposition in a subsiding basin or trough. Present knowledge
concerning the tectonic reaime at the time of ash-flow deposition
is in accord with this interpretation (cf. chapter Vi) . If this
view is correct, it can probably be extended to include the other
ash-flow sequences, though their oriqix;s are obviously more complex. -
Based on the available stratigraphic and textural evidence,
doubt has already been cast on the pz;oximity of soyrce vents for
Bacon Cove and Weavers Hill ash-flow tuffs. In the type-sections
described earlier (tables 3, 4, and 5), cémponent cooling units that
exhibit welded textures, and can therefore be recognised with a hi;;h

degree of confidence, rarely attain 200ft (61m) in thickness (units

4 and 7, table 3). The problems of subdividing non-welded tuffs into

cooling units have already been examined (section 2.3.) and it is of

interest that the thickest “"cooling unit" in a measured section is a
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sillar (unit 6, table 3). In many ignimbrite sheets, however, the
level of erosion locally extends down to the interior zone of
welding and ariginal thicknesses must have been greater. 1In
comparigson, individual ccoling units of volcaﬁo-tectonic depressions
and giant calderas may attain thicknesses as qreat as t_hat of Bacon
Cove or Weaversg Hill Sequences, and ash-flow fields commonly exceed
the thickness of the entire volcanic pile presently exposed on the
Colljers Peninsula; compound and composite cooling units (Ross and
Smith, 1961) are also commen and contrast markedly with the thin,
simple cooling u._;l.ts of Colliers ignimbrites. Thus, it appears
that the Baco;a Cove, Weavers Hill, and Finn Hi1ll ash-flow sequences
may well have originated from\so rce vents similar to the §m11er
calderas cited by Smith (1960}, siwce they bear .little resemblance
t_o the proximal deposits of the more voluminous ash-flow fields.
The nature of the peripheral deposits of auch regions, however, is
poorly documented, and it is quite possible that Colliers ash-flow

deposits occupy such a position.

e e e
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CHAPTER II1

TEXTURES AND MINERALOGY OF THE ASH-FLOW DEPOSITS

A guide to the predorinant textural and mineralogical features
of the Bacon Cove, Weavers Hill, and Finn Hill ash-flow sethces is
provided by tables 3, 4, and 5, respectively. Albite phenocrysts are
ubiguitous and hav‘i‘ no:_boen tabulated. Variations of texture and
mineralogy within :L‘ndi-viduil cooking uni{ts have been desc;'ibed
previously (chapter 11); the descriptions below, therefore, are

Generaliseéd with examples taken from specific coolinc units.

3.1. Bacon Cove Ash-Plow Seguence
' )

Textures characteristic of ignimbrite cooling units (Ross and
Smith, 1961) have been recognised in all but units 2 and 6 (table 3).
Crystals of biotite, quartz, and albite are found throuqhout- the
sequence. though units 7 and 9 at Bacon Cove and’ units 10 and 14 at

Kitchuses contain no biotite.

3.1.1. Textures

Vitroclastic matrices in ash-flow tuffs of the Bacon Cove seﬁu‘nco
generally axhibit well-preserved shards spproximately 0.02-0.4mm across
and @Wp to Jmm in length coatad by a thin layer of iromoxide particles.

ional variations in welding in umits 1. 3-5. and 7-9 camn be traced

e
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by progressive deformation of the shards by m;q:action during coo}inq.
An upper zone vith open vitrocluﬁc textures is composed of platy
shards, representing the wvesicle walls”of fragmented pumice-lapilili,
set in a finely. comminuted matrix dusted vit.h'ixon-oxid. (éhotpnic-

rograph 4). This zone passes davnwﬁrds thmuql_a, a zone of incipimt

: welding into densely welded textures in the middle and lower parts

of the ignimbrits. Shards have been plastically deforged and are -
draped around crystals and xenoliths (photoaicmqr-ph“;’:). Non-
welded textures in the basal zone are common and incipient welding
has been observed. In vitric tuffs (units 4, 8, and ignimbrite to

" the north) shards are densely welded tbouqh eutaxitic texturxes are
pootly developed (photonicmgruph 6).

Qu.tte contrasting textures are found in thc cry-tal -rich
sillars (units 2 and 6). Intense microspherulitic devitrification
gonsisting of fibrous quarts and alkalic feldspar, partly Vr.pl‘nced
by sericite, has destroyed all trace of shard outliﬁ;l in the lower
;nd central parts of the Vunlts {photomicrograph 7); open vitmclaitic

taxtures :re'-'prenrvod at the top. }n several specimens collactad

,hear the base of unit 3, vhen cryltah form up to 407 of the mck,
wisps -6! 1mn~ox1de du-t. locally ouennc bent and welded shards in -
. the int-rhticn botveen ctysula. No trace of shard outlines can
be dot-cted where op.quon have bocn leached. The possibility
rmins that the lil,].au may in fact have baon con%lidatod by
Jelding. and that the pzou.i.n.nt r.cryuunhntion uxtnres are a

(-]

pgoducé of - ueondu'y hydtaﬂ.on lnd dovitri!iution. 1f fuwure wotk .

. ahould uual uldim; th-n tho eoqm-onn nade ou'lio: (chapur n,
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sétgjon 2.1.) between these deposits and classical sillars described

by Fegner (1948) and Jenks and Goldich (1956) are no longer valid.
Enrichment of crystals probably inhibited welding and possibly
exertad a grea‘sn 1nf1\ie'nce on the development of welded textures
than low ténp;ratuza -n;plnccment. .
Units 7, 8, and 9 at Bacon"Cove, and units 10 and 14 at
Kitchuses have distinct textural and mineralogical affinities to
< eoverlying ash-flow tuffs of tﬁe Weavers Hill sequence. Megascopic

pumice is conspicuous and biotite is lacking (except for a small

amount in unit 8).

, 3.i.2. Mineralogy

Phenocrysts of quartz range from sbout 0.2m in the vitric tuffs
g " to 3.5mm in the sillars; biotite forms minute tlaJ;eg less than 0.lmm

‘ | to large tabular crystals up to 3mm across; crystals of albite range
from less than O.5am where broken to 4- in m@netllic intergrowth.
' . Hix;or magnetite, hematite, and zircon {rare) are disseminated through-

out the matrix. OQuarts crystals are usually resorbed, showing ‘ {

o . rounding and intricate embayment: they invariably occur as alpha-

B ’ quartz paramorphs after beta-quartz, though euhedral crystals are

rare (photomicrograph 8) In the sillars, euhedral to @ubhedral
oty

bio;iu phu‘ocrystl are chuacurilticuly imngnaud with magnetite

- .

and hematite nlong clnvaq. plmcl, and appear ﬁmst opaqun whégo ' " r

uctﬁhsd parallel to the buo.l pimcoid (photomicrograph 9) . Rela-~

-
-

tively soft biotites are oo-ouly broksn av?ma dilpcz'qd as ugé.d

Y
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3
Z . flakes in the vitric tuffs, though larger crystals occur near the .
. base (.photomicroqraph 10). 1In sillars, ancl at the base of unit 3,
crystals of biotite are 1ocaily deformed by impinging quartz and - 9

albite (photomicrograph 11); abrupt truncgtion by microshears is
probably a feature of later deformation during folding. Albite
: phenocrysts are gene'rh{y broken and rounded in sillars, but : ) 1
' . —euhedral to subhedral in vitric .and cryatal tuf'fa. Albite and -
Carlsbad twiminq is preserved and crystals rarely form glomero-

porphyritic intergrowthe. Accessory zircon is "euhedral‘to‘ subhedral

in habit, and eithar set in large biotite phenocrysts or at random ' 4

in the groundmass.

3.2. Weavers Hill Ash-Flow Sequence _ *

ol

. Greenish grey, pumiceous ash-flow tuffs of the Weavers Hill
sequence are typified by eutaxitic textures in the central parts
of cooling nnits and non-welded margins {(cf. table 4). A small

amount of quartz is characteristic (usually less than 4%), accom- .

panied by phenocrysts of albite (10-35%) . Crystals of biotitg
occurring in units 15 and 16 are probably of xenocrystic origin.

However, a little biotite (leps than 2%) is present in a red crystal

tuff at James Cove (unit 40). Lithic fragments (up to 208 of the  § . '

rock) are chaotically distributed in the’ lower part of tho,;oqnencc

(units 17-20), but form basal concentrations in units 21-26 above.
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3.2.1. Textures

Vitroclastic textu;;es are well-preserved in these pumiceous
ignimbrites though leaching of opaque dust and alteration to sericite
and clay minerals is generally more pronounced than in the other asl‘;-
flow sequences. Particles 'of iron-oxide, mainly hematite at .the
margins of cooling units and magnetite in their interiors, coat the
margins of shards and pumice-lapilli (photomicrograph 12); A well-
defined foliation in the vitric tuffs (units 19 and 20) is largely
a result of 'r..he p:eferred orientation of pumice fragments vit_hin a
moving ash flow rather than a feature caused by cospactian and

welding. Non-welded textures preserved in the upper zonas of units

19 and 20 exhibit cuspate, platy, ‘and slender rod-like shards

commonly '0%.06-0.8mm thick and up to 3ma in length which represent

the extremely thin wvalls of tub;-\[esicles in fragmented pumice
(photomicrograph 13). 'Sharda ;hcloaing rounded vesicles probably
f,pr,esent cross-sections of the more typical tube-vesicles. Incipient
welding in a rone below grades giownvdxdt into a densealy vei;led i‘nte‘ri,c‘:r
zone with eutaxitic p\nice-lapi;li.' -Progressive collapse of punit;o
under liﬂmosutlc loading is accoupanie?! by elimlnatign':of pore

space until only a smear of opaque dust marks the fo;.'mr.presgnce

of tube-vesicles ‘(photonicrogr;:ph 14). Coarse recrystqllisatton
conlil‘st.‘.lng. 'chiofly of alkalic feldspar and quz with msdc to
mak‘MC:os‘pheruiitic structure is preferentially locatied within
collapsed pumice-lapilik (photnnilcrogzl'qph 15) . similar textures in

recent ignimbrites, for axuﬁlé, at Fant'Ale (Gibson, 1970), suggests

« -
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.

that the recrystallised areas are products of vapour-phase crystallisa-

g tion during cooling and genetically related to expulsion of volatiles

‘trapped within the pumice. Textural features of this type have also

been observed in microscopic fiamme of unit 58 at Finn Hill, and it

is suggested that pumice and fiamme are not necessarily inclusions

R Y

Axiolitiec and spherulitic devitrifi-

with diatinct modes of origin.

cation structures, cbmpoaed of alkalic feldspar partly replaced by

sericite and clay minerals, are common in less densely welded zones

.

(photomicrographs 16 and 17). Rare fractures within the pumice are
14 !

dusted with iron-oxide particles and orientsd perpendicular to the

eutaxitic foliation. Schmincke and Swanson (1967) have described

similar “tension" cracks in relatively brittle pumice from eutaxites

of Gran Canaria which originated during secondary viscous creep on’

steeply inclined slopes.

An important feature of units 19, 20, and 26 is the ‘local

orientation of drawn out pumice-lapilli at a high angle to the

— foliation (photomigrograph 18), and,which begin to lose their

attitude qnd'shape on welding. It is of genetic significance to

note that although thoqo wnits are among the thickest of the

sequence (ipa.r.t from unit 26 whose thickness is unknown) and were

e‘vid'.nt.ly' derived from the same poorly crystallised, presumably

high-temperature magma, sutaxitic textures are not as wall-developéd

in these ignimbrites as similar t;xtures in thinner units abovn

"Clearly the Jzode of eruption, whether it be a vertical exruption column’

N . ¥ _snvisaged by Smith (1960) ox a directed blast as withessed by

1
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- somewhat smaller (<2mm) than crystals in Bacon Cove ignimbrites.

.pronounced in this ash-flow sequence and locally occur to the

‘59

Anderson and Flett (1903), played 2 major role in the cooling history

of these ash-flow deposits. .

3.2.2. Mineralogy

Phenocrysts of quartz are generally rounded and embayed, and
Albites arxe usually s.ubhedral .and broken; Carlsbad and_ lamellar . /
twinning is common . Pumice-japilli sporadically enclose euhedral

to subHedral albite phenocrysts, and many crystals hav; sﬁteds of p
t'ievit;itieéAglass adhering to them. Apatite and iron ore are common )
accessory minerals; zircon has only been found in a biotite-bearing:
ignimbrite h!mit 40) at James Cove. Biotite czystnls’ (<0.8men) are
generally pleoehrcic"f_m green to colourless, ;nnd the prominent

dusting of cpaques along cleavage plmen‘ is lacking, ti‘:ouqh altera-

ﬂon 0 chlorite and leucoxexie_ is 'conio;x.

»

3.3. Pinn Hill Ash-Flow Sequence

Zonal variations 1nl,velld1ng_h’av~e been cbserved in all units
apart from unita 43, 44,'%, 48, 50, and 57 (table 5). The devel-
opment of welded textures in the lower group of ignimbrites has only

been recognised in unit 45; however, zones of dense welding charac-

terise many of the ignimbrites above. Albita crystals are most ' ‘

exclusion of other /pﬁenocxy-t phases. Crystals ‘of clinopyroxene @

ars found in units 54 and 58, » e -




3.3.1, Textures

Highly wvariable but disti?xct 'textural features divide these
cooling units into three groups: pumiceous tuffs resembling ignim-
brites of' the ;veavers Hill sequence (units 4B-50, 52, 54, 57);
igninbrlte';“ lacking pumice and characterised by minute shards and
densely welded interiors (coloured red in table 5); units 58 and 59
with inblusio;xa of devitrified glass (fiarme) unique to these ignie
brites.

The non-welded~ base of an ash-flow tuff at James Cove (unit 42)
contains tiny rod-like andl platy shards (0.1-0.8mm in length and
0.03~0.1mm across) and sporadic pumice fragments (LB-—B.SQ maximuom
dimnsion) vhich become prograssively flattened upwards until weu.(ly
eutaxitic and curving around crystals and rock fragments. CQapate
shards coated with a film éf opaque dust are found tawax;(; the top
of this unit. | A

At Pinn Hill, \;nits 49, 52, and 54 contain @ thin interior
zone of eutaxitic pumice (1.5-4.5cr in length) bending around
'accidental lithic inclusions and broken cxyptali: wtldiﬁq has not :
been detected in units 48, 50, and S7. pm«:.—lapnu in non-
welded margins are eumonly ro\mded and may be derivod from oldar,
pyroclastic deposits. shard outlines are almost completely dnu'oyed
by intsnse leaching of iron-oxide from theit mqins,‘ and the mgtr:lx
is l.llllllly clouded ’by clay-‘-#ize paruclos. 'mou ignisbrites have

stronq textural nfﬂ.nitiel to thoso of the Weavars Hill sequence

do-cribed earlier (uction 3.2.1.)

it O R S



61

Units 47, 51, 53, 55, and 56 forming the sastern slopes of Finn
Hill and ridges to the north exhibit strongly welded central zones
with elongate shards (0,1-0.5mm in length) enclosing subhod:zal
phe.nocrysts (cf. Papezikx, 1969, figs. 11 and 12). Gradations jnto
" open vitroclastic textures at the mat_qins of these units are dest
seen in the upper parts of Vthe ignimbrite sheet:; rod;like shards
partly squeezed between crystals gradually assume cuspate and fork-
shape.d forms (up to 0.3mm in length). Pumice~lapilli have not been
dbl;erved. ‘. . : ’

Ignimbrites near the top of the Finn Hill sequence have been

.

documented in ‘detail by Papezik (1969). Paperik (ibid., p. 1411,
unit 6) descrﬂ.:n;s unit 56 as "strongly recrystallised, resembling -
.- , in part a typical 'feldspar porphyry', and the o\_ltiines of shards
o ’ i % axe only rarely preserved”. The most striking walded t:‘.xtun-, )
hovever, occur in unit S8 (cf. Papezik, ibid., unit 9, figs. 3, 4,
6-8, and 10). A predominantly cryptecrystalline groundmass appears
- ) dark brown even in thin section due to pervasive iron-oxide dust.
. e
Strongly eutaxitic lhltd; and dark obsidian-like fiamme, some wﬂzh
dliicately frayed extremities, are so flattened a_nd drawn out t.ﬁnt
‘ lscdly they ciliu],ato flow lines. Microspherulitic deﬂtzificatioh
1 . ‘ ' products aﬁpear' to nucleate p:e!onuﬁially within fiatwne and ‘are |
aligned along the direction of .flqv.(gh?tou.u‘icr;graph;lm . Pu‘lit:icv
cracking is ven-dnvclopedlin, the n;uix ,(phouoni'c_rograph 20}, and
also occu.rt ixunsively'in fiamme, therepy prgving their glassy
origin (photomicrograph 21). In the upper and central pam of

this unit, cavities of lithophysal origin are filled with coarsely
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spherulitic epidote rin‘-nd by -osaic quarte, lindivldual grains of
which preserve a faint microsphenilitic ‘structure (photomicrograph
22). The eutaxitic shard foliation curves around tlfe 11 thophysae,
which clearly ’rua_t ha;re, beeﬁ formed imdiqtal;( preceding or during

velding {(photomicrograph 23). Theie textures, therefore, are most

likely a result of vapour-phase crystallisation of netastable

nineral phases during initia.l cooling. Closely cﬁnpirable features
hai. been described by Gibaon (1970, fig. 16&) in geologically
recent pantelleritic ignimbrites at Fant'Ale. 'n\ouqh quartz rims
probably represent original hiql;-t.'q'nntm polymrph; -such as

2
tridymite or cristobglllte. the central envity-fillipq epidote -
probably crystallised I;ter dnr{ng low-grade nﬁmrphin. the
effects of which are .discussed latar (dupteAx" VII). Many of the
"nodular” structures of Caradocian ignimbrites in ‘North Wales, for
example, represent hollow lithophysal cavities rimmed by spherulitic
quartz paramorphic after tridymite and pcrtiallylfil‘lod by quarte
mosaics during later pmceuves of -iliciﬂcuion.

In Wit 59 above, intense recrystallisation has destroyed all

'txﬁce of shard outl:lnol", though margins of fiamme measuring 0.2-35.5cm

in length and up to 10cm thick arg usually marked by & thin film of
iron-oxide pué’ti.r:l.l (photonicrogi"iph 24; also cf. Papazik, 1969,

unit 12, £ig. 5). Unlike ash-flow tuffs at Weavers Hill, no avidence ,
remains for the collapse of'wsic-.}.hted pumice, and in this c‘n:c an
alternative origin n;qht be one i lv_inq nva:toun_ulninq'&t- thc

vent and incorporation of iidutgl "clots” that wers sither volatile-’

, _
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poor or did not have chance to vesiculate prior to welding, as described,

- " for example, by Gibson and Tazieff (1967).
4

3.3.2. Mineralogy
|

Phenocrysts of albite (0.1-3.5mm) within the margins of these ’
ash-flow éuf!s are generally anhe(iral to bmkﬁn, yet commonly subhedral
n in densely welded inuri‘;r zones. However, albites in pudcoou's‘
tuffs of this lequcnée are usually anhedral to subhedral throughout,
while those crystals snclosed within fiamme are characteristically
euhedral (photonicr;)qr;ph 24). Twinning on the Albite a_nd Carlsbad
laws is common. ‘Subh.dzhl glass-charged crystals of albite occurrl
locally in u;ut 58. The only ferromagnesian mineral identified is
-found in units 54 md.SB; it is a fresh, colourless to pale green
clinopym;am {6.2-1mm), biaxially +ve, with a 2V of .pproxin'atoly
.- ; 50° (Vil“l‘l determination); this is probably augite. Subh;drnl to
< broken clinopyroxenes I@Iy form 0.5% ¢f the mcx,r and lamsllar

twinning has been observed (photnnicroqrap-h 25). Glomeroporphyritic

intergrowths of clinopyroxene, albite, an@ apatite -are reminiscent of

multimineralic clots found in the intrusive “porphyrites". The rare

51/\ : ‘ crystals of clinopyroxene found in unit 54 are probably xenocrysts.

i ' Accduory minerals 1nc1n£¢bundan't' iron ore and needles of apatite;
zircon has not besn recorded. A small amount of phenocrysfic quarts
(less than 2%) in unit 43 forms the min_-raloq.i.cul basis for cérr.llﬂnq“

this unit with unit 42. Rounded grains of pale green chidits cut by . .

intersecting platas of hematite have been recorded from units 53 and

+
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55 by Papezik (1969, units 2 and 4), and poasibly represent pseudo-
moxphs after olivine.

3.4. Devitrification and Hydration

Since ash-flow tuffs by their very nature are predominantly

.

glassy, they are tho!‘:;dynnlcally unstable and will d;vitrify if
given sufficient time. Descriptions of the cﬁ.tdlir;o derivatives
of geclogically old glasses m becoming increasingly better docu-
mented (for example, Anderson, 1969, 1970a, 1970b) and occasionally
-xna.;ble textures produced during experimental studies on the devit-
rification of natural vglu-ca (in pcrtictuar;‘ Lofgren, 1971a, 1971b).
Certain textural features of ash-flow tuffs on the Colliers
Peninsula appear to be the products of cmnni:lation pmullll:l
operating "below th. glass .t.nnuuon temperature” (Shaw, 1965,

p- 123) or more specifically 'lt. ‘tefiperatures below ‘the thermodynamic

_ solidus temperature” (Lofgren 1971a, p. 11ll). Although it is well-

known that recrystallisation of hot shards and pumice ttoquantiy
takes place in the intesriors of ash-flow shebts during an initial
period of cooling, the texturss described below are believed to be

of sscondary origin, i.e. clossly linked with devitrification gnd

' hydration of consolidated, yet apparently still glassy, ash-flow

deposits during diagenesis and burial. ' e
On the eastern slopes of Pimn Hill, n't the base of unit 55, a

distinctive mottled zone, about 5ft (1.6m) thick, consists of small

. - -
(1-8mm) rounded "blebs” of red welded tuff in a pale ysllowish green
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to greenish grey fine-grained matrix (cf. Papezik, 1969, unit 6). The

r.e'ddish areas are irreqular in detail, with hematite dust coating e

densely welded shards aliéned in roughly the same direction in all

“fragments" (photom.ictograph 26) . ,Alteration is marked ai the

edges of these fraqnnt.s by removal of hematite until shard cutlines

are no longer visible (photnmicmqr&phs 27 and 28). The removal of

hematite is accompanied by intsnse recrystallisation 1nvol\;1ng the

» foémtion of fibres of alkali. feldspar and quartz with distinct

microspherulitic structure. Apparently, the hamatite dust does not

. ‘"move very far (in the order of ﬂllimun) and recryltalluu. as
minute aggregates of magnetite, rarely with subhedral hlbﬂt; near
the outer pnrt; of spherulites or "pinned” at their margins. The
spherulites themselves ‘are s.pqntod from each other locally by a
.thin film of cryptocrylulliné felsitic material, largely quartsz
whe.ra dntaxﬂnnblq (photomi crographs 30 and 31) and textures resemble
a more ﬁntur.a dnv.lopul;t of "orb textures" described by Lofgren
(1971, figs. 2 and 3a). Development of microspherulitic feldspar

Y
generally precedes complete removal of hematite, which may record

sqéceso;w stages of lphcrulite qrovth ‘Perlitic cracks coemonly
act as sites for i.nci'piont bloachinq‘and recrystallisation (photo-
" micrograph 32). It ila ‘of interest that many of the microscopic .
L i s f faatt;na of Finn Hill 1gn;.mbr1tns "renﬂble rather closely textures
. ’ ‘ illustrated by n&ulton (1904', pl:t. XL, figs. 1 and 2, and plate XLI,
. , fig. 2) from Uriconian rhyolitie tuffs (velded) at Pontesford Hill,

Sm:'t:tpsl'df re.

-
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Recrystallisation textures of\a somewhat differsnt nature are
\'nn-d.vnlcpod in a dark purplish red, densely welded ash-flow tuff
(unit 41) at Jarmes Cove. These textural features, however, are not
noticeable in the field, and only detscted with the aid of a micro-
scope. Particles of iron-oxide (largely magnetite) coat t&n extremi-
ties of confocally radiating fibres of alkalic feldspar and quarte,

producing a delicately crenulate pattern, a "negative” image in

plane-polarised 1ight of spherulites best seen under crossed nicols

at high magnification (photomicrograph 33). More advanced stages of
recrystallisation produca microspherulitic feldspar, or mosaics of
.feldspu and sparse clilorit.e. enclosed by granophyric quarti. Indi-
vidual quarts grains rarely preserve sweep extinction md.lcatjdq//t;mir
fibrous heritage. Locally, they coalesce to form a clear rim (with

oniform extinction) around feldspar spharulitas giving a "bird’'s-eye”

taxture (photomicrographs 34 and 135). ml rather u.ruu{.g' texture

bears a strong ﬁsoﬁlmce to the micropoikilitic and licroérmophyrlc
ux’tunl described by Lofgren (197la, fig. 7) during hydrothermal
devitrification of natursl rhyolite pifes> Quartz of similar habit
has boon described by Anderson {1970a, fig. 1) as "snowflake”
textures from Cnﬂ:xlm and Precambrian ash-flow tuffs in the Wichita
lbunuln.‘ of Oklahoma and St. Prancis Mountains, Missouri.
Microspherulitic and "bird's-eye" textures may exhibit sharp to
finely gradational contacts with very fine grained to cryptocrystalline
feleitic areu- in which opaque particles have largely been removed,

though a part may remain as leucoxene (photomicrographs 36 and 37).

Contacts are generally irregular with a narrow transition zone (less
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than 0.5m vide) hetween the comparatively coarse~grained microspheru-
litic textures and cryptocrystalline matsrial (phoboucroqﬂnph 38).
Textures of the latter type are identical to crystallisation

features of the ~devitrification front® illustrated by Lofgren

(1971a, fige. 1A, la,' and 4) wvhich marked a spherulite-glass

‘contact. ' ’ d

6! the granophyric or micropoikilitic textures described,
lofgoren (1971a, p. 118) iuta,l '-.tlcropoiklilidc quartz is the
result of the initial czysulltsati;:n of a glass or a silicate
melt at subsoclidus ‘temperatures. The pon'muigy that micro-
poikilitic quartz could be secondary, resulting from nillcn:
introduced from an outside source, is not ruled out but is con-
sidered unlikely”. Removal of iron-oxide by leaching is almost
certainly later or penecontemporanecus with spherulite growth,
which pmbthy served to stni:llhe opaque particles by recrys-
tallisation to magnetite granules.

Estimates for the time required for complete devitrification-
of a natural glass vary considerably, but the nrify of glasges

4 -
oldJr than Cretacecus (or approximately 135 ni.y.) qu'gests that
most hatural glasses devitrify within a comparatively s?nort ipan
of geological time. H.grshall (1961) suggested that water Plays an

~

important role in the devitrification of natural glass since ';hc_rul

60 ﬁars "at 25°C (assuming 100Kcal/

mwole to be the activation energy of natural rhyoclite glass) and ].09
- P !

, .
reconatitution alone would take 10

< id A

years at 750°%. * (Marshall, ibid., p. 1503). However;. the rates of




< ’ , ,
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hydrothe rmal reconstitution of natural rhyolite glass are greatly

- —— increased by the presence of alkali-rich solution (lifgren, 1971a,

.

e

p. 111). It is considered likely, therefore, that durinf] a purial

. metamorphism inveolwving migrating solutions e)riched in the alkalie

~ and calcium, originall? glassy Hartour Main ash-flow tuffs céu].d

68
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nave devitrified entirely within the probable age :?an of Precambrian

time on Awvalon.

>4




N

CHAPTER 1V

LAVA FLOWS AND HYPABYSSAL INTRUSIVE ROCKS OF THE

HARBOUR MAIN GROUP

4.1, Felsic Lava Flows

Orly two isolated outcrops of felsic lava flows, representing .

periods of epuptive activity less.~violent. than that accompanying

~_.~
associated ash-flow ?e{osit‘, have been recognised in the map area.
D N\ _ 77 :

A rhyolite flow lying stratigraphically’ above-the Bacon_Cove
ash-flow sequence forms a small crag about 500ft (152.5m) east of
the Coné'eption_l(arbour-](i tchuses road (map ref. 3440,5730). The B
dark ;:eddish grey rock is distinctly porphyri*:ic and exhibits contorted
millimeter-scale flow banding. The high star;e of oxidation and occur-
rence of phenocrysts distinguish this flow from aphanitic rhyolite
sills to the north.

In thin section, the flow contains phenocrysts of highly 5
rn;sorbed quartz (0.5-2mm) , subhedral ‘albite (0.3-4.5mm) exhibiting
fine lamellar twinning, and green pleochroic biotite (<lpm) set in

a de;ritrified groundmass of alkalic feldspar and subordinate quartz. ¢

Euhedral zircon and granular opagues occur as accessory minerals. /
. 5

The irregular flow banding is defined by crystallites of iron-oxide
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segregated into darker coloured bands; the originally glassy g;oundmass

exhibits mosaic and microspherulitic devitrification textures. Modal

v s
proportions of albite, quartz, and biotite are estimated at 10%, 2%,

and 0.5%, respectively. Thi¥% flow has petrographic affinities to ash-
flow tuffs of the Bacon Cove sequence and quartz- and biotite-bearing
ignimbrites at James Cove {unit 40, table 4; and unit 41, table 5);

cf. chemical analysis GC52, table 7.

4.1.2. Dacite

A dacite flow occurs as large rafts enclosed within a complex
porphyritic intrusion at 01d Schoolhouse Point, 0.5 mile (0.8km) north &
of Burkes Cove (map ref. 3460,6040). Greyish white to dark grey laminar

flow banaing is conspicuous, with light and dark layers spaced approxi-

mately 0.5-3.5 inches (l.3-8.9cm) apart. The\sxtrusive originrof this

P \

rock is indicated by a flow—brecéiated base in t\ifldition to a monolithic
sedimentary breccia above comprised of angular flow-banded fragments of
dacite (up to 7 inches; 17.8cm in length) enclosed in a red siltstone
matrix.

Incipient breakup of this flow into rafts within the "porphyrite”
has resulted in differential rotation of these rafts through an angle
of approximately 568° as recorded by a sharp deflection in the flow
banding: one raft measuring 4ft (1.2m) in length by 3ft 40.9m) across
now lies at right-angles to its parent.

The rock contains euhedral to subhedral and resorbed albite

phenocrysts ranging about 0.2-2rm in l{ength and locally forming

’
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glomeroporphyritic aggregates up to 4mm across. Microphenocrysts of
partially resorbed acicular amphibole (up to 2mm in length) are :
completely replaced by chlorite, calcite, and clay minerals, and
a concentration of opaqye dust occurs at their margins (photomic-

rograph 32). Amphibeole cross—sections and relict cleavage leave

little doubt as to their original composition (photomicroaraph 40).

Accessory apatite is common; zircon has not been observed. A well- .

defined flow banding consists of alternating concentrations of iron

,ore partly altered to leucoxene and pilotaxitic albite microlites

set in a felsic groundmass {quartz and alkaltic feldspar y_)::re

determinable); cf. chemical analysis GC12, table 3.

4.2. Mafic Lava Flows
Ld

To the west and southwest of the map area, a thick sec{xence of
. . ) ;

mafic lava flows striking approximately north-south and dipping steeply
to the west are the voungest volcanic rocks of the Harbour Main Group
(cE. McCartney, 19e7, p. 19).. These flows were‘.sampled along the
we‘stem shores of Colliers Bay (map ref. 3260,5950), at the mouth
of Colliers River {map ref. 3245,5820), and about 3 miles (4.8km)
south of the map area near thewBlue‘ Hills; localities' are shown in
>fig. 4. The contact between the basaltic flows and volcanic breccias
overlying the Finn Hill sequence is not seen in the map area.

Flows. range from almost black to reddish grey in colour, and

widely spaced reddened and bretciated flow-tops have been observed.

Taachytic or diabasic textures are common and amygdales measaring up
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to 0.5 inch {(13mm) in diameter are generally filled with prehnite,

e idoté,, calcite, adularia, chlorite, sphene:, and rarely pumpellyite
'/—amuartz (Papezik, written comm., 1974; cf. photomicrog;éph 41) .
Feldsparphyric basalts at western Colliers Bay are characteriser}
by trachytic textures formed by laths and subequant phenocrysts of
albite (Pp to 15mm in length) which locally exhibit fine lamellar
) : twinnil)é accdrding to albite and™rarely) pericline twin laws. A
. groundmass of albite laths encloses opagque ore and minor interstitial
) ———
glass altered to chlorite. Chlorite pseudomorphous after rare olivine
in the qro.undmass, and phenocrdysts of clinopyroxene with the composition
of calcic ‘augite (Papezik, pers. comm., 1972), have been recorded from
these flows {(cf. chdhnical avnalyses P70-1, P70-2, and P70-3, tahle 7).
Specimens cellected near the Blue Hills are olivine-bearing
basalts. Olivine commonly occurs a"g subhedral to anhedral micro-
phenocrysts (<2ﬁu’n) in the groundmass acc_:omp_anied by a colourless to
pale green clinopyroxene; both are enclosed by interlo’cking albite
laths up to 4mm‘in length.(cf. MX12 and NX15, table 7). Groundmass
olivine is usually replaced by serpent';in;e, iddingsite, and iron-oxide;
fresh olivine is rarely preserved (photomicrograph 41). Phenocrysts
of olivine (2-3mm) have been recorded from only one flow- (NX14, table
7) and are completely altered to iron-oxide, chlorite, and iddingsite;
a rim of straw-yellow pleochroic serpentihe and iron-oxide is a
censpicupus textural feature (photomicrograph 42). Amygdaloidal

potassium feldspar is considete{ responsible for an anomalously high

potassium content in sample NX15 (table 7).
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" Flows in western Colliers Ray have been described by Papezik (1970)
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; An unusual outcrop consisting of a dark grey to purplish black :
basaltic .lawﬂflow is located about 550ft (167.8m) ‘northeast of the
triangulation point on Weavers Hill (map ref. 3330,5725). . The cross- . '
sectional area of outcrop is crudely semicircular, and the flow is
enve loped by brown, pink, and green volcanic breccias below basal

ash-flow tuffs of the Weavers Hill sequence. Phenocrysts of alkite
up to 15mm in length exhibit trachytic texture in the upper part of
the flow; angular rock fragments (0.25-0.75 inch; 6-19mm) are in-

cluded in a flow-breccia at the base. Although” the oc’currence of a
single feldsparphyric flow at this horizon is somewhat anomalous, , 4
the _dimensions of -the" outcrop and the incorporaticn of rounded . . 1
cobbles (up to € inches; 15.2cm. 'in diameter) of this rock in the
base of a volcanic breccia immedijately above suggest a flow origin

in situ.

g ' e N

The chemistry of the basaltic flows has an important bearing

on the later staaes of magmatic evolution in the Harbour Main Group.

as hawgiites and mugearites. The occurrence of appreciable amounts 4
of olivine in the groundmass of fiows to the south and the lack of

a reaction relationship between olivine and pyroxene have been

recarded as the petroqgraphic expression of an allkali—.olivine basalt
(for example, Kuno, 1959, 1960). A rim of serpentir;e and iron-oxide
surrounding olivine phenocrysts in flows near the Blue Hills (which
contain abundant olivine microphenocrysts) possibly mimics an oxidation

reactign Between olivine phenocryst and groundmass due to rapid eruption




of magma from depth. .Reactions of this type have been observed in
alkalic basalts 6f La Grille and Kartala volcanoes, Comores Archi-

pelago (Strong, pers. comm., 1973).

. 4.3. Aphanitic Rhyolite Sills

Two aphanitic rhyolit® sills (coloured pink in fig. 3) al\i;n\e\
northeast-southwest, intrude the Kitchuses section of the Bacon Cove
ash-flow sequence, and are themselves cut by east-west trending

faults, diabase dykes, and “porphyrite" intp.;sions (cf. geclogical

map). The sills lie approximately 0.25 mile (0.4km) apart, with a
a4

minimun length of 1400-1500ft (427-457.5m) and a maximum width of
180-300ft (54.9-91.5m). Intrusive contacts are best seen along the
eastern margins of these sheets: contacts are sharp -and l‘ocally shelired.
A érenm to pale brown rock is pale grey on fresh surfaces‘: conspicuous’

flow banding is accompanied locally byreutobrecciation.

1!

fI‘he wegtern rhyolite sill is poorly exposed. Pinkishvgray, 7
angular to rounded fragments of flow-banded rhyolite are enclosed
in a dark reddish grey matrix of finely comminutsd material stained
with hematite. Laminar flow banding is preserved in ;utcrops along
the northeastern margin (map ref. 3460,5790).

The eastern rhyolite sill forme a distinct line of cream to

white crage running parallel to the shereline of Gasters Bay (plnée

)

\. K -
9). Fl bandi mmll—?calc folds generated dtxring viscous

—
flow are wellgdeveloped in.the intérior of this sheet and pass

e,
outwards into a brecciated envelope. Meagurements of the mean

?




attiigde and orientation, of the less-disturbed flow banding are compar-

-

able with those recorded for bedding and cleavage surfaces in é{:—
o~
[ 3
rounding volcanic breccias and tuffs.

A rhyolite dyke up to 6ft (1.8m) maximum width ‘can be seen

intruding a sillar of the Bacon Cove ash-flow seruence (unit 12,

table 3) in outcrops 500ft (152.5m) north of the northernmost tip

9f the eastern sill (map ref. 3520,5815) . '

The textures and mineralogy of these rocks are very similar.
MicrophenoSrysts of albite (<1.5mm) and resorbed guartz (<O.5@R{ are
rare; minute crystals of opaque ére commonly occur in a felsit;c
groundma§s. Laminar seqreaatio;s of iron-oxide define the conspicuous'
flow banding which is accentuated by a marked orientation of feldspar
microlites.-.A gryptocrystalline groundmass includes coarser zones of
micfospherulitic devitrification involving quartz and alkalic feldspar.
Autobrecciation at the marcins‘of these sheets i; accompanied by

o . .
locally more intense development of mosaic quartz in the groundmass.
Veins.of albite (1-3mm in width} are be%ieved to have modified the
compos}tion of a specimén collected from tHe eastern rhyolite sill

{Gc31, table 7).

The relative geological age of these intrusions can be pin-
pointed quite accurately: they are older than ash-flow %eposits of
thé Bacon Cove ash-floy sequence, which they intrude, and younger
than the porphyrites and diabase dykes. It is no?able that a;

abundance of cream to white fragments of flow-banded rhyolite occur

in wvolcanic breccias immediately below and within ash-flow tuffs of

7
.




the Weavers Hill sequence. It is suggested, therefore; that the

rhyolite sills are penecontemporaneous with and possihly genetically
. : +

related to rhyolite of extrusive or intrusive origin recorded as

abundant xenoliths in Weavers Hill ash flows. The chemical evidence

<
«

presented later {chapter VIII} supports this interpretation; cf.

chemical analvses 6C4 and GC3l, table 7.

Porphyritic Sills or "Porphyrites"

a' (W-

Pdrphyrites (coloured blue in fig. 3) ;re by far the most common
and voluminous intrusions in ;;;\nép a;ea. Intrusions of this type
occupy the more barren, treeless\areas larcely covered by glacial drift
fjﬁiate 10). The marcins of many of the smaller bodies are controlled
by the bedding-plane surfaces of their wall-rocks; however, the larger
porphyrites are st{sngly transgressive.

Xenoliths:are quite commonr at the marqgins of these intrusions,
and range from larage rafts of green altered porp%yrite with pseu?g—
morphed feldspars sheared along allocally intense cleavage (map ref.
3555,5835) to small inclusion; of thinly-bedded sandstone:about 6ft
{1.8m} in length (map ref. 3315,5725) and small (usually 2-10 inches;
5.1-25.4cm) subrounded to rounéed rock'fragments of green and red
volcanic breccias and greyish éed crystal tuffs (map ref. 3515,€140).

A small porphyrite formina the western promontory of James Cove carries
an assortment of xenoliths up to 14 inches (35.6cm) in diageter,
comprising reddish grey welded tuff, greenish é}ey porphyritf'

and cobhles of quartz-monzonite with dark brown oxidised rims

{plate 11). These rims provide an important clue to the origin

o o W e
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of the quartz-monzonite, Bince identical textures have Seen'observcd
in volcanic conglomerates on the oppesing shore of James Cove and
from similar deposits further north (cf. section 5.1.1.). The com-

glomerates, therefore, provide a suitable\ source for these xenoliths,

whose origiri would otherwise necessyfate derivation from a granitic

- intrusion at depth.

The most striking feature of the porphyrites, however, is the
widespread occurrence Of an autoclastic intrusion breccia (Fisher,
1961, p. 1411) comprising angular, roughly eqdidinensional blocks of

porphyrite set in a fine-grained, locally xenocrystic groundmass,

probably a marginal chill. Evidently, a late magmatic pulse resulteck/\\

P

in btecciation“ of previously consolidated porphyrite (plate 12) ." C;n
the southwestarn slopes of Weavers Hill\‘ (map ref. 3315,5720) and the
western shore of Jawes Cove, porphy;rit.es have intruded ﬁhinly—bedded
sandstones and siltstones, and angular blocks of intrusion breccia
measuring up to 12 inches {(30.5cm) in length have been emplaced in
relatively undigturbed sediment. The igneous mt;rix surrounding

) ¢ .
the blocks is '‘gradually replaced by a sedimentarxy one in uhich’

the original bedding has been preserved (plate 13).  Gradation
) ) /

_between the two extremes is represented by a rock in wh:}h commingling

s .

of igneous and sedimentary matrices has taken place. Purthermore,
at 01d Schoolhouse Point, devitrified rod-like shards have been

L
preserved in gently contorted laminae of reddish brown siltstone

which occupy the interstices of intrusive porphyrite blocks. Textures

such as these reguire relatively passive intrusion of magma into wall-

~

W
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rocks which quite clearly could not have been consolidated at the time

. ¢
N

of emplacement. The more violent explosive activity associated with

diatremes can be ruled out since not only would delicate shards be
destroyed but all trace of bedding would be removed. The marginal
autoclastic breccias desérihed here have affinities to the “"pépérite

Breccia” mentioned by Fisher (1960) and defined by him as resultin

¥

" from shallow intrusion of fluid magma into unconsolidated or poorl
. .
consolidated sediments or rocks" (Fisher, 1966, p. 975). Thus, it

N

is not surprising that a strong stratigraphic control is exerted on
these inFrusive bodies; only the larger poxphyrites manage to cut
acrose the ash-flow sequences, consolidated by welding at the time
of deposition.

Considering the extenéive outgrops of xenolithic and auto-
brecciated porphyrite, it appears that the margins of many of these
intrusions have ﬁnly recently been uncovered by erosion.

Although the porphyrites show a wide geographic distribution in

this part of the Harbour Main Group, many of their petrographic

N 4

characeéristics are similar; their chemistry, however, varies

according .to the proportion and nature of phenocryst phases, the

extent of contémination b? exgraneous material, and the degree of

alteration (cf. chemical analyses of porphyrites, table 7). The

more leucocratic paorphyrites free from xenocrysts contain phenocrysts
-

of albite exhibiting locally hiatal to seriate textures set in a

mesos tasis ‘of devitrified glass and Wwinor iron-oxide (map refs. 3555,

5835, 3470,6030, and 3560,5@90: analyses 6C8, GC10, and GC4l, respectively).




o

. b
Subordinate amounts of pyroxzne have been identified in specimens

collected in the éasg (map ref." 3560,5890: -analysis GC41) and

south (map refs. 3285,5670 and 3315,5725; analyses GC40 and GC25,
respectivély) of the map area, and in a distinctly melqn!%ratic
porphyrite located at Colliers school (map ref. 3350,5870; analysis

GC51) . Modal provortions (estimated visually) of the more common

W jeycocratic porphyrites average 0-4\ pyroxene, 20-40% alkite, and
~

1-2% opaque ore. Alteration of xhe prinafy mineral assemblages to
- - sericiée, clay minerals, calcite, chlorite, epido;e, altite, and
o leucoxene is cormon {photomicrograph 44).
¢
Subhedral to resorbed albite phenocrysts generally form indi-
vidual subequant grains averaging 2-4mm in iength, or glomercporphy-

-

ritic intergrowths up to 7mm across; lamellar twinning along the
s B

(010) composition plane occurs locally. Minute inclusions of
devitrified glass and opaques are commonly oriented parallel to
crystal outlines. A green pleochroic chlorite with greyish blue
polarization colours is pseudomorphous after pyroxene (0.2-2mm in
length) which generally occurs as single crystals with euhedral to
anhedral habit. Phenocrysts of pyroxene in the melanocratic
porphyrite (GC51, table 7) form multimineralic intergrowths (1-2.5mm
across) with magnetite and apatite (photomicrograph 45).

Xenocrysts of subhedral to highly corroded quartz, and biotite

pleochroic in greens and browns, are particularly common at hematitic

margins of these intrusions (for example, GC6, oC?, Gc30, and P70-8,

table 7). Cognate albite phenocrysts locally exhibit irregular frac-
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tureg stained with heratite., The brecciated marainal chill of a

porrhyrite alono the northeastern contact of the eastern rhvolite

sill (map ref. 3505,5770) contains xenocrysts of biotite larqély'

oxidised to macnetite and partiéﬁly altered to secondary muscovite
(GcH, table 7). Some euhedral biotite xenocrysts have been inter-

nally reconstituted to form an intercrowth of macnetite crystallites

s

and alkalic feldspar. Similar crvstals are found in the surrounding

«
sediments and tuffs, and this texture may be of pre-inclusion origin.

In a specimen collected farthest from the contact, a few kiotite
psendomorphs have lost their euhedral habhit, possibly due to
incipient btreakdown within the porohvrite melt.

It is immediately evident that tlie porphyrites pose a considerable

problem of samplina fz’hemical analysis, not only with respect to
g . .

xenolithic and xenocrystic contamination but also because of their
varying degree of alteration to secondary mineral assemblages. Greyish
green porphyrite enclosed as rafts within the large intrusion north of
Kitchuses contains albite phendcrysts ;eplaced:by calcite, chlqrite,

—
and sericite set in an intqpsely saussuritised groundmass—tGC7, table
r

7). In general, alteration is confined to incipient development of
clay minerals and sericite, though in one specimen (map ref. 3555,5835)
a small amount of epidofg has recrvstallised in the’groundmass (cCc8,

table 7). Also, in an attempt to sample and analyse a block of the

-

" marginal intrusion breccia, it became obvious that the effects of

present.day weathering have to be carefullvy considered (G€23, table 7).

¢

. ’ . . .
The gorphyrltes form a very 1m?ortant cogenetic suite of 1ntru—/

- e
sive rocks since they represent the only rocks of intermediate nature

e b 12 e S B
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so far described from the Harbour Main Group. As we shall seg later,
in the section devoted to geochemical characteristics of the Harbour
Main volcanic suite (chapter VIII), they transform a strictly bimod.al
hasalt-rhyolite association into a chemically more coherent series of

A
rock-types:

biabase Dykes

Creenish arev to almost black diabase dvkes are widely distri-
buted in the map area. The dykes cut all other rock-types of the Har-
hour Main Group includina porohyrites and'rhyoli te sills. The majority
¢
have a steep attitude and strike east-west; however, in roastal
exposures north of Pyans Head (map ref. 3380,5880) and 0l1d School -

\
house Point (map ref. 3490,5965) dykes have shallow (10-20°) dips.
At the latter locality, a multiple dyke exhibits centimetre-scale
banding. Contacts between bands pinch and swell but are nui‘te sharp,
and one-sided chi.lled marains are well-developed.

In contrast to the pseudomorphed phenocrysts in the porphyrites,
pyroxenes in the dykes remain unaltered. .Where pyroxene is present,
it occurs as aranular cryst{als of clinopyroxene (0.2-2mm) forming an g
interaranular to intersertial texture with albite laths about 1-3mm

in length (cf. chemical analyses nCoe, C11, GC21, and (C26, table 7).

Rare subhedral phenocrysts of clinopyroxene (1.5-2mm) hawve heen

observed in a dyke at Weavers Hill (map ref. 3325,5720; GC21, table 7).

Dykes that completely lack clinopyroxene are feldsparphyric types
consisting of ifiterlockinag or locally pirlotaxitic albite crystals




approximately 0.5-3.5mm in length (GC2, 713, GMN3lt, and GTN3lu,

]

tahle 7). Subheriral'to anhedral and resorbed alhite rhenocrysts

L ]
usually exhibit fine lamellar twinnina; fretted marains and
“sponay " interiors are due to tinv inclusions of chlori—te (Eeplacinq
former alass, pheptomicroaraph 46).. The multiple dyke contains
alomeroporphyritic albite phenocrysts (2mm across) v;ith niatal
texture (11165, takle 7; phoctomicroaraph 47). Granular ircn ore
partly altered to leucoxene 1s a commoh accessory mineral in all
the dvkes; interstitial alass has recrvstallised to chlorite,
accompanied locallv bv minor eridote and albite. Amyad'alcidal
textures have been observed in dykes north of 0lé schoolhouse Point
(map ref. 3490 ,%9A3) and at Finn 1'i11 {map ref. 3295,5810}). Amvea—

dales are usually filled weth calcite, albite, and chlorite.

4.6. Olivine Diabase (Picritic) Sill

|

\
P qreyish areen tdpale qgreen mafic sil] with diabasic texture

and conspicuous dark brown to red- and oranage-weathering olivine
phenocrysts was obgerved intruding amvgdaloidal hasaltic flows
approximately 0.5 mile {0.8km) south of the map area (cE. fia. 4).

In thin section, serpentine, hematite, and oranqe pleochroic iddinasite
are pseudomorphous after subhedral te anhedral olivine phenocrysts
(2-3mm) and microphenocrysts (<1lmm) of the groundmass. Euhedral to
anhedral, paie green clinopyroxene (0.2-1mm) exhibitina simple and
lamellar twinning is enclosed subophitically hy laths of albite

(0.5-2mm) altered in part to sericite and clay-minerals. Interstitial

[y
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glass has reécrystallised largely to epidote, with lesser amounts bf
chlorite and clear patches of alkalic feldspar (photomicrograph 48).

It is the epidote in the groundmass that imparts the distinctive

green colour to this rock; cf. chemical analysis NX17,” table 7.

L 3
4.7. Diabase Sill(?) Intrusive into the Conception Group

A greenish.qrey to almost black, medium- to fine—qraiﬁed rock
with diabasic texture, igterpreted as a sill, intrudes greenish grey
Conception siltstones on the northeastern shore of Colliers Bay T
1.25 miles (2.0kms) north of James Cove. The intrushioyl/
described by Hutchinson (1953, p. 27) as a "diorite plug", and
resyesents the only intrusjve rock on the Harbour Grace map sheet
(Map 1035A). Microscopic pyroxer{es (replaced by chlorite) and albite
laths (up to 3mm in length) are set in a chloritic groundmass en-
closing minor aﬂo\:mts of sphene. A narrow (10 inches; 25.4cm) zone
of hornfelsing at the contact predates the impression of a regional

cleavage (S cf. chapter VI), and apparently represants the youngest

2 H

igneous event in the map area.

L]
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CHAPTER V
. R
SEDITMENTARY POCKS
-
'-
i 5.1. Fpiclastic Deposits of the Narhour Main Group
\\
S
\\
Volcanoaeric sedimentary rocks inteYhedded with the main ash-
~
flow seouences of the Colliers Peninsula represent periods of quies-
. , [
. cent volcanic activity in the reaion.
<
5.1.1. Volcanic Breccias and Conglomerates

Epiclastic volcanic breccias (Fisher, 1961) are well-exposed at
Finn Hill and Rvans lead, on the ecastern slopes of wOave.rs Hi1ll, and
0.25 mile (0.4km) southeast of Campbell Hill. Certain of these deposits
have been int:drnretpd as volc:anirr mudf]owﬁ or lahars, and two types of
laharic hreccia have been identified.

7t Finn Hill, a ch?colate—brown lahar (50ft; 15.3m thick)
located hetween coolina units 58 and 59 (unit 10 of Papezik, 1969),
lies 1n sharp erosional contact with unit 58 and contains anqular
fraaments of welded tuff and clinopyroxene crvstals derived from it.
A similar laharic breccia (ahout 100ft; 30.5m thick) overlies a reddish
arey ianimbrite sheet (unit 59; unit 13 of Parezik, ibid.); the contact
is depositional and completely aradational, rreserving a non-welded -
zone at the top of this coolineg unit. Anqular to subangular and

rounded rock-lapilli are cghaotically distributed throuchout the

'

deposit, and commonly consist of dark red crystal tuff, amygdaloidal

e




and trachvtic—-textured basalt, a varietv of sedimentary rocks, and
rare qranophyre set in a finely comminuted matrix containina micro-
scopic lunate and rod-like shards. Crystals of alkite (0.5-2mm) in
variocus staces of alteration to clay minerals and white mica, are
crudely alianed in the interior of the deposit, and palel brown
laminatec mudstone fraoments, only partly consolidated at the time
of incorroration within the mudlow, have hreen eloncated parallel to
eddinae surfaces. Internal foliation of cgmy\aral')le tvpe has been
described in the "hot mud flows" of Van Remmelen (1949), and possibly
cuggests relatively rapid emplacement of Finn Hill lahars rather than
desianate a specific temperature of demosition.

it Burkes Cove, the upoper lahar is thinner (15ft; 4.6r) and a
distinct accumulation of rounded cobrles, protably concentrated hy
winnowina of the clav-size matrix, occurs alona its upper surface.
Thinlv-hedded, water-washed volcanic breccias overlie this lahar.

At Pyans Head, brown, arcen, and pink laharic breccias (corre~
lated with similar deposits on the western slopes of Finn Hill) are
interbedded with thin (1-2ft; 0.3-0.6m) wolcanic conglomerates

containing colbles up to 10 inches (25.6¢m) in Qiametpr, dark bhrown

sandstones, and red siltstones; dessication cracks and mud ball

.

horizens ara locallv well-developed (plate 14). The lahars comtain
exotic rafts of older volcanic breccias measuring 3-5ft (0.9-1.5m)
in lenath and 2-3ft (0.6-0.9m) across which were only partly consoli-
dated at the time of incarporation. The southern marains of these

hlocks are crenulated and fraved: thts is prohably indicative of flow
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from the north. Clasts of red- and areen-altered crystal tuff
{(photomicroaraph 2), tuffaceous sandstone, basalt, diabase, and

rare granite form about 15% of the rock.
A similar volcanic mudflow 0.25 mile {(0.4km) southeast of
Camphell Hill (map ref. 3465,5840) encloses rip-un clasts (up to
18 inches; 45.7 cm in length) of thinly-laminated siltstone contor ted
and injected by a dark hrown, ill-sorted matri; cont;ininq sand-, ‘
o
silt-, and clay-size particles. 1In general, lahars of this type
texturally resemble the cold mudflows or "normal lahars" documented
by Van Bemmelen (1949).
Volcanic conalomerates form sea cliffs at the eastern shore of
James Cove and in Colliers Bay about 0.25 myle (0.4km) to the north
(rlate 15). Cobhles and boulders (up to 18 inches: 45.7cmr in diameter)
of red crystal tuff, hasalt, diabase, and intermediate rocks with
albite phenocrysts are enclosed in a dark brown to areenish hrown,
poorlv consclidated matrix made up nf polished sand grains and
pebbles. Locally, rims of cobhles are oxidised to a dark reddish
brown rind extending to a depth of about 0.5 Ihch (1.3cm).
Thin (1-3ft; 0.3-0.9m) conglomeratic horizons are quite common

in tarbour Main sedimentary rocks along the coast north of James Cove

and on the shores of Gasters Bay ‘at Kitchuses.

5.1.2. Volcanic Sandstones and Argillaceaus Siltstones

The finer clastics of the Harbour Maif Group generally form

topographic lows occupied by thick deposits of gqlacial drift and
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dense vegetation. The most extensive exposures are found in coastal
outcrops or alon_rx fault scarps (plate 16). Pale brown to reddish
trown, thinly-bedded arkosic sandstones an_d argillaceous siltstones
are well-exposed along the cemetery road (map ref. 3375,5835). A
wedith of sedimentary structures include intraformational breccias
consisting of mudstone flakes in a sandstone matrix, load—and-ftlame
structures, slump structures, and minor channel cut-and-fill. Graded
. '
reddina, small-scale cross-laminations, and flute casts are westward-
facing, and inferred current directions are from north and south.
Graded heddina is a common feature Qf thinly-bedded sandstones
along the coast north of James Cove (map ref. 1560,6270), and trouah
cross-beddina accurs in tuffaceous sandstones near the hase of the

Bacon Cove ash-flow sequerice at ¥itchuses (map ref . 3520,5790) .

5.2. (onception Croup

Prckg of the Conception froup underlie the extreme north and
northeastern parts of the Colliers Peninsula, stparated,frorn the
lrarbour Main Group hy a major fault (fiq. 3 and geoloaical map) .

The main rock-tvpes consist of qreenish grey laminated siltstones
and mudstones, areenish grey to dark brown qreywackes, and reddish
brown to dark brown sandstones {(plate 17). Basal Conception conglom-
erate is exposed in cliffs west of (‘.o]lfliers Ray ét‘Maryvale (map ref.
3400,6290) where it disconformably overlies mafic lavas O,f_ the Harbour

Main Group, enclosina rounded cobbles of basalt and diahase in a fine-

qrained chloritic matrix.
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A distinctive reddish brown sandstone facies exposed on the
coast 0.5 mile (0.8km) sbuth of, Bacon Cove (map ref. 3702,5990)
\ ~
contains a rudite horizon at its southefn marain.f Pounded pebhles,
cobbles, and boulders of Harbour Main-tyne volcanic rocks are
chaotically distributed throughout an ill-sorted sandstone and mucd-

Atone matrix. Rock fraqmeﬁts inciude dark red creystal tuff, reddish

arey rhyolite, apyadaloidal basalt, brown tuffaceous sandstone, and

r
a large (18 inches; 45.7cm in diameter) well-rounded bhoulder of

guartz-monzonite. Pudaceous and arenaceous horizons 0# this n;%ure
have been interpreted as tillites and alaciomarine deposits by
Brueckner (1969) and Rrueckner and Anderson (1971}, an interpretation
that the author favours to explain the oriain of the deposits described
above. At the southern extremity of this tilloid (tops unknown) a
thin (6-1R inches; 15.2-45.7cm) greyish white calcareous horizon
contains algal structures that extend into the sandstone over a
distance of about 1-3 inches (2.5-7.6cm), and appear to form an
encrustation. A zone of shearina separates this bed from white-
weatherina, silicified araillaceous siltstones further ;outh.
Sanidstone horizons containing isolated pebbles occur alona the
northeastern shore of Bacon Cove harbqur (map ref. 3670,6140) and at
Colliers Point. In thin section, the rocks are areywackes containing
rounded to subanqular crains of albite (0.2-1mm), quartz (0.4-0.8mm),

and small rock fragments (<3mm) in a fine-arained matrix (10-15%). A

rounded clast (2.5mr) of flow-banded rhyolite contains albite pheno-

crysts partly replaced by sericite and potassium feldspar; crystals

4
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: ¢
of chlorite and sphene are pseudomorphous after hiotite (Photomif~

rograph 3). L :

Cambrian Rocks

Anly one small outlier of Cambrian sedimentary rocks occurs
‘

within the mar area.

nt Bacon Cove, excellent coastal exposures in the core of a
downfaulted svncline reveal Lower Cambrian rock-types restina with
rarked angular unconformity on greenish arey siltstones of the
Conception Group (rlate 18). A basal conglomdrate (0-3ft; 0-0.9m
thick) occupies irrecular pockets in the Precambrian regolith, and
contains anaular to subrounded pebbles ard boulders up to 17 inches
(30.5cm) average diameter in a matrix of calcareous arkose with
polished and rounded nuartz‘qrains {N.5-1.5mm) and wvolcanic fraqgments

{<Bmm). A bed of pink limestone {(about Sft; 1.5m thick) exhibitino

possihleqplqal mounds overlies the cecnqglomerate. The succession

-
\

continues upwards with thinly-bedded, fine-arained calcareous sand-
stones, red shales, and algal heds, all probaltly correlative with
the Smiths Point Formation (McCartney, 1967; King, pers. comm., 1972;

cf. tahle 1).




PHAPTER VI

STRUCTURE

Critical structural relationships between major lithdstratiaraphic

«

units are woll—exposqd within the map area and alonqg the western shores

of Colliers Ray. The renion has been subjected to repeated intervals

~f foldine and faultina, and fold stvle varies markedly with lithology.

Folding and Cleavage

on the Colliers Peninsula a westward-dipping, westward-facina
stratinraphic section of the Parhour “ain Group forms part of the
western lim: of a larae antiform whose axis strikes approximately

north-south ancd lies to the east of the map area. 7 cleavade (1)

12;:1—planar to this fold (F;), is particularly well-developed in

ar laceous siltstones and mudstones ;t Pyans Head; in sandstones
and siltstones exposed alonq the cemetery road in the southern part
of the peninsula; and in the poorly consolidated matrix of a volcanic
conglomerate at James Cove. Tn the ash-flow sheets and massive,
coarser clastics, most of the strain has heen relieved by shearina
along heddir® surfaces(So) during foldinq. Corruagations on the

)

flanks of this antiform occur in sedimentary rocks exposed alona the

coast north of James Cove: a small synform plunaing 10° to 155°

L

probahly reflects the attitude of the larger structure (plate 19) .
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Fold closures in Concention rocks have been observed at several
localities; for example, immediatelv west of the road ijunction at
Racon Cove {(map ref. 3630,6075) and alona the coast to the north

(map refs. 3675,6155 and 3690,6220) . Medium-scale, moderate to

‘tight folds plunae steeply (50—620) to the north-northwest or south-

southeast, contrastina markedlv with the predominantly large-scale
structures in Parbour Mair rocks. Anlthough a fault separates Harhour
Main and Conception rocks in the mar area, their stratigraphic
relationship can he seen in western Colliers Ray at Marvyvale. Here
hasal Conception conalomerate disconformably overlies mafic volcanics
at the top of the Harbour Main Group (McCartney, 1967; Papezik, 1970).
McCartney (1267, p. 97) reported a folded anqular unconformity betwern
these litholoaies at Woodfords 2 miles {3.2km) south of Holvrood:
however, recent field work indicates that the roorly exposed contact
could be interpfnted as a faulted disconformity (B, O'Brien, pers. comm.,
1973) .

At Bacon Cove, flat-lying bhasal Cambrian conglomerate in the
core of a shallow syncline reste with anqular unconformity on
Conception siltstone. A penetrative cleavage (92) is axial-planar
to qently plunging open folds (F2) of the Cambro-Ordovician succession.
Although the matrix of the conglomerate lacks a cleavaae, a few pebbles

of Conception siltstone have taken up the S_ fabric, which passe’s through

2

ther without deviation into the underlyinag Conception Group. Where

cleavage has been impressed on (onception rocks in areas remote from

.

Cambrian outcrop, only one penetrative fabric can be detected:; this

fabric has the same attitude as 52 and is considered one and the same.

v
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At tre northern tir of the main fault-zone, small (1-3 inches;
2.5-7.6cm) chert pelbles have been flattened in the plane of the Sz
foliation: major and minor axes of the pekbles average 2:1, resoec-
tively, and the orientation »f major axes lies close to vprfiéai.
where the competence of the nerble approaches that of the matrix,
deformation of the rebhles shoulr® reflect the shape of the deformation
ellipsoid of rulk finite strain in the host rock {(Flinn, 1956, 1962
Gay, 1968, 19€9).

Taul ti n-

Twe aets of hinh-anele faults car be recoanised in the map area;
fats trending east-west and northvest-southeast and interprated as
+he earliest structures: faults striking rouchlv north-south or
rortheast-southwest and succeerdina 7. Tvo lines of evidence suaaest
that many of the faults mapped at a hiah anale to the strike of
Harbour Main rocks were penecontemporaneous with volcanisnr and
sedimen*ation:

a) Included in the sediments composed entirely of Harhnu; Main
detritus are rounded clasts of hvrabvesal (diatase, feldsyarphvric

v .
intermediate rocks) and vlutonic rocks (cruartz-monzonite ancd qranite,
5.5.), too arnndant and widely distributed to te explained solely as
xenoliths enclosed within an eruntinag maama and subeequently rerived
as products of erosion. Also, their mode of cccurrence as monolithic

aqgareadates of up to five boulders enclosed in the coarser volcanic

conalomerates, suagests an extensive source Area, upli fred and eroded
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down to plutonic (epizone) levels of trke volcanic nile. “ince evidence

for a period of foldina durina derosition of the Harbour Main Grour on
&

rastern Avalen is lackina, larce-scale uplift rust have involved hlock-

faulting, which vresumal)lv accompanied volcano-tectonic urlift and

collarse,

1) A areen alteration, deronstrably penecontemporaneous with
ash-flow deposition and effected v percolatina metasomatid scluticns
{cf. chapter VIT), locally nervades fault nlanes which acted as
channe lways for the fluids. Alseration of this tvpe has not heen
seen to affect post-F] fault zones.

Tn the mar area, Parbour Main and Conception rocks are separated

.
hy a majer fault, marked by a zone of intense shearincg ard hrecciation
3N0-200ft (A1.5-274.5m) wide and hest exrosed on the coast agd at Racon
Cave. 0On the shores of Gasters Bav, Harhbour Main clastics and Concep-
tion siltstones lie juxtaposed and the brecciation is laragely confined
to the Conception Group. Here, a fault slice of tiahtlv folded,
areenish rrey Conception siltstones has heeﬁ emplaced within red
siltstones and volcanic conglomgrates of the Harbour Main Group,
therely setting a maximum aqe limit for the main movement alonag this
fault, 1.e. nost-Fl {(plate 20) . In coastal cliffs at the extreme
northern end of the rain fault the trend of the shear zone closely
approaches that of the GZ fabric and chert pebbles in Conception
siltstone are consistentlyv flattened in the plane of the foliation
across the fault zone, thereby settinc a minimum aqge limit, i.e.

pre-F Although known stratiagraphic relationships indicate downthrow

P

of Conception rocks, the maanitude of this movement i® unknown.
g
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Faultinag in the PRacon Cove ash-flow seruence oriented northeast-
southwest appears to te related to moverent along the maind€2u1t, |
possikly taker ur in part bv secondary shear planes or Reidel shears.
In a sedimgntary fault slice within the main fault-zone a cleavage has
been impressec subparallel to the trend of these faults and beudinaced
mafic dykes lie in the nlane of the foljation. PReactivation of ;‘re—}‘l
fault planes has produced a marked deflection in the trend of the ma;n

fault.

(2N Summary

e’ A chronoloay of structural events in the mar area has been
established. 3
Farly hiah-anale faultina in Harbour Main time prolrably continued
1nto latest Frecambrian; at least one period of compressive defor-

mation (Dl) involved foldina (}‘1

) and i1mrression of a reaional cleavage
(51). Urlift and erosion of FPrecambrian rocks was succeeded Ly
-

deposition of a transaressive Cambro-Nrdovician succession of shelf
sediments. A second period of deformation (D,), post-datina Early
Ordovician depositional events, i.e. 3e11 Island and Wabana Groups
(cf. table 1), resultecd in the developrent of open folds (F,) and
axial-plane cleavaoe (Fz), and probahlyv tiahtened parlier Precamhrian
folds of similar trend. Major movement alona the main fault-zone post-
dated Dl bPut nre-dated D, structures.

The entire deformational history of the map area pricor to deposi-

. . X . -

tion of Lower Carbrian sedimentary rocks is reocarded as evidence for

»

the Avalonian Nrcgeny.
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€.4. Discussion

Although a period of orogenic movemens, the Avalonian Orogeny,

affecting Late Frecambrian roN—;\ of Avalon has long heen recomised

(Jukes, 1843; Murray and Howley, 1881; Buddinqtoﬁ‘, 1919; Pose, 1952;
~
Lilley, 196€; “cCartney, 1967, 19€9; Brueckner, 1969), the precise

nature and %nu of the deformation are controversial (cf. Rodagers,
1967; Poole, 1967; and.huches, 1970). The Avalonian Nrogeny has been
reqarded as a'beriod cf orocenic movement dominated Ly block-faulting
(McCartnev, 197, 1969: bBrueckner, 1909; lughes, 1970); as a preriod of
. !
pre-Conception foldina followed tv Conception, Cabot-Hodgewater
depositiqn (Poole, 19€7); and as "two periods of at least lo;:al
orogenic moverent, one accompanyina the metamorphism and aranite
intrusion (of the Harbour Main Group), the other durino or 3Jjust

preceding the deposition of the arkosic units (Cabot and Hodaewater

Groups) " (Rodgers, 1968, b, 410) . Part of this confusion undoubtedly
o J

arises from the fragmentary nature of the structural dg:a presently

-

available. For example, the penetrative/semi-penetrative or "patchv"

style of Hadrvnian and later deformation in Avalon could simply be a
result of exposures at different structural levels of the sedimentary
< ‘

pile, accomplished by large-scale movements of faylt-bounded blocks.

From the structural evidence preserited above, it is quite c;.ear

thatqthe Avalonian Orogeny as such involved KoPh extensional and

L 4
compressional tectonic episodes.. Although onlly a single period of

Hadrynian deformation "(Dl) involv{ng lateral shorteﬁing has been

recognised within the map area, the structural history of Late Precambrian

/
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rocks in fAvalen 1s ohviously more complex. For example, in contrast
to the maxj}te(l ancular uncon formity éthat eaxists between conception and
rambrian litholoaies at Bacon Cove, Hilliamfs\ et al. (1972, p. 217-218})
state of Western Avalon that "Cambro—OrdoVicié(j rocks were deformed
alonqg with the Hadrvnian and no Structural breék exists betweer the
two" . These authors are in fact ‘rréferr,ing,, td ;hg hroadly conformable
nature of the contact hetween the Pandom Formation of Trinity Bay
and conformahle Caml-rian strata above, and the underlying arkosic
sequences of the Hodagewater Group (interpreted by McCartney, 19€7,
. 100, as a disconformity; cf. tahble 1) .

The intensity of Farlvy paleozoic deformation 1in newfoundland
is symmetrically disposed about the axis of the Central Mobile Belt.
(Wwilliams et al., 1972). The Colliers region 15 located in Zone H
of Williams et al. (ibid.) , the most easterly tectonostratigraphic
di\fision of the Northern Appalachians in Newfoundland, near the
eastern limit of Acadian structures. The style of D, within the
map area closely reserbles that attributed to Acadian deformation,
N
i.e. steep penetrative to semi-genetrative cleavage and upright folds.
In northern Avalon at least, the intensity of defomat;on of Cambro-
Ordovician rocks, 1i.e. D2 of the map area, increases toward the west,
whereas at Manuels River, 20 miles (312.2kms) to the east (cf. fig. 1),
fossiliferous Cambrian beds are essentially undeformed. These data
are discussed later (chapt.er 1X) where models purporting to explain

.

the tectonic evolution of the Avalon are critically reviewed. 3
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CHAPITE_VIT
ALTFEATION AND METAMDRPHTSM

In common vfaith other aeclogicallv old volcanic rocks and thelir
sedimentary derivatives, the larbour Main Group has undercone various
forms of alteration leaving the rocks coloured distinctive shades of
red, pink, arey, and green. For alterations that lead to such reddish

¥
and greenish volcanic rocks, the term "anchi-metamorphic’ has been
used by German authors (for example, Tr8qer, 1935, in Streckeisen,
1967) to imply eplizonal processes of alteration operating hetween
the zome of weathering and incipient metamorphism. This term

'

appears to be bhroadly equivalpg; to the nrocesses of *rropvlitisation”
described by Moorhouse (1964, p. 197) and oriainallv applied to altered
andesites in Nevada.

The physicochemical conditions prevailina durina metamorphism
can be broédly defined by reference to diaagnostic mineral assemblages
or metamorphic facies. Known occurrences nf prehnite ancd pumpel_lyite
filling amygdales in hasalts west of colliers Rav (Papezik, written
comm., 1©74), and pumpellyite observed in veins cutting ignimbrites
at Finn Hill, sucgest that the limits of "anchi-zone metamorphism"
(Fritsch, 1966) in the map area did not exceed the P and T stability
field of prehnite-pumpellyite mineral assemhlages. Recrystallisation

in response to purely deuteric alteration can be ruled out since the

same alterations affect rocks of very different initial composition,




i.a. mafic, felsic, and intermediate volcanic rocka. Furthermore,
alterations of the same nature are a distinctive and widespread
feature of the sedimentary sequences in the Harbour Main Group.

The various forms of alteration coloured greenish grey, pale
.
green, and pink, are grouped together and shown in black where thay
affect the measured sections (tables 3, 4, and 5). Dark grey to
almost black, brownish- and reddish-coloured rock-types are not
indicated.

The secondary minerals formed in felsic pyroclastic rocks are
quartz, chlorite, albite, colourless mica, carbonate, epidote, sphene,

leucoxane, potassium feldspar, hematite, magnetite, limonite, clay

minerals, and rare pyrite; diagnostic\metamrphic minerals such as

prehnite, pumpellyite, and stilpnomln\e (?) are found in late-stage

fzact:u:es. Mafic to intermediate rocks \iontain all the above
minerals plus serpentine, iddingsite, and\spoudic copper sulphides
and carbonates; prehnite, pumpellyite, and K-feldspar have been
observed filling amygdaleé in basaltic lava flows. The primary phases
that coampletely or partially preserve their igneous compositions in-
clude clinopyroxene, magnetite, biotite, quartz, and rare calcic

plagioclase in ignimbrites and felsic lava flows, and clinopyroxene

/
and rare olivine in mafic volcanic rocks.

7.1. Felsic volcanic Rocks

in ignimbrite sheets at Bacon Cove and Pinn Hill, systematic

gradations in colour from dark grey or reddish grey in densely welded
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interiors, to dark red or nale reddish brown at their marains, are cue
to an increase of hematite dust in the shard matrix, largely the result
of advanced oxidation of maagnetite aranules. Pald brown to pink
coloured rocks generally indicate mild leachina of iron-oxide and
partial recrystallisation (;f remainina opaaues to hematite and
leucoxene.

Secondary phases accompanying the formation of the devitrification
textures described earlier (chapter IIT, section 31.4.) are aenerally
limited to quartz, ricrospherulitic alkalic feldspar,\ ragnetite,
hematite, sparse leucoxene, minor sericite, chlorite, and clay
minerals, and rare sphene. Riotite phenocrvsts are particularly
sensitive to devitrifrication and alteration, and a progression of
internal textural modifications can bhe consistently matchad\wj_th
spherulitic recrystallisation and local bleaching of the vit‘fo\ -
clastic matrix. Deep brown, pleochroic biotite dusted with hematite
and mqnetite along cleavage planes is altered to creen ferriferous
biotite with strong to weak pleochroism {photomicrograph 49) .

Advanced alteration cormonly reduces biotite to a fine-arained
assemtlace of maanetite crystallites altered in part to leucoxene,
colourless mica (probably muscovite), and alkalic feldspar (cf.
ﬂph‘otomicroqraphs 10 and 11). Wwhere “"bird's-eye” devitrification
textures are well-developed, for example in a purplish grey ianim-

brite at James Cove (unit 41), tiny Liotite crystals have been recon-

stituted to chlorite, mametite, and sphene. Similar recrystallisation

features that formed during mesothermal alteration of biotite

in monzonites have been described bty Schwartz (1958).

phenocrysts




Phenccrysts of albite are generallyv dustecd with clay minerals
(
and minute flakes of sericite. Twinnina on the Alhite, Carlsbad,
and Carlshbad-Albite laws 1is well preserved. !Bn;,' altite crystals
1n reddish-coloured rocks are characterised l'v a patchy alteration
to clay minerals and sericite in core reaions and an extremely
s

narrow rim of clear albite (photomicroaraph 50). An untwinned
phenbcryst of Ca-plagioclase (analysis H85M, 20 and 2P, table 6)
was discovered in unit 58 at Finn Hill durina eleatren microprole
investication of feldspar compositions and hete rooeneitv. Althouah
its present composition is obviously magmatic in oriain, it is
impossible to decide on the basis of a single crystal whether it
represents a Xenocryst or the ;Jre—;netqmorphic composition of albite
vhenocrysts in this ignimbrite. The ukiauiteous oecurrence of albitic
compositions in sedimentary and volcanic rocks alike strongly favours

a metamorphic origin for the albite,'oarticularly in view of the low

metamorphic orade at which albite is stable. Analytical data

relevant to the origin of albite phenocrysts are presented later

(chapter VIII).

\
\\ A greyish green, pale gyeen, or yellowish green alteration

|

preferentially affects the x;;c;ins, partilcularly xenolithi¢ basal
zones, of ignimbrite cooling units (cf. #ables 3, 4, and 5) . Contacts
between red and green rocks mav be sharp or agradational over a distance
of several centimetres (plate 21) and they locally parallel bedding
surfaces for distances u}) to 60ft (18.3m) along strike. 1In hand

specimen it is usually difficult to distinquish tuff from sediment,

since recrystallisation of the matrix generally destroys pre-existing

1
13




vitroclastic textures. However, xenoliths and crvstals are only
marginally affected and reveal the original clastic nature of the
rock. Fragments of rhvolite and crystals of albkite either take on
a milky white appearance, or ac¢quire a pink orf pale areen coloura-
tion. Staining of this nature in albites is due to hematite olobules
or chlorite, respectively, partly replacing crystal margins. Acces-
sory xenoliths of deep red, oxidised tuff are locally altered to a
pale red or pink colour due to leaching of hematite; mafic rock
fraaments remain dark arey or black. Dark creen pumice-lapilli

in ash-flow tuffs of the Weavers Hill sequence are conspicuous in
pale nreen matrices and aenerally no trace remains of more finely
comminuted vitric material.

Contacts between the various forms of alteration in greenish
rocks generally correspond to the following scheme: sharp where
yellow—-green alteration 1135 juxtaposed to all other types; com-
rletely gradational cver several metres betWween qréénish grey and
greyish green rocks; and aradational on a scale of centimetres where
pale areen alteration occuvies a zone intermediate between the former
types. Changes in rock colour are streongly dependent upon mineral
assemblages. In particular, ep__i&te is the principal phase in

yellow—green rocks, whereas chlorite, sericite, and potassium feld-

spar are more prominent in zones of greyish green alteration.

Yellowish green rocks generally contain epidote, colourless
carbonate, quartz, albite, leucoxene, sphene, magnetite, clay minerals,
sericite, and rare chlorite, in order of decreasing abundance. Epidote

is cormmonly a colourless to pale oreen variety (clinozoisite has been

P
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identified in certain cases), with weak pleochroisr and anomalous
blue and green interference colours. It commonly preserves
delicate shard and pumice textures 1n the
matrix (photomicrouraph 51). Intense epidotisation, however,
locally obliterates pre—existiﬁq ioneous textures. For example,
at Dld Schoolhouse Point, pistachio-areen pods with irreaular
marains and up to 3.5ft (1.1m) in maximum dimensior, consis?ipé
of epidote, auartz, and albite in mosaic interqrowth, cut across
laminar flow handinc in dacite. All nhases except maanetite and
relict phenccrysts of albite with finely ;renulated margins have
recrystalliscd to the new mineral asserblage (rhotoricroaraph 52).
Similar textures have heen illustrated, for examfle, by Amstutz
(1068, plate 1, types A and B) in rocks of spilitic chemistry, and
described by Smith (198, p. 197-19R) in altered mafic lavas of
Ordovician age in Australia. Minerals found chiefly in the matrix
include carbonat;, minor guartz, sphene, leucoxene, magnetite, and
chlorite. Sericite and clay minerals are ﬂeneraliy confined to
primary sites, i.e. replacing primary volcanic phenocrysts and
qroundmass minerals. Albite occupiés all primarvy plagioclase sites
and sporadically forms clear mosaics in the matrix. Chlorite is
usually restricted to prirary sites, replacing originally glassy
inclusions in feldspar phenocrysts. Potassium feldspar has not
been observed.
Greenish grey to greyish green rocks contain abundant sericite,

lesser amounts of chlorite, quartz, albite, clay minerals and pctassium

feldspar, subordinate epidote, ferruginous carbonate, sphene, leucoxene,
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irén ore, and rare pyrite. puthiqenic sericite and clay minerals
normally forrm mimetic overurowths replacina axioclitic and spherulitic
N

alkali feldspar in vitroclastic matrices. Shard outlines are seldom
discernilble in plane-palari zed linht, but are easily seeﬁ under
crossed nicols (photoricroaraphs 53 and 54). Cericitisation of
albite phenocrysts is markedly less intense.

The most diagnostic mineralocical feature of this alteration
15 Ehe presence of law-temperature potassium feldspar forming
microcrystalline arowths in the vitric matrix and partially replacina
crystals of albite. Poorly rirefringent ¥X-feldspar is usually
clearly distinquish;ble from the albite, but gtaininag with sodium
cobaltinitrite was found extremély useful in determining the amount
of K-feldspar in the phenocrysts, and was virtually indispehsable
for differentiating it in the aroundmass. Where primary-sited
crystallisation of K-feldspar is relatively well-advanced the
groundmass takes on a deep yellow stain. However, replacement is
generally far from complege, and potash never becomes the predomi-
nant phase. Cleavage planes or minute fractures are commonly affected
f;rst by the invading K-feldspar, and replacement proceeds by the for-
mation of discrete matches in a milky white albite host, imparting a
distinctive rottled appearance to reconstituted phenocrysts {photo-
micrographs 55 and 56). Clay minerals and tiny flakes of sericite
are rarely restricted to either albite or K—fel&spar, and commonly
replace both. Twinning has not been observed in albite-potash

feldspar pseudomorphs, but fine lamellar twins are preserved in

adjacent albites unaf fected by K-feldspar crystallisation. Tt is




of interest that the presence of a K-Teldspar is not always opticallv
detectal.le. Scannina electran-beam photomicrographs of an albite
phenocryst without visible K-feldspar revealed replacement along
cleavages Ly a distincfly [otash-rich phase (photomicroaraph €4)

In this case, the invading feldspar is a cryptoperthitic rotash-

soda variety.

A rare occurrence in zones of intense recrystallisation are
euhedral crystals, undoubtedly of magmatic origin, that exhibit a
well-developed "cheauered" pattern of fine lamellar twins. The
chequered structure is twinned on the Albite 1aw with stubhy,
sliqhtly disorientéd lamellae which either wedge out or are abruptly
truncated by planes parallel tc (001). Chequered albite mav occupy
the whole area of the ﬁhenocryst, or form only a part, the remainder
exhibiting alterafion to sericite and ealcite (photoricrograph S7).
In certain gases, the pseudomorphous oriain of chequered crystals
is questionable. For example, a "composite” crystal consisting of
complex intergrowths of albite with weakly developed chequered
structure and devitrified alass preserving "pird's~eye" devitrifica-
tion texture was found in the strongly recrystallised upper margin of
unit 19 at Weavers Hill (photomicrograph 58). The edges of the crystal
ir relation to its matrix are sharp to gradational anq’scalloped.
This crystal may represent in situ qrowth of albite in an originally

glassy or devitrified groundmass. Similar mineralogical and textural

features have been recognised for example, by Battey {(1955) in a

detailed study of alkali metasomatism in keratophyres of New Zealand,

and by Malpas (1972), and Bughes and Malpas (1971) in hydrothermally




altercd rhyclites of the null Arm Forration, Tsthmus of Avalon.
(learly, the weliaht of evidence derands broadly contemporaneous

mobility of significant amounts of at least notassiur, sodium, and

zalciur ions (the latter two presumabYQ nccupvina nlagioclase sites)

in solution at some stauce(s) durine alteration and metamorphisn.

; \
flowever, it is not immediatelv clear why potash feldspar consistently
replaces albite and never vice versa; fluid chemistry may have been
such that rotassium ions enijoved a longer residence time in the
aaquecous phase relative to sodium ions. whgtever the cause,.present
nineral and whole-rock comnositions are potentially a function not
only of original maamatic chemistry hut also of later nrocesses of
al teration.

Pale green rocks are mineralogically and commonly spatially
transitional between zones of greyish green and vellow-green altera-

I

tion; however, the diverse suite oF alteration products in these
rocks are more similar to assemblages described for qreyish areen
rock—types. Noticeable differences include a qgreater proportion of
carbonate, epidote, and leucoxene, and a decrease in the amount of
k- feldspar. A localised zone of pale qgreen alteragion af fecting the
Lase of unit 59 at Finn Hill exhibits pipe-like offshoots that penec-
trate several centimetres into hematitic welded tuff above. In thin
section, these pipes show sharp contacts with their host and contain
rotated fragments of tuff and broken crystals set in a co;;sely
crystalline groundmass consisting mainly of mosaic quartz and alpite

(photomicrograph 59 and 60). Such features are likely the result of

gas-streaming and brecciation, and have heen referred to as "tuffisites”




(for exammle, Hudghes, 1971y. If in this case they represent primary
fumarolic «leposits formed Aurino an initial period of cocling following
ash- flow emnlacement, they were prolally caused by a puild up of
volatiles beneath an impermeable cover of welded tuff, since they
clearly post-date the weldina. Mlternatively, if they are related
to later alteration and served as active channelwavs for migrating
vclatiles, locally elevated vapour pressures during subsequent
hydrothermal activity can be inferred.

Minerals that occupy secondary sites such’as fractures or
vesicles, include epidote, albite, quartz, brehnite, pumpellyite,
and a micaceous phase, possibly stilpnomelane. Veins of albite,
aquartz, and epidote locally dusted;with iron-oxide are common through-
out the map area. A yellowish green variety of epidote forming
elongatc bladed crystals with strong pleochroism fills fractures
and the interior zones of lithophysal cavities in unit 58 at Finn

. -
Hill. Pumpellyite in the veinlets forms radiating acicular crystals
with blue-green polarisation colours and trichroism with the formula
colourless to pale qreen to pale brownish areen. A colourless to
pale yellowish mica, resemblinq stilpnomelane, coexists with quartz
and minor albite in veins cuttina a pink;weatherinq vitric tuff in

the extreme®orth of the map area.

An interesting textural feature of an albite-epidote veinlet in

Yelded tuff is the marked concentration and recrystallisation of iron-

oxide along its completely gradational upper margin (photomicrograph
61) . Textures of this type have been considered earlier (chapter III,

section 3.4.) as resulting from hydration and devitrification of




alassvy matrices. This similaritv emphgsises the fact that secondary
+

devitrification and hydrotherm*l reconstitutlion were conterporaneons

-

pProcesses.

Intermediate and Mafic Volcanlc Pocks

—_

pMteration to deep vurplish reds and vellowish creens in
porphvrites, basaltic flows, and diabase dvkes is not extensive.
Pistachio qreen. and nale areen domains are lacalised along fault

rlares and brecciated horizons, or form irremular peds crnss-cutting

rrimary ianeous Lex!ures: reddish zones arc chiefly restricted to

flow tops. Secondary minerals include chlorite, albite, epidote,
carbonate, sericite, clay minerals, serpentine, 1ddinasite, iron ore,
sphene, leucoxene, copper sulphides and carbonates; notassium feldspar,
prehni te and pumpellyite commonly occupy cavities. Mafic dykes nenerally
lack macroscopically visible alteration, but the same miﬁeraloqical
features are apparen¥ when examined under a microscope.

Croundmass alteration of interstitial alass to dark green
plgochroic chlorite is usually accompanied by authigenic qrowths of
clear albite, pale green epidote, and calcite. Primary albitised
feldspar sites afe flecked with sericite and clav minerals; relict
calcic plagioclase has not heen identified. Chilled margins of nor-

B

phyrites have commonly recrystallised to a fine-arained aggrecate of

alkalic feldspar, quartz, chlorite, and minor epidote. Locally intense
4

alteration leads to extensive sericitisation and chloritisation of

feldspar phenocrysts and microlites. Albites commonly preserve
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lamellar twinnina; interlockinag mosalcs or other subgrain boundaries
on primary sites are lackina. The margins of albite phenocryéts are
sporadically replaced by sericite which forms a distinct rimn around
dusty albite, stronaly resembling incipicent forms of alteration
L ]
described by Jollv (1970, fias. 4a and 4b) from his Ca-plagioclase
(relict)-sericite zone im basaltic andesites of the Fohles Formation,
-~
south-central Puerto Rico. However, albite phenocrysts with rims of
clear albite and thoroughly devoid of sericite or clay minerals are
just as cGommon {photami croqraph 47). Such textures are more charac-
"
teristic of Jolly's descriptions of albite-prehnite-pumpellvite-epidote-
quartz-hematite assemblaaes 1in the same rocks. Fpidote replacing the
cores of albite crystals is probably indicative of their former more
calcic composition; zonal patterns of revmlacement possibly represent
relict oscillatory-zoned phenocrvsts (photomicrograph 44) . Pseudo-
morphs after olivine normally consist of orange pleochroic iddingsite,
iron-oxide, and serpentine, pleochroic from colourless to pale yellow;
rarely olivine is replaced by alkalic feldsp.ar,\ chlorite, and quat‘tz.
Metastable relict <igneous compositions are clinopyroxene and rare
olivine. Pvroxenes of porphyritic intrusives, with the notable excep-
tion of an clivine diabase described earlier (section 4.6.), are
)
completely altered to chlorite.

K- feldspar of adularia habit locally infills amygdales and forms

a patchy replacement of primary-sited albite. Prehnite is also a

common mineral in secondary sites, where it occurs as blocky grains

enclosing turbid albite. Pumpellyite is qenerally fibrous in habit

with colourless to pale green to bright green trfthroism. Prehnite
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and pumpellyite have got been observed replating the primary rinerals
. :\J =
of rocks in the map area. [N
3

The occurrences of ?:opperf sulphides (chalcopyrite and bornite (?)), e
and copprer carbonates (malachite and azurite) are restricted to fault

zones and joint systems in the basaltic flows.

7.1. Genesis of the hlteration and tetamorphism

~%

I
The type of reaional low-grade metamorphism that affected the
A .
- the

. . . /
Harbour Main Group has been referred .to as "burial metamorphism”, al.

term first introduced by Coombs (1960) for gimilarly affected rocks

’ -
of Permo-Triassic age in southern New Zealand. Coombs demonstrated

that prehnite-pumpellyite mineral assemblaces interveme in geoloaic

position and metamcrphic grade between rocks of the zenlite facies

and typical lower areenschist assemblages. Me tamorphic zones of
similar disposition and mineralogy have been described, for example,

by Seki (1965), Otalora (1964), cmith (1968, 1969), Levi (1969), Surdam

‘{1969, 1973), and Jolly (1970).. Thsé field and petrocraphic information

revealed by all'these studies are broadly .consistent with the patterns
of alteration and metamorphism pbserved in Harbour Main rock-types.
The origin of mineral parageneses in rocks of this type have
traditionally been related to differences in the geothermal gradient,
in fluid pressure, or more accurately the activity of water (:3”20) ’ Q

in the chemical potential of CO2 relative to H2O (i.e. uCOz/uHZO) ’

- in the kinetics of reactions, and in the chemical duposition of the

host rock. These parameters are examined more closely below.
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- The P and T stability of metamorphic ’index minerals such as
prehnite and pumpellyite has been used to estimate the thickness
of overburden during burial metamrphisﬁ (for example, $mith, 1969;
Jolly, 1970; Papezik, 1972a). Since no correlation has been recog-
nised between metamorphic mineral assemblages and stratigraphic depth ’
in the Colliers cross-section of the Harbour Main Group, the thickness
of this section (2.7kms: 2400m rhyolite + 300m basalt) can be taken as 1
tg_g_\minimum stratigraphic extent of prehnite-pumpellyite parageneses. '
Assuming a geothermal gradient :f 28°C/km and dehydration of the 4
zeolite wairakite to produce prehnite, as suggested by Liou (1971),
an overburden of 11.4kms is predicted. The fact that a relatively
thin sequance of basaltic lavas occurs at the top of a predominantly
silicic succession should not seriously affect the calculation, which
has been soclved for lithologies of upper crustal density and heat flow
properties. Accordingly, the computed value appears to be anomalously
high and requires most of ﬂ\ia\thickness to have been removed by
erosaion and subsequent deposition of a succession of Cambrian she_lf

. sediments. Similar inconsistencies between predicted and inferred

"depths of burial” of critical mineral assemblages occur in regions

of low-grade metamorphism throughout the world (cf. Surdam, 1973;
Levi, 1969). —
Pefmability and porosity were apparently decisive factors
‘T governing the fo‘:;'nmtion of secondary mineral assemblages in f.he‘ map

* ) area. Brief inspectidh of tables 3, 4, and 5 reveals that the

permeable m;ginsft ash-flow sheats and the more porous volcanic
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breccias were most su-sceptible to secondary recrystallisation. This
indicates that phase relationships as defined by P and T alone are
inadequate to explain the distribution of secondary mineral assem—
blages observed in Harbour Main rocks of the Colliers Peninsula,
and that other factors have to be considered.

7en (1961) demonstrated that if CO, and H,0 are perfectly
mob.i].e constituents in a hydrous silicate system, then at high values
of uCC, relative to uH20 Yaolinite-calcite or n?ryphyllite~calcite
assemblages would be favoured over Ca-zeclites. Coombs et al. (1970),
following Zen, projected these relationships into the field of
prehnite-purpellyite stapility. They deduced that ucoz—quo relation-
ships in the system CaO-—A1203—Si02—H20—C02 are such that it is possible
to pass progressively, isothermallyv and isobfarically, at decreasing
values of 111120(“<?02 being low), through assemblacges representative of
zeolite, prehnite—pumpellyite, and lower greenschist facies. at
increasing values of uCO, clay-carhbonate assemblages are favoured
over a wide ranre of uH20 relative to calcium zeolites, prehnite,
and zoisite, and that a direct transition to prehnite or greenschist
parageneses is possible. tHowever, studies in active geothermal regions
of the forration of partial mineral s‘equences analogous to many of the
secondary mineral assemblages found in Harbour Main ignimbrites, suggest
that even where CO2 is a significant chemical component of the hyﬁo—
thermal system their development is very strongly temperature-depéndent
(cf. White and Sigvaldason, 1963; Steiner, 1963: Muffler and White,

1969 ; Browne and Ellis, 1970) .




Cheaical variations in attendant fluids produced by interaction
with their surrounding wall-rocks may also promote variations in
mineral paranenes'es. Relative enrichment in potassium (K-feldspar +
sericite + albite = areenish vurey to greyish areen to pale areen
alteration), sodium (albite + cuartz = dark grey to reddish arey
alteration), and calcium (epidote + calcite = yellow-areen alteraiion)
co;xld result primarily from different initial whole-rock compositions.

The chemical potential of the fluids would be strongly influenced by
complex reactions wié.h these multicomponent silicate systems, tl';ouqh
the course of metasomatism is predominantly controlled by the effec-
tive activity of the hydrogen ion. 1In f;zct hydrogen jon metasomatism
(Hemley and Jones, 1964) is responsible for most hvdrothermal altera-
tions caused by geochemical processes, and is. the main mechanism of

>
mass transfer of chemical components in open systems (compare
“infiltration zoning" as conceived by Korzhinskii, 1959) . Movement

[ 4

and segregation of elements involved' in exchange reactions may have
taken place over a distance of millimetres, as in the case of albi-
tisation of primary plagioclase sites and crystallisation in amygdales
within volcanic rocks of the Harbour Main Group, or mucﬁ greater
di'stances, as indicated by zones of intense epidote enrichment.
Pelative evaluations of the distances involved can be made using

textural and geochemical criteria to investigate individual rock

specimens, cooling units, or entire ash-flow seguences.

In addition to the parameters above, reaction kinetics may well

be more important than is generally realised. For example, since the

D *
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x,

earl;} descriptions of Coombs (1960) it is commonly accepted that mineral
assemtblages in "purial” metamorphic environrents are the re.sult of a
progressive series of dehydration reactions. However, recent work by
curdam (1973) has challenged this concept as it applies to the forma-
tion of mineral asserblages in the Yarmutsen Groun. surdam demonstrated
that alteration of basaltic glass in the tuffaceous rocks involved
hydration and solution, not dehydration. while glass at the top of

the stratigrayﬁhic section altered to laumontite + phyllosilicate,

vitric material at the base altered directly to prehni.te + phyllo-
silicate. He explained this bv a high rate of sedimentation which
enabled glass at the bottom of the section to pass through the

stability fields of heulandite and laumontite into the region of
prehnite stability. Solution chemistry, therefore, may e of
considerable importance in locally controllingd the chserved mineral
assemblages and geochemical characteristics of volcanic lithologies
during metascmatism and low-grade me tamorphism.

'

7.4. _'lli_mino of the Alteration and Metamorphism

/

The timing of the alteration and metar{}orphisn of the Harbour Main
Group 1s ‘an 'Jextremely complex problem. Certain lines of evidence
sugqest that these events wecre qu/ite distinct:

a) Alteration was contemporaneous with intrusion of porphyrites
in the Harbour Main Group since blocks of intrusion hreccia are locally
altered whereas an igneous matrix of identical composition remains

unaffected (plate 12),

e i e e T
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b} A clast of Harbour Main rhyolid with albite phenocrysts
partly replaced by K-feldspar lies enclosed in Conception metagrey-
wacke containjing unaltered albite crystals and devoid of potash in
the matrix (photomicrograph 3). Similar textures have been described
from K-rich rhyolitic ash-flow tuffs of the Weavers Hill ash-flow
sequence -(compare photomjcrographs 55 and 56). This evidence
indicaus'that alteration of this type pre~dated at least part of
the depositional history of the Conception Group.

¢} The ubiquitous occurrence of detrital albite crystals in the
Cambro-Ordovician sedimentary successions of Conception Bay (J. Douglas,
pers. comm., 1975) record erosion of previocusly metamorphosed (and
deformed) Late Precambrian lithoggiea, since comparatively mild
deformation and recrystallisation in Cambrian rocks is demonstrably
later t¢(chapter VI).

Since the s®ructural relationships between the Conception and

Harbour Main Groups are not well-known, it is tentatively assumed that

folding and metamorphism of both rock-tJypos was accomplished by the

same event., This leads to the conclusion that hydrothermal alteration
of the Harbour Main Group was certainly initiated and largely preceded
Late Precambrian mtamrphism and the first recognisable period of

I

regional folding and weak penetrative deformation, i.e. D, (chapter VI).

1
Certain lines of evidence tentatively support this suggestion:
d) Hydrothermal akteration began while the rocks were only partly
consolidated since alteration of volcanic breccias which have since been

lithified preferentially affects fine-grained matrices leaving xenoliths

and crystals little altered (plate 22).




115

e) Prolific fragments of/gi- and green-altered tuffs admixed
. > . . l ) »
with unaltered fragments®of similar composition”i{n volcanic breccias
and lithic tuffs suggest that alteration was penecontemporaneous
with ash-flow emplacement.
f) The formation of non-diagnostic mineral assemblages in
Harbour Main ignimbrites is associated with secondary hydration and,

devitrification (section 3.4.); minerals diacnostic of metamorphic

grade such as prehnite and pumpellyite are comparatively scarce and

restricted to late~stage fractures.

g} The formaFi(zp of prehnite 4in the Cabot Group of the Fastern
Block 1s closely as’sociated with late-st'age development of joint
systems (Papezik, 1972a). 1If the Cambro-Ordovician sequences maintain
the same unconformable relationship with Precambrian rocks to the
east, as the decreasing intensity of defomz;tion in that direction
suggests, this would place the metamorphism as a Late Precamhrian
event.

A definitive knowledge of the metamorphism obviously requires
a detailed investication on a regional scale. HoweveAr, it is inter-
esting to note that if prehnite-pumpellyite facies metamorphism of
the Precambrian rocks of Avalon did in fact accompany or outlast the
folding, as (g) above suggests, many of the classical concepts of

"burial metamorphism"”, particularly "depth of burial” would need

.revision.
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CHAPTER VIII

MINERAL AND WHOLE-ROCK CHEMISTRY

Collections of compositional data for the predominantly wolcanic
Harbour Main Group on Avalon are not as conrplete as hypotheses purpor-
ting to explaip the magmatic evolution of the Group might suggest (for
example, Papezik, 1970; Hughes and Brueckner, 1971: Hughes, 1972a)}.

. o The oﬁly published analyses of extrusive and hypabyssal rocks include
10 whole-ro‘ck analyses for major elements given by Buddington (1916;
1919), only 2 of which lie outside a zone of pyrophyllitisation at
the eastern margin of the Holyrcod pluton; 22 analyses ¢f lava ﬂows,
ignimbrites, volcanic breccias, and siils presented by Papezik (1969;
1970, Table I); and 7 partial analyses for K,0, Na,0, Ca0, Rb, and Sr
ﬁreported by Hughgs and Malpas (1971). However, the analytical data of
Papezik (1970) and lfgghes and Malpas (ibid.) include 5 analyses (Table
I, nos. 17-21) and 3 analyses (Table II, nos. H.77, M.79, and M.86),
respectively, Yr hyolitic and basaltic rocks of the Eastern Block
(cf. chapter I, section 1.4.). Though generally correlated with the
Harbour Hain‘ Group {Rose, 1952; Hughes and Brueckner, 1971) rocks of
the primarily subaqueous Eastern Block are separated from type

localities of the Harbour Main Group by a major shear-zone, the

Topsail Fault (cf. fig. 2), and more recent work indicates that they

T T

are likely younger than terrestrial volcanic lithologies in the west

s (Papezik, pers. comm., 1973). This would of course invalidate all but

— - e e el e e le—t i w a
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the most generalised petrogenetic conclusions based on a suite of
Harbour Main rocks including such data, and any similarities could
be purely incidental. In fact precise stratigraphic control betwedn
sampling sites has been demonstrated solely by Papezik (1969; 1970)
for 8 analyses at Finn Hill and western Colliers Bay.

Compositional data for the granitic phases of the Holyrood ®
pluton have recently become more numerous. Previous analyses have
been published by Buddington (1919) , Barning (1965; cf. Papezik,
1970, Table II), and Hughes (1971, Table 1, 3 analyses). A recent
study of geochemical variability within the Holyrood intrusion by
Strong et al. (1973) provided the most” complete collection ef major
and trace element data now available for gfunitoid rocks intruding
the Harbour Main Group.

All former work on the compoaition of feldspar phenocrysts in
the Harbour Main Group has zelied\u'pon optical determinations or
X-ray diffraction techniques. McCartney- {1967, p. 17-20) reported
phenocrysts of oligoclase and orthoclase in Harbour Main ignimbrites
and andesine-labradorite compositions in *andesite flows, breccias,
and tuffs”, but made no mention of "albite occurrences. Papezik

(1969, p. 1412) used o/il igmersion methods and XRD to determine the
A

compositions of plagioclase crystals (Ana-Ans) in ignimbrites at
Finn Hill and albite-oligoclase phenocrysts (Papezik, 1970, p- 1491)
in mafic flows at western Collers Bay. No crystals of K-feldspar were

observed apart from a patchy replacement of primary albite sites and

an indistinct potash phase in the matrix of a specimen from the Weavers

-




Hill ash-flow sequence (Paperik, 1970, Table I, analysis no. 12; \
referenced below as analysis P70-12 in table 7).

Rock specimens for analysis during the present investigation
were collected under the strict stratigraphic control offered by the
measured sections described earlier (tables 3, 4, and 5), and by the
sequence of intrusion within the map area, which is known to be
rhyolite-porphyrite-diabase in order of decreasing age. Sample

locations are shown on the geological map (rear pocket). Additional

specimens were collected from basalts overlying the ignimbrite

sequences at sites located on fig. 4. Field observations of oxidised
and vesicular flow tops are consistent with the view that basalts
further west are progressively younger {(McCartney, 1967; Papezik, 1970).
The range of compositions encountered ih both phenocryst and
wholes-rock material require that the effects of alteration and low-
grade metamorphism recognised previously (chapter VII) be taken into

\Y

consideration. Petrogenetic conclusions are seriously impaired by
failure to allow for chemical \modification of originally "pristine”
magmatic compogsitions. Furthermore, a strictly quantitative approach
(for exanple, Papezik, 1970; Hughes, 1972a) might be misleading without
additional inferences based on a comprehensive knowledge of the
chemical processes that determine speci.‘:ic mgmdc and metamorphic
signatures. Since the significance of previous analytical results in
rocks of the Harbour Main Group has sparked so much controversy

(Papezik, 1970; Hughes and Malpaa, 1971; Hughes, 1972a; 1972b) an

attempt has been made in this study to impose the necessary chemical




constraints upon interpretation of the data. However, it is not
ﬁlaimd here that the techniques employed are completsly digcrimi-
natory or that they can be applied indiscriminately to annl;:qous
geochemical problems. |
Before proceeding further, it must be realised that the area
of study represents less than 2% of the total area of outcrop of
the Harbour Main Group. 'However, the map area straddles a narrow
transition zone between early rhyglitic and late basaltic volcanism
in the Harbour Main Group. Accordingly, if the general style of
magmatic evolution within the Harbour Main Group is represented by
the stratigraphic section examined herein, as comparisons with
analogous volcanic provinces suggest, the petrogenetic conclusions

of this study take on regional significance.

g.1. Electron-Prgbe Microanalysis of Feldspar Phenocrysts

.

An electron-probe investigation of feldspar phenocrysts in

Harbouy Main rock-types of the region’ was aimed at establishing theix.j
precise cowposlt;.o.;\al range and homogeneity. The analytical dlta
reveal that phenocrysts of albitic compositions predominate in all
rock-types snalysed, though K-feldspar locally occgpies primary
phenocryst sites. Albite and x-feldspar cospositions are believed

to represent metamorphic alteration of feldspars .deziv-d from volcanic
liquids. However, the rars occurrence of compositions cor responding

.

to igneous anorthoclase and calcic plagioclase indicate that neither
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age nor P and T conditions adequately account for the processes of

albitisation.

The method of analysing core and rim regions of phenocryst
material generally provides a reliable measure of the degree of
Zoning or intra-grain homogeneity that existed in cryatals growing
in silicate melts immediately prior to'eruption. while point analyses
located along traverges provide valuable information concerning compo-
sitional zonations within grains of relatively fresh igneous rocks,
the application of this technique to rocks affected by alteration and
low-grade metamorphism is severely limited gince there is no guarantee
that inhomogeneities are distributed systematically about the perimeter
of the crystal. However, well-documented coverage of the whole
phenocryst allows a distinction between heterogeneities caused by
solid solution, incipient development of ‘alteration products, and
partial replacement of crystals by & newly formed mineral. It is
just as important to consider these compositional effects as the
inter-grain variability within and between successive thin sections.
Accordingly, phenocryst coipositions were investigated in this at@y
by a series of point analyses distributed evenly thioughout the core
region and around the rim, at a distance of approximatsly 20-40um
f‘rom crystal margins. Further descriptions ofrthe analytical pro-
cedures and the instrumentare giveh in appendix 3 together with an
estimate of the precis.ion and accuracy attained.

Elemsnt abundances for K20. Nazo, Ca0, and SLO2 were measured

directly:; Al,0, was determined stoichiometrically. The data include




TABLE 6. Electron Microprobe Partial Analyses of Feldspar Phenocrysts
(In Weight Percent)

Specimen No.

Rock -Type sillar (unit 6}
EhSE_OCIYS"- 1 Core 2 Rim

Si02 €8.14 69.12

Al,0 19.00 19.133

273
.26 0.38
11.29

0.07

Specimen No.
Rock - Type . ignimbrite funit 8)
Fhenocryst 1 core 1 K-feld- 2 Rim 2 Core 3 Rim

T spar Eatch
Si02 68.80 64.17 69.58 69.26 69.97

A1203 19.59 17.84 19.52 19.40 19.96
Cca0 . 0.38 0.03 .34 0.29
Na 11.42 . .29 11.74

.13 . .20 0.13

.32 .48 .10

Specimen No. ’

Rock-Type . ignimbrite (unit 15)

Phenocryst 1 Core 2 Rim 2 Core i 3 Core 3 Core
Turbid Clear

SiO2 69.21 67.86 68.74 68.08 68.46

Al,0, 20.25 20.03 19.44 19.22 18 .68

Cca0 . 0.42 0.56 0.22 0.04

Na,0 11.29

K50 0.42

.16 100.00




TABLE 6. (Cont'd.)

Specimen No.

Rock-Type
Phenocryst

S1O2

A1203

Specimen No.

Rock-Type
Phenocryst

5102
AlZO3

cao

Specimen No.

Rock-Type

Phgnocryst

5102

A1203

cao0

H157M™
W.H.S5. ignimbrite f{unit 32]
1 Rim 1 Core 2 Core 3 Core

67.79 67.76 68.93 68.54
20.13 19.08 20.34 20.19

0.53 . 0.67 0.65
11.58 | 11.54 11.46

0. 0.14 0.16

.00

ignimbrite (unit 41)
1 Core 2 Rim 2 Core

69.26 67.82 67.15

19.49 19.25 18.88

0.38 . 0.35

11.34

0.15

A

.62

H186M
F.H.S. ignimbrite (unit 42)
1 Rim 1 Core 2 Rim 2 Core

et R —

69.35 68.93 68.98 68.96

18.94 19.33 19.74 19.57

0.32 . 0.31 0.28
11.47 1}.44

0.29 0.23

100.48
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TABLE 6. (Cont'd.)

Specimen No.
Rock-Type
Phenocryst

i 4
5102

A1203 -

Cal

Na20
KZO

Total :

Specimen No.
Rock-Type
Phenocryst

SJ.O2
A1203

Ca0

Total:

Specimen No.
Rock-Type
Phenocryst

5102

A1203

cal

Hazo

KZO

Total:

T C63M

F.H.S. ignimbrite {unit 56)
1 Rim 1 Core 1 Core 2 Rim 2 Core

123

3 Rim 3 Core

Clear
68.60 67.88 67.90 68.48 68.95

19.58 19.59 19.45 19.75 20.00
0.28 0.2  0.15 bo.':«n 0.26
11.52 11.54 11.62 11.56 11.78

0.13 0.09 °0.07 0.18 M1ls

68.06 67.75

19.80 18B.82

100.10 99.39 99.19 100.27 101.14

C68M
F.H.S. ignimbrite {(unit 57)
1l Rim 1 Core 2 Rim 2 Core
65.45 64.57 66.27 62.14
19.35  19.16 18.97 20.27
0.76 1.00 0.65 1.70
- \\____‘,
10.78 10.41 10.58 9.15
- 0.21 , 0.20 0.37 1.96
8¢ .56 95. 35 96.83 95.23
CB5M
F.K.S. ignimbrite (unit 58)
1 Rim 1 Core 2 Rim 2 Core
60.64 66.23 58.00 57.89
20.2 . 20.08 27.84 28.47
2.40 1.20 | 9.74 10.28
8.01 10.46 5.75 5.71
2.85 0.65 0.62 0.36
.71

94.52 98.63 101.95

e e S e e )
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TABLE 6. (Cont'd.)

Specimen No.

Rock~-Type
FPhrenocryst

csgM
F.H.S. ignimbrite {unit 59) ’
1 Rim 1 Core l K-feld- 2 Rim 2 Core 3 Rim
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3 Core

Total:

Specimen No.

spar along
fracture

67.63 67.72 62.14 6.5.93 65.48 €6.98
19.01 18.96 18.37 19.42 19.10 19.46
0.98 1.00 0.00 1.00 0.84 0.88
10.35 10.41 0.36 10.65 10.65 10.59

6.19 ©0.03 16.43 0.10 0.07 0.4

98.16 98.13 97.30 97.09 96.14 98.32

H81M

Rock-Type Western Rhyolite 5ill ‘

Phenocryst 1 Rim 1 Core 2 Rim 2 Core
—S:Oz 66.513 66 .57 66.12 67.02
AL,0, 18.43 18.70 16.76 18.72
Ca0 0.57 0.36 0.50 0.47
NaZO 10.50 10.86 10.70 10.78
K,0 0.12 0.17°  0.24 0.13
Total: 96.15 96.67 96.31 97.13

Specimen No.

Rock-Type
Phenocryst

5102
A1203
cao
NaZO
K20

Total:

JURSRERE

HB80OM .
Porphyrite (intrudes Western Rhyolite Sill)
1 Rim 1 Core 2 Rim 2 Core 3 Rim 3 Core

€9.03 68.69 68.21 68.12 68.30 68.22
19.21 19.52 18.86 19.54 19.10 19.53

0.43 0.6 0.31  0.46 0.31 0.32
11.12 11.08 10.97 11.29 11.18 11.45

0.13 0.18 0.24 0.14 0.15 0.11

99.92 100.09 98.59 99,55 99.04 99.63

-




TABLE 6.

(cént'd.)

Specimen No. H163M

Rock-Type Porphyrite (fine-grained)

Phenocryst 1 Rim 1 Core 2 Rim 2 Core 3 Rim 3 Core
Si;lz/> 67.30 €7.94 €8.66 66 .61 63.86 64,72
Al,0, 17.23 17.38 18.76 18.51 19.94 20.29
ca0 0.39 0.23 0.61 0.06 0.61 0.60
Nazo 10.03 10.31 10.68 11.19 11.10 11.67
K20 0.02 0.02 0.10 0.00 0.53 0.01
Total: 54.96 95.88 , 98.81 96 .37 96.05 97.30
Specimen No. GC'lM

Rock-Type Diabase Dyke

Phenocryst 1 Rim 1 Core 2 Rim 2 Core

$i0, 64.93 €64.62 66.33 64.89

A1203 19.23 19.72 19.66 19.44

ca0 1.21 1.3 1.i8 1.37

Na;_fO 10.27 10. 38 10.56 10.25

KZO 0.14 0.17 0.14 0.09

Total: 95.78 96.25 97.96 96.03

Specimen No. P71-46M

Rock-Type Basalt

Phenocryst~ 2 Rim 2 Cori 3 Rim 3 CoLre )

§i0, 67.02 67.61 67.37 67.55

A1203 19.38 19.51 19.39 19.34

Cao 0.47 0.32 0.45 0.45 '
Na_0O 10.95 11.37 11.17 11.14

K20 0.48 0.21 0.19 . 0.19°

Total: 98.31 99 .02 98.58 98.67
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TABLE 6. (Cont'd.})

Specimen No. GC20M
Rock-Type Basalt (70 ft. below unit 15)

2 Core 2 Core
Phenochst 1l Rim 1 Core Clear Turbid

a
8102 68.139 67.06 61 .84
A1203 18.83 18.37
Ca0 0.04 0.08
11.34

0.12

98.70

.

Specimen No. C29M
Rock-Type " W.M.S. ignimbrite

-1 K-

feld-

1AB1 spar

Phanocryst Core = patch

5102 65.39 67.22
A1203 22.65 20.81
Ca0 . 0.05 0.44
ua20 ‘ ) 2,21 10.186

K20 . . . 3.02

101.66

g
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FIG 5 ORIABIAN DIAGRAM FOR SELECTED FELDSPAR ANALYSES
OR (recalculated to 100 miol %)

c88M 1K
H188M 1K

--—— Compositional field of remaining
71 core and rim feldspar analyses

C = Core
R = Rim
T = Turbid
CC = Core clear
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68M 2R C6BM IR C68M 2C




core and rim analyses of 90 phenocrysts from 11 rhyolitic ignimbrites,
1 rhyolite sill, 2 porphyrites, 1 diabase dyke, 2 basaltic flows.
The analytical results are presented in table in weight percent.
Analyses have also been recalculated in t;erms of molecular percen-—
tages (appendix 2) and plotted in the system An-Ab-Or {(fig. S5).

The majority of phenocryat analyses with respect to ternary
feldspar compositione range from Ang 4 Ab99'7 Ory, (analyses H105M-3CC,
and H163M-2C in table € and appendix 2) to Ang Ab93.6 Or; 5 (C68M-1C)
and define the main compositional field for Harbour Main feldspar
phenocrysts (fig. 5). Phenocryst compositions are essentially those.
predicted by the petrographic observations recorded earlier {chapters
III and IV). The abundances of éa and K in solid solution remain
predominantly at background levels of datection and thare is no
difference betwean the purity of albites in rhyolitic ignimbrites,
porphyrites, basalts, or diabase dykes. Most individual plagioclase
grains show no appreciable zoning and variations in composition can
largely be pccommodated within the range of analytical error. However,
certain compositional differences cannot be attributed solely to
analytical errors. On the scale of the analysed samples, a trianqular

plot of analyses in the feldspar system (fig. 5) raveals considerable

L]
scatrar extending beyond the field of albite compoaitions. It is

possible to distinguish a gbtasslum feldspar of variable purity
(C29M-1X, H188M-1K, and CB88M-1K); a plagioclase of calcic-andesine
composition (C85M~2C and C85M-2R); and anorthoclase (C85M-1R) ; and

a clusta;: of points extending along the Ab-Or join close to the albite

end-member molecule. These data are examined in more detail below.




Analyses of basalt specimen GC20M demonstrate the compositional
variationé detected in turbid core (GC20M-1CT) ¢nd clear rim (GC20M-1R)
'of phenocryats and those recorded in core regions "(GC20M-2CC and
GC20M-2CT) of groundmass feldspar laths which resulted from the use
of a 20um beam diameter. These differences are induced by varying
proportions of finely crystalline alteration asseamblages, notably
clay minerals and sericite (photomicrograph 62). The presence of
such minerals on primary feldspar sites will seriously affect 'the
assumed stoichiometry and undoubtedly contribute to the consistently
low totals of these analyses. Thlis pro?lam is enhanced somewhat by
“the @ifficulty to achieve a compromise between a beam éize small
enough to exclude alteration products and yet of gsufficient diameter
to avoid volatilisation of alkali elements. Similar effects are
evident for specimen C68M to the extant that alteration invites an
erroneous interpretation of an anorthoclase composition (C68M-2C).

C29M-1ABl(An, Abﬂﬁ 01'12) and C29H—lABZ(An1.4 Abg.,'g 0] )

*o0.7
recoxrd differences chiefly in K20 (and hence Nazo) due to submicro-

scopic domains of K-feldspar. Detailed inspection of Teletype chart

records confimms that potash m;cég as a discrete phase rather than

in ternary solid sclution.

.

C29M-1K (An ab ) and

0.3 16.1 0:83.6) ‘ HlBBH-lK(Ano Ab o

11.5 “r8e.5
cseM-1K(Ang Kb, Orge o represent analyses of X-feldspar sited on
albite phenocrysts. Most of the pot.a\ah in speciman C29M can be de-
tected with the petrographic microscope.\ However, part of the X-

feldspar exists in solid solution as X-Na tryptoperthite (not analysed)
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located alohg cleavage planes and detected by X-ray scanning techniques
(photomicrograph 64). Purer varieties of K-feldspar invﬁde minute
fractures in albite phenocrysts of unit B at Bacon Cove (Cl88M-1K]
-

and unit 59 at Finn Hill (C88M-1K; photomicrograph 63). In particular,
CBBM-lK>closaly approaches the pure potash end-member and is similar
in composition to the "pure” low-temperature X-feldspar (determined
by XRD) found in potassic keratophyres of New Zealand (Battey, 1955).

CB5M-2C (An,yq Aby, Or,) and CB5M-2R (An, . Ab,, o 0r3.4)
represent a phenocryst (?) of ignecus composition within ;m densely
welded central zone of cooling unit 58 at Pinn Hill. Systematic
zoning was noted in a second phenocryst from the Moling unit: a
clear homogeneocus rim of anorthoclasa (C85M-1R) surroun& an albitic
core (C85M-1C). The compoaition of CHBS5M-1R is comparable to that
given by Carmichugl (1963, Table 2, analysis no. 6) for an unortho-;

clase phenocryst in Icelandic pitchstones,

N\

AY

8.1.1. Significance of Metamorphic Compositions ' \

'

The spatial and lithological distribution of albite ‘phenocrysts
that define the main compositiond’.\tiold of fel@pafs in Harbour Main
volcanic rocks obviT.el the nged for intensive di%usaion regarding
their origin. Since natural processes of differentiation in high-

{
temperature silicats melts canx‘zot account for the ubiquitous occurrence

of albitic compositions in rock\l of such diverse chemical identities,
they are interpreted as the result of low-grade metamorphism. This

conclusion is supported by the pioneer work of Bowen (1913), later

BN
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augmented by experiments of Tuttle and Bowen (1958) in the systems
KA151308—NAA181308—(H20) and l(AlSi308~NaA151308—5102— (H20) , and by
the studies of Carmichael (1960; 1963) in naturally-occurring volcanic:®
rock series. A more extensive argument for the metamorphic origin of
albite phenocrysts in Late Precambrian rhyolites of the Bull Arm
Formation, Isthmus of Ava‘lon,r h;s been advanced by Malpas (1972).
Analyses lying outside this restricted field of albite_compositions
requi're further consideration. GC20M-1CT, GC20M-2CT, C29M-1ARl, and
CéBM~-2C fall ouﬁside the limits of natural solid ,solution for feldspar
phenocrysts in volcanic liquids (Carmichael, 1963) and close to the
Ab-Or join (fig. 5). Contamination of these analyses by later
alteration produt¢ts has already been demonstrated and they clearly
warrant a metamorphic origin. The albitic ‘core (C85M-1C) of an
anorthoclase phenocryst cloa.ely approaches the main compositional
field of Harbour Main albites and must be interpreted likewise. 1In

sodium and concomitant release of most of the pétdssium and lesser N

this case, albitisation could be achieved by the introduction of B

amounts of calcium., However, the mechanism by which a phenocryst

core is modified while its rim preserves a volcanic composition is

not readily understood. K-feldspar compositions represented by
C29M-1X, H1B88M-1K, and CBEM-1X are all low-temperature microcrystalline
varieties partially replacing albite on primary feldspar sites. A
cryptoperthitic K-rich feldspar in specimen C29M raadily conforms

with albite cleavuqea. In view of the mobility of alkalies in this

environment it is believed to ba an intermediate stage in the process
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. of replacemsnt rather: than an exsclution texture. The range of solid
solution and extreme purity of CBEM—ll.c also provoke this .interpretation
(cf. Tuttle, 1952), and Battey (13955) has reportad identical features
in some New Zealand keratophyres.

Recent experimental ;rork has shown that the fluid phase exerts

a strong influenge on the formation and propertias of albite in low

.

ttmpcrabu::lh’nviroments. For exapple, an investigation into the
.y .

hydrothe rmal cwstdﬁsndon of low aibite by Martin (1969) dcm'n-
strated that under the same P-T coﬁditions synthesis of albite is
favoured where increased amounts of water interact with appropriate
starting materials, in this case glasses on b\.e join lesi308-Na251205.
Furthermore, .the cbliquity of albites so produced is considerably lowered
in the presence of persodic solutio?m in runs of gaologically short
duration. Similarly, ‘conversion of Ca-plagioclase of high structural
state to fully ordered albit:.e during low-grade metamorphism of Harbour
Main volcanic rocks would be promoted by the presence of sodic aqueocus
solutions. The ultimate effects of continued intsraction with aven
weakly sodic fluids of unlimited volume would invariably produce a

pure albite of minimum obliquity, and in extreme cases would be
expacted to transform originally glassy volcanic matrices to llbitié
compositions, as demonstrated for experimentally devitrified glasses
(Martin, 1969). The extreme case of albitisation 'where whole-rock
compositions of silicic tgnimbrites and lava flows are sssentially

thosa of included albite phenocrysts will be illustrated in the

following discussions concerning whole-rock chemistry.




On the scale of an individual phenocryst, therefore, the micro-
probe data provide ample evidence for ionic tranasfer in the fluid
phase involving both alkalies and calcium. Furthermore, the strict
succession of feldspar replacement on primty.v-sit-s, i.e. incongruent

breakdown of Ca-plagioclase to form albite followed by partial replace-

ment of albite by K-feldspar, indicates that catt is permanently lost

from phenocryst domains. If stoichiometry is tc be preserved during

albitisation the required exchange is a coupled substitution of

4

Na*-si*** in the aqueous phase for Ca*+-A1+H. The case for K-feldspar

replacing albite involves a less complex sxchange of Na© for ¥t (etf.
Orvills, 1963). where cations travel only short distances and ionic
exchange is essentially confined to phenocryst/matrix systems, i.e.
isochemical metamorphism, whole-rock compositions may be expected to
.
faithfully preserve their magmatic heritage. However, the scale of
mobility of feldspar components is unknown until quantitatively defined
by geochemical tnchniquo;- In the extreme case of An open system, the

scale of material transfer exceeds that of the geochemical sample or

area of sampling.

.

Significance of Magmatic Compositions

Although selection of material{«'"" for analysis was strongly biased
boyard thoss crystals that \/ere either untwinned or displayed only’
simple Carlebad twinning, there is no textural or chemical evidence
for the former existence of potassium feldspar phenocrysts in volcanic

rocks of the Harbour Main Group. ' This inevitably leads to the conclusion




that a plagioclase or lime-bearing alkali feldspar were the only
feldspar phases obtained on the liguidus throughout the entire

" differentiation history of source magmas in the region. While this
is not such a surprising conclusion for basaltic and intermediate
volcanic liquids, it does appear somewhat anomalous throughout the
rhyolitic ignimbrite sequences, particularly oversaturated potassic
differentiates of the Weavers Hill gsh—flou' sequenge (cf. table 7).
This point requires car;ful examination since experimental studies
in the system l(AlSiJOB—NaAISi308-NaC1-KC1-H20 have demonstrated that
pure feldspar end-members can readily form by exchange of k' and nat

under hydrothermal conditions (Orville, 1963). The possibility
\

remains, therefore, that albite on primary sides in rhyolitic rocks
i

is pseudomorphous after phenocrysts of K—feldsp,h\r. If it can be
simply demonstrated that K-feldspar was not required as a phase on
the liquidus in these rocks, then reactions of the type envisaged
by Orville (ibid.) resulting in complete replacement of K-feldspar
by albite need no longer be a factor of consequence.

The axperimental work of Tuttle and Bowan (1958) in the systems
ansiaoe-nlsi:‘oa'(ﬂzo) and Nulsisoa-mlsiaoa-sioz—(H20) has shown
that an alkali feldspar minimum in the binary system extends into the
tamary system as a thermal trough projccting from the alkali feldspar
minimum to the quartz-feldspar boundary curve on the liquidus surface.
Carmichael (1963) has traced the paths of crystallisation for feldspar
phenocrysts in ;quilibtim with salic volcanic liquids in th. systens
luA].Si3OB-KAJ.Si308—(’::“.251.20B and NaAls1308-KA151308—Cm251208-5102
for a wide ringe of igneous rock series. The extent of soclid solution




Y
among An-Ab-Or end-members depends upon the temperature of crystallisa-
tion and the composition of the parental liquid. In response to a
decrease in temperature the solidus fractionation paths for feldspars
in equilibrium with differentiating volcanic liquids will proceed
down the thermal valley towards the alkali feldspar minimum in these
respective systems.

The complete lack cf K-rich volcanic fesldspars in rhyolitic
ignimbyrites of the Harbour Main Group strongly suggests that the
conpositi.ona of parental melts fall in the field for equilibrium
crystallisation of one feldspar (a plagioclase). In a ternary
feldspar plct, this one feldspar field lies between the Ab-An
join and the limit of natural solid solution (Tuttle and Bowen,

1958, p. 132), or above the two feldspar boundary surface in the

four-component system (Carmichael, 1963, fig. 4). The lack of

obvious resorption textures in albite "phenocrysts"” together with

the total absence of K-feldspar on the liquidus (assuming conditions
of equilibrium fractionation) imply that differentiating wvolcanic
liquids never reached the two-feldspar surface. This may be ascribed
to K/Na ratios of initial liquids, as suggested by Carmichael (19631},
or result from insufficient cooling of the melt.

It is also possible to reconcile the markedly contrasting
compositions of feldspar phenocrysts (C85M-2C,2R and C85M-1R) in a
rhyodacitic ignimbrite (unit 58) by considsring successive stages
of equilibrium tractic‘mation along a single sclidus path for an

appropriate initial liguid composition. Crystallisation of calcic-
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andesine would invariably move the feldspar fractionation path in the
direction away from Aqvparallel with the An-Ab join to eventually
curve toward the minimum feldspar composition for the system. In
nature, the apex of this path never reaches the field of albite
compositions and further growth of Ca-besaring feldspars would
necessitate the incorporation of appreciable amounts of potassium
in ternary solid solution. In this way, the compositions of
C85M-2C,2R possibly represent a phenocryst in equilibrium with a
less differentiated part of the magma r.han that required for the
equilibration of lime-anorthoclase (C85M-1R). It is interesting
to note that the“iqnimbrite ,directly overlying unit 58 is a
multiple flow unit which shows significan; compositional variation
be tween its upp;er and lower subdivisions.

.

8.2. * Wwhole-Rock Analytical Data
T

The 82 new chemical analyses are presented in table 7 and
include determinations of both major oxides and selected trace
elements. Supplementary analytical dat; (major oxides only) for
ignimbrites at Pinn Hill and basaltic rocks at western Colliers
Bay have baen taken from Papezrik (1970, table 1). whole-rock 'malyuas.
in weight percent are expressad as molecular percentages in Appendix 1.
Prior to computation of CIPW norms (table 7), all analyses were recal-
culated to 100 wt. % on a wvolatile-free basis and total iron (IFe,0,)

was convertsd to Fe0. This prevented the appearance of magnetite and

and hematite, and resulted in a more undersaturatsd normative composition.

\

\
l
/




TABLE 7 WHOLE -ROCK ANALYSES 136

Bacon Cove Ash-Flow Sequence

e -
specimen No. GC39a GCJQb* GC37a GC37b GC42 GC38* NX1

Unit 3 3 4 4 5 6
(wt.‘\‘) .
SiO2 67.00 70.30 - 78.20 78.10 72.20 72.70 72.00
AL,  J4.80 14.80 11.60 13.30 14.00 13.80 15.40
IFe 0. 3.98 3.98 1.36 ° 1.15 2.44 3.43 3.25
cao 0.87 1.05 ©0.15 0.0l 0.37 0.43 0.91
- © Na0 3.60 4.13 0.39 0.52 3.66 4.38  4.49
o K0 4.39  4.24  6.15 6.2 3.45  3.53  3.17
MgO 1.30 ©0.30 0.90 0.40 0.60 0.33  1.00
MnO 0.05 0.07 0.02 ©0.02 0.05 0.02  0.06
i ‘ Ti0,, 0.77 0.44 ©0.13 0.15 0.32 0.40  0.47
- i P,0, - 0.02 - - - - -
N, ! . Lo.I. 1.42 1.38 ©0.71 0.84 0.98 1.01  0.60
' _ < Total: 98.18 100.69 99.61 100.74 98.07 100.03 101.35
i (p.p.m.) a ‘ —_
i oy B 152 127 164 179 130 108 105
" " _ sx 158 199 - - 141 106 200
L-viba 1366 1256 1776 1580 1403 1291 1511
1 oo ~ Zr . 189 171 96 102 191 156 163
L Ccu 2 3.\ 2 1 2 10 11
Uf - zn 55 53 32 36 51 40 €9
* Cr .28 26 20 15 19 17. .22
M 4 4 2 1 3 3 5 .
L 2N ™S . . .
. - R/Rb 240 277 311 290 2200 271 . 251 )
" / '
> ' .
- - ’




TABLE 7 (Cont'd.) 137

3

’ . .
Specimen No. GC39a GC39b Qci7a GC37b GC42 GC38 NX1
Unit 3 3 4 4 5 6 6

. C I B W Norms

Q 23.93 24.94 50.39 45.85 35'.?9 30.39 28.04
or . 26.94 25.35 36.83 37.05 21.07 21.16 18.67
Ab 31.60  35.32 3.34 4.41 31.98 37.56 37.83
An 4.27 5.13 0.75 0.05 1.90 2.1 4.50
Ag - - - - - - ~
Hy 8.96 6.80  4.37 2.69 5.26 5.95 7.77
o Ilm 1.52 0.85 0.25 0.29 0.63 0.77 0.89 .
K Ap - 0.05 - - . - -
“ c _ 2.1 1,57 4.07 5.67  3.69 2.02 2.91 :

_Total iron given as IPe 0, and converted to FeQ in calculation of
CIPW norms.

] : *Omitted from chemical variation diagrams unless othervise stated
L and excluded from calculation of averages (Table 9).

L.O.1. = Loss on ignition.

o hate v

: *Analysed by atomic absorption spectrophotometry.




TABLE 7 (Cont'd.) 4

-

Ash—Flow Tuffs Underlying Weavers Hill Ash-Flow Sequence

(Biotite Phenocrysts) (No Biotite Phenocrysts)

-y - 4 ~4 *
Specimen No. GC4 GC35 GC36 GC 32 GC53
Unit 27 28 28

(Wt. §) s

si0, . " 74.60

A1203

LFe 20 3
cao

0

0.69

101.22




TABLE 7 (Cont'd.)

4+
Specimen No. GC34
Unit 27

Total iron given as IFeZO and converted to FeO in calculation
of CIPW norms. 3 ’

L.0.I. = Loss on ignition.

-
4

'Onitt.ed from chemical vaxiat.ion‘ diagrams unless otherwise stated
and excluded from calculation of averages (Table 9).

*silicified.
~




TABLE 7 (Cont'd.)

wWeavers Hill Ash-Flow Sequence

Specimen No. GC28a GC28b 00291: GC22 GC23
Unit 19 19 21 23 24
-(wt. A)

sio, 71.80  71.30  74.70  74.40  13.40
ALO, 14.80  14.80 14.20  13.50  14.60
Tre 0, 2.91 2.89 2.40 2.02 2.18
ca0 0.25 0.29 0.22 0.38 1.16
Na_0 | -~ 1.38 1.44 5.42 2.48 2.56
X0 6.18 5.96 2.21 3.73 3.95
MgO * 0.20 0.20 0.30 0.80 0.70
MnO 0.07 0.06 0.03 0.06 0.06
10, 0.28 0.28 0.22 0.16 0.19
P,0, - - - - -
L.0.1. 1.05 0.96 1.04 0.76 0.68
Total: ~ 98.92  98.18 100.74  98.29  99.66
(p.p.m.)

b 192 175 94 148 170
sr 53 64 178 259 521
Ba 1915 2097 832 946 ° }076
zr 128 184 204 186 236
cu 6 32 6 9 5
Zn 61 58 36 57 60
cr 18 15 19 18 25
Ni 5 - 4 A 3
X/Rb 267 283 195 209 193
~

oA
[
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TABLE 7 (Cont'd.)

Specimen No. cCc28a GC28b @29# GC22 GC23
unit 19 19 21 23 24
CIPW Norms
0 38.15 38.33 32.30 43.39 38.85
Or 37.46 36.34 13.14 22.67 23.70
Ab 11.96 12.57 46.11 21.56 21.97
An 1.27 1.49 1.10 1.94 5,84
Ag - - - - -
Hy 5.10 5.08 4.43 5.32 5.26
Ilm 0.54 0.55 0.42, 0.31 0.37
Ap - - - -~ -
c ’ 5.51 5.52 2.53 4.82 4.06

Total iron given as ILFe

of CIPW norms.

3

L.0O.I. = Loss on ignition.

q:lmulysed by atomic absorption spectrophotometry.

-

—

e

.

0. and converted to FeO in calculation
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TABLE 7 (Cont'd.}

Wweavers Hill Ash-Flow Sequence (cont'd.)

®
Spaecimen No. GC24 CwWT
Unit 25 . 29

H157
31

P70-12
36

GC48*
36

(WE. 8)

5102

AlL_O
l2 3

ZF0203

Cao0
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TABLE 7 (Cont'd.)} 143

Specimen No. cc24” CWT H157 P70-12 GC48
Unit : 25 29 31 36 36

Q 30.92 26.02 iB.82 35.34 37.47

or 5.59  27.98 33.58 32.70 31.65
Ab 57.45 27.95 16.99 23.60 19.54
An 0.95 5.56 1.30 1.88 3.73
Ag - - - - -

Hy 3.87 5.56 3.74 0.88 3.84
Ilm 0.31 0.61 ‘0.38 0.09 0.29
Ap - - - 0.19 -

c . 0.95 1.74 5.20 3.39 3.48

Total iron given as IFe
of CIPW norms.

203 and converted to Fe0 in calculation

L.0.I. = Loss on ignition.

P70-1 etc. = Papezik, 1970, anal. 1; presented without BaO, Zr02, v2°5'

! ) = Fe0 determined separately.

n.d. = not determined.

'Onittad from chemical variation diagrams unless otherwise stated and
excluded from calculation of averages (Table 9).

w

*Annlyled by atomic absorption spectrophotometry.
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Weavers Hill Ash-Flow Sequence (cont'd.)

Specimen No. cca?*t oc14  acls ocl6 w17
Unit 36 36 37 38 38
(WNE. 8)
si0, 76.30  74.10  68.00 73.60  76.00
A1203‘ 11.50 13.80  13.60 13.10  13.40
LFe,04 , 1.42 1.75 3.82 1.72 1.68
ca0  0.40 0.98"  1.s8 0.53 0.40
Na,0 2.07 2.24 2.52 3.53 3.50 N
K,0 3.76 4.70 3769 4.55 4.55
. Mgo 0.40 0.60 2.70 0.20 0.29
M0  — 0.03 0.04 ~ 0.06 0.02 0.03
Tio, 0.15 0.18 0.50 0.42 0.11
P,0, - - 0.02 - -
L.o.1. 1.77 1.10  1.57 1.47 1.07
Total: 98.06  99.49  98.06 99.1; 101.03
(p.p.m.)
Rb 136 167 145 136 "129
sr 36 60 70 106 84
Ba 1217 13713 1458 1385 1532
zr ' 144 183 T 179 188 . 172
Cu 22 11 13 4 3
®
Zn 37 36 35 38 33
cr 18 16 16 16 17
Ni 2 2 2 3 2

K/Rb 230 234 211 278 293




TABLE 7 (Cont'd.)

Specimen No.
Unit :

28.31
19.30

4.95

Total iron given as Illi'e203 and converted to PeQ in calculation
of CIPW norms. ES

L.0.1. = Loss on ignition.

*omitted from chemical variation diagrams unless othervise stated
and excluded from calculation of averages (Table 9).

*silicified.

*Analyud by atomic absorption spectrophotometry.




TABLE 7 (Cont'd.)

Ash-Flow Tuffs with Biotite Phenocrysts,
Top of Weavers Hill Ash-Flow Segquence, James Cove

"t
Specimen No. GC18 0219* GC43 P70-16 GC44
Unit 39 39 40 40 40

(We. %)

Si02 76.60 72.80

Al,0, 11.64  13.30
(1.24)
LFe_0 1.44 2.02
23
0.32
5.08

3.55

Total: 100.73

(p.p.m.)
Rb
L3 4

Ba




TABLE 7 (Cont'd.)

Specimen No.
Unit

A'P\

C

Total iron given as [Pe203 and converted to FeO in calculation of
CIPW norms. )

L.0.I. = Loes on ignition.

P70-1 etc. = Paperzik, 1970, anal. l:; presented without BaO, z:oz, V205.
( ) = PeO chtnr-j.hod separately.

n.d. = not detarmined.

.Onittod from chemical variation diagrams unless otherwise stated and
excluded from calculation of averages (Table 9).

*silicified.

#Analylcd by atomic absorption spectrophotometry.

-
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TABLE 7 (Cont'd.)

148
Finn Hill Ash-Flow Sequence
E: . "

Specimen No. GC46a  GC46b'  GC49 GCS0 GM17"  P70-13
unit 42 42 . 43 43 ’ 43 432
(NL. W)
5102 69.80 70.10 68.10 70.50 62.10 73.75 ,
AL,0, 13.10 ")4.80 14.60 15.00  12.30  13.30

/ (0.56)
IFe 0, 2.94  / 3.05 3.64 3.81 2.91 1.57
Ca0 1.14 1.05 1.23 1.13 1.64 0.18
Na,0 4.56 4.45 6.09 .00 4.85 6.19
K,0 2.20 2.99 1.66 1.56 1.80 2.52
»g0 1.90 1.32 0.70 1.50 0.70 0.27
Mn0O - 0.08 0.10 " 0.06 0.07 0.08 0.02
T10, 0.50 0.51 0.57 0.56 0.45 0.27
P205 - - - - - 0.12
L.0.I. 2.14 2.27 . 1.93 1.17 1.92 0.48
Total 98.36 100.64  96.58 101.30 88.75 99.23
(p-p.m.)
Rb 96 120 28 38 39
Sr 263 229 317 330 I
Ba 550 890 1086 1011 " 1451
2r 189 206 182 178 185 n.d.
Cu ) 4 4 24 9
Zn 60 59 57 59 50
cr 23 20 26 29 22
o, 6 6 8 11 8

r

745 190 207 492 Ml 383
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L] -
Specimen No. GC46a  GC46b  GC49 GCs0 GM17  P70-13
Unit 42 42 43 43 43 ay

o v 28.85 271.07  21.06 22.52  24.13  26.56

or 13.57 18.04  10.20 9.25  12.30  15.12

Ab 40.22 38.39  53.51  50.89  47.42  52.12

An 5.90 5.1 6.34 5.62 7.48 0.11

Ag - - - - 1.64 -

Hy 9.29 1.82 7.20  9.26 6.05 3.94
Il 0.99 0.99 1.12 1.07 0.99 0.52
Ap - - - - - 0.28

C 1.19 2.38 0.57 1.3 - 0.35

Total iron given as IP.:O_-, and converted to Fel in calculation of
CIlPM norms.

L.0.I. = Loss on ignition.
P70-1 atc. = Papexik, 1970, anal. 1: presentsd without 8ad, 2r0,, V,04-
( } = Pa0 datermined separatsly.

n.d. = not datermined. ' -

*omitted from chemical variation disgrams unless othervise stated and
excluded from calculation of averages (Table 9).

**omitted from averages only -

*Annlyud by atomic absorption spectrophotomatry . | 8

2
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.Total:

TABLE 7 (Cont'd.)

sPeciun. No.
unit

(we. w)
5i0,
11203

Ca0

MnoO
TiOz

B0

L.0.I.

(p.p.m.)\_ -
b
Sr
Ba

2r

. ) 150
Finn Hill Ash-Flow Sequence (cont'd.)
eml6  Gml6t GMIl  CMW9  P70-14 ;50—9“
44 a4 AS 45 56 58
63.60  70.60 75.90  72.30  74.35  64.08
16.50  15.20 13.50 . 12.30  13.33 16.92
‘ {1.76) (2.39)
3.87 4,59 2.82 1.49 0.66 1.91
3.19 1.711 0.75, . 1o 0.68 1.72
3.97 t;gﬁ 6.88 5.90 5.55 6.61
2.3 1.6% 0.52  0.89 1.88 2:34
2.00 0.40 - - 0.25 1.41
0.07 0.08 0.01 0.06 0.07 0.16
0.64 0.79 0.58 0.79 0.52 0.90
1 0.08 0.03 - 0.03 . 0.07 0.21
1.07 0.92 0.40  1:25 075 %, 06
97.33 100.97 101.36  98.11 99.87 99.70
o .
éi' 62 217 ' 32
%67 396 177 141 - .
/6;9 526 203 419
238 ;soi '192 85 n.a.




b .

Specimen No. GTN16*T GINl6t GINIL  GIN1S  P70-14  P70-9

Unit a4 a4 45 a5 _56 58

) 1
- GLEW Norms , g

0 20.09  28.29  30.39  31.49  31.95 8.71
or, 14.62  10.04 3.06 5.46  11.23  14.06 .

Ab 35.04  42.14 57.82  51.72 47.43  56.80

An 16.17 8.32 ! 3.70 4a.61  2.94 7.27

Ag - - - 0.75 - -

Hy 10.90 © 7.46 3.70 4.3¢  4.18  10.03

Ilm | 1.29 1.51 1.09 1.56  1.00 1.74

Ap - 0.12 0.07 - 0.07  0.16 0.50

e 1.80 - 2.18 0.26 - 1.11 0.90

n.d. = not detexrmined.

“Xsnocrystic/xenolithic.

TABLE 7 (Cont'd.) o - 151

4

iron given as IFe203 and converted te Fe0 in calculation of
IPW norms.

L.0.1. = Loss on ignition. *
P70-1 atc. = Papezik, 1970, anal. 1; presented without BaoO, 7.202, V205.

( ) = FeO d’i'.orlinod separately. ' \

*ont tted tron; chemical varigtion diagrams unless othoiviu stated and
excluded from calculation qf averages ('hb_l- 9).




TABLE 7 (Cont'd.)

Finn Hill Amh-Flow Sequence {(cont'd.)
]

Specjmen No- GTN23a GMN23b GTN23c GIN23d  GTN23e
Unit 59 5e 59 59 59

(WE. §)

,8102 66 .80 58.80

Al D 14.90 14.50
23

IP9203 5.30 7.40
Ca0 1.03 1.42

Na_ O

0.08
.82
0.09

1.09

98.18
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. "
Speciman No. GT™N23a GTN23b GTN23c GIN23d GTN23e GTN23f
Unit 59 59 59 59 59 59

C1PW Norms

Q 12.69 1.70 6.41 12.84 11.09 10.61
or 11.58 4.32 6.56 11.75  11.19 7.59
Ab $9.22  69.82  66.52 62.49 61.83  67.68
An . ¢.04  3.26 4.18 3.04 3.31 1.12
Ag 0.01 2.51 2.40 0.17 .21 3.58
Hy 10.35  15.76  11.96 7.89 9.59 7.28
Ilm 1.72 2.16 1.87 © 1.6l 1.62 2.10
Ap . 0.40 0.47 0.09 0.22 0.17 0.05
c - - - - ) - -

Total iron given as IF0203 and converted to Fe0 in calculation of
CIPW norms. ’

L.0.I. = Loss on ignition.

-On.lttod from chemical variation diagrams unless otherwise statad and
excluded from calculation of averages (Table 9). ’

) ™~
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Finn Hill Ash-Flow Sequence (cont"d.)

R specimen No. om23nt emi2ait omiaat’T omvaatt emazze omise’
e Unit 59 59 59 59 59 59
(Wt. ») S
si0, 72.00  72.00 58.70  68.60  €8.90  67.40
mpo. _ 13.50 13.80 16.00  14.40  13.20  13.80
IFe0, 3.69 3.28 9.21 4.18 3.59 3.48 ‘
ca0 0.78  0.89 2.10 1.60 0.94 1.18
' Na,0 .40 7.49 7.58 7.72 7.48 6.67 .
" K0 1.51 0.18 0.53 0.16 0.12 1.34
é Mgo 0.20 o ' 1.40 0.74 0.10 1.90
| Mo 0.05 0.04 0.13 0.07 0.05 0.19
1 140, 0.75 0.69 1.13 0.76 0.70 0.72_
B0, ~0.07 0.05 0.22 - - 0.07 -
| L.0.I. 0.73 0.84 1.26 - 1.26 1.13 . 1.38
' /\\‘ Total:  99.68  99.26 98.70  99.49  96.28  98.66
i
) o (p.p.-.‘)
) » 26 2 10 2 2 22 R
5 sr 94 "Bl - 93 122 81 " 229
Ba o 492 46 103 70 49 400
o _ - - 155 1% 9% 145 160 176
T o 4 7 59 - - 102
: Zn . ' 55 - a8 109 7 72 100 P
cr 26 28 a 28 25 28
\ .1 W 9 | 6 14 6 8 8 ’




TABLE 7 (Cont'd.)

* N
GTN23h GTN231 GTN231

*

. Speciman No. GTN22¢t GIN22c GIN34

unit 59 L 59 59 59 59 59
) [ 4
. CIPW Noms

0 25.32 24.59 0.65 17.11  22.36  16.95

) or 9.06 1.09 3.26 0.97 0.75 8.23

ab 0.17 64.60 66.76  66.78  66.77  58.58

An 3.46 3.58 8.40 4.27 2.21 3.90

Ag - 0.53 0.81 3.3 1.97 1.80

Hy 5.53 4.6  17.38 6.10 4.36 9.12

‘ Ilm 1.45 1.37 2.23 1.48 1.40 1.42
3 Ap 0.17 0.12 0.53 - 0.17 -
c 0.09 - - - - -

*

CIPW norms.

oA "Mafic xenoliths.
' *

Total iron given as IPe

273

L.0.1. = Loss on ignition.

An_ayud by atomic absorption spectrophotometry.

0. and converted to Pe0 in calculation of

. _
Omitted from chemical variation diagrams unless othervise stated and
excluded from calculation of averages (Table 95).




TABLE 7 (Cont'd.)

Finn Hill Ash-Flow Sequence (cont'd.)

v
s

-
Specimen No. P70-11 GTN29

Upje _59 60
(Wt. %)

5102

A1203

220203

ca0

(p.p.m.)
rb

Sr

Zr




TABLE 7 (Cont'd.) 187

L]
Speciman No. P70-11 GTN29
b Unit 59 60

0 18.13 23.24

or 21.83 4.3

Ab 46.50 62.35

An ° 4.82 3.42

Ag ' - 2.34

Hy 6.52 2.92

1im 1.37 1.0 )
Ap 0.31 -

c 0.53 -

LY
Total iron given as 2!.203 and converted to Fe0 in calculation of
CIPW NOImMS. :

L.0.I. = Loss on ignition,

p70-1 etc. = Papezik, 1970, anal. }; presented without Ba0, Zro,, V;0 .
n.d. = not determined. . .
i ’ .
}
i

*omitted from chemical variation diagrams unless otherwise stated and /’f
excluded from calculation of averages (Table 9).




TABLE 7 (Cont'd.) N

158
Volcanic Breccias
- Speciman No. o33’ e’ Gw24n’ P70-7"  P70-10"
. Unit (15 fe. (50 ft. (35 fe,
’ we— above 59) above 59)above 60)
? sto, 73.40  76.20  54.00 '5'2.25 ) 66.07
Al,0, ' 13.70 13.50 15.50 16.74 15.99
. ‘ (1.52) (1.70)
’ LFe,0, 0.93 © 1.09 10.39 3.91 2.39
cao0 ¢ 0.12 0.19  2.03 - 2.07 3.22
Na,0 1.76 57 6.60 6.67 3.10
K,0 5.06 4.68 1.48 1.54 2.6%
Mg - 0.60 2.10 2.31 1.40
- Mno 0.04 0.03 0.22 0.14 0.12
f Ti0, 0.11 0.11 1.26 0.89 0.81
; P05 ' - C - 0.29 - 0.30 0.12
: L.0.I. 0.84  0.48 1.40 1.32  2.39 )
Total: 95.96 102.45  95.34  99.66 100.00
(p.p.m.) ‘ "
R 165 158 30
34 S 101 ‘ 97 110
Ba | 1101 989 531
: zr 46 3l 98 n.d. n.d.
‘ Cu - - 18 _
Zn - 39 28 123
Cr - ) h 17 - 24 43 4 . .
: N ) - 3 | 2 15 f
L :"f - A | 77 T . ass 246 410 _ a




TABLE 7 (Cont'd.)

~
- - *

’ *
Specimen No. * ’ GTN24n P70-7 P70-10
Unit (15 fe. (50 f£t. (35 ft.
abowe 59) above 59)above 60)

Total iron given as 11!'.203 and convertsd to Fe0 in calculation of
CIPW noIms.

L.0.I. = Loss on ignition.

$70-1 etc. = Papezik, 1970, anal. 1; presentad wvithout Balo, 2r02, Vzos.

( ) = FeO detarmined separately.

n.d. = not determined.

+

'o-l.ttoci from chemical variation diagrams unless otherwise stated
and excluded from calculation of averages {Table 9).




TABLE 7 (Cont‘'d.)
Dacite Plow Rhyolite Plow

¥ GC52
Spacimen No. GCl2 (Biotite

Phenocrysts)

(Wet. %)
sio,
AIZDJ

[P¢203

Ca0

(p.p.m.)
Rb
Sr

Ba

GC4

(East)

Rhyolite Sills

GCal

(Wast)
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TABLE 7 (Cont'd.)

Specimen No.

Or

Hy

Ilm

612 (Biotite ac4
Phenocrysts) (East)
CIP W Noms

8.51 25.41 49.59
6.33 2.37 10.31
69.02 65.94 28.27
6.17 2.45 0.31
8.27 2.88 .64
1.30 0.61 0.14
0.39 0.35 7.74

l6l

GC31

(West)

48.84
18.99
15.88

2.80

Total iron given as Z?e203 and converted to FeO in calculation of

CIPW norms.

L.0.I. = Loss on ignition.

l

'Olitt.d from chemical variation diagrams unless otherwise statad

and excluded from calculation of averages (Table 9).

“Albite vejns.

*Analy-ed by atomic absorption spectrophotometry.

Ve




e ———————————— e g -

TABLE 7 (Cont'd.)

Specimen No.

(We. o)
si0,
Al,0,
LPre 203
Cal
Nazo

KZO

(p.p.m.)
b
Sx
Ba
Zr
Cu
in
Cr
Ni

/R

162
Porphyri tes
ae’”  ocr ocet «10’  oc2s"tt o0’
€9.70 66.90 60.90 61.90 50.60  55.50
15.90 16.60 16.00 16.30  22.40  17.20
6.15 5.19 5.58 5.80 7.02 7.93
0.55 1.31 4.05 1.53 5.84 2.7
4.73 0.95 2.67 3.% 3.n 4.49
2.46 2.78 2.46 4.52 2.55 2.27
1.20 1.40 1.33 2.57 4.00 3.20
0.05 0.19 0.08 0.12 0.31 0.19
0.57 0.54 0.55 0.80 0.91 0.81
- 0.02 0.0S 0.04 0.29 -
0.73 2.2 5.7 2.75 2.33 2.79
102.03  98.94 99.43 99%3 99.98 97.09
a9 98 77 150 84 S0 -
122 74 221 290 484 157
626 615 542 1767 815 1301
122 flsa 119 156 210 122
6 13 13 26 21 8
55 . 66 " 123 93
26 28 25 26 35 39
5 4 4 9 17 13
230 2% 265 250 377

252




TABLE 7 (Cont‘d.)

Specimen No.

Total iron given as Ih203 and converted tg Fe0 in calculation of
CIPW norms. ) ' K

. o
L.0.%. = Loss on iqnltion.

% ‘omitted from choniccl variation diagrams unless otherviss -uud
' and excluded from calculstion of _averages (Table 9) .

hnollthic/-nocry-tic (principally quarte).
]

Weathered

’

"Analyud by atomic absqrpdon spectrophotomatry.




TABLE 7 {Cont'd.}

164
Porphyrites (cont'd.) B
Specimen No.— a0’ cc41,* EC_S_J p70-8""
(Wt. §) ) B
SJ’.O2 59.20 61 .60 58.40 62.75
ALO, 18.10 16.20 18.10 15.74
(1.24)

IFe,0, 5.76 5.94 7.80 5.00
cao 1.60 2.37 1.41 1.80
Na_0 3.96 4.61 4.19 4.92
X,0 4.10 1.51 3.60 2.44
MgO 3.00 2.57 2.80 2.62
MnO 0.14 0.12 0.14 0.08 !
T10, 0.67 0.53 0.67 0.70
P,0, 0.13 0.09 - 0.23
L.0.I 3.03 3.82 2.93 2.06
Total: 99.69 99.36  100.04 99.58 .

;
(p-p.m.)
Rb 127 55 116
sr 354 322 188
Ba 1857 339 . 963
Zx 165 122 129 n.d *
Cu 13 kDl 39
Zn 89 71 79 ’
Cr - 32 29 29 .
Ni 14 5 14
K/Rb 268 “228 258 .
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TABLE 7 (Cont'd.} . 165

Specimen No. .' GC40* C;Cdlj‘: GCSl1= ‘ P70—é.-
CIPW Norms

0 ' 9.34 17.03 7.85 13.75
or 25.24 9.41 22.11 14.88
Ab - 34.87 41.08 36.80 42.91
An " 7.38 11.76 * 7.26 7.65
Ne - - - -

Ag - - - _

] \

Hy 16.80 16.39 19.74 16.54
ol - - - -
Ilm 1.32 1.06 1.32 1.37
Ap - 0.31 0.22 - 0.55
C , 4.73 3.04 4.93 2.35

Total iron given as ZFe203 and converted to Fe0 in calculation
of CIPW norms. i . :

L.0.I. = Loss on ignition.

P70-1 etc. = Papezik, 1970, anal. 1; presented without BaO, Zr0,, V205.

( ) = FeO determined separately.

n.d.;= not “determined.

.Omitted from chemical variation diagrams unless otherwise stated and
excluded from calculation of averages {(Table 9).

“Xenolithic/xenocrystic.

¥

Analysed by atomic absorption spectrophotometry.




TABLE 7 (Cont'd.)

Specimen No.

(Wt. %)
i0
g1 5

A1203 _
Y.Fe203
LFe0

caol

Total:

(p.p.m.)

Sr
Ba
-
Cu
Zn

Cr

K/Fb

porphyritic Sill
{Western Block)

pP70-4

%a) , (b)

50.91 53.33
17.84 18.69
(4.67) -
(5.47) 10.13
5.75 6.03
5.10 5.34
0.70 0.73
q.27 4.47
0.09 0.09
0.86 0.90
0.28 0329
3.28 -

99.22 100.00

n.d.

0livine Diabase
{Cumulate Rock)

NX17;

(a) (k)
45.40 47.64
13.80 14 .48
10.86 -

- 10.26
7.25 7.61
1.90 1.99
2.46 2.58

12.85 13.48

0.25 0.26

0.88 0.92

0.73 0178

4.61 -

101.19 100.00

54
457
1997
159
30
103
559
458

378

leé




TABLE 7 (Cont'd.) 1T

Specimen No.

Total iron given as ZFe203 and converted to FeO in calculation
of CIPW norms.

L.0.I. = Loss on ignition.
IFe0 = total iron given as FeO.

: ' 4
¥Analysed by atomic absorption spectrophotometry.

{a) Includes volatiles.

(b) Recalculated to 100% on a volatile-free basis.

( ) = !determined separately. 3y

P70-1 etc. = Papezik, 1970, anal. l; presented without BaO0, Zr02, vzos.

n.d. = not determined.




TABLE 7 (Cont'd.) lée8

Diabase Dykes

specimen No. o2 cco® acnt GC13 \ A’
(a) (b) (a) (b) (a) {b)
(WE. %) .
510, 51.00 52.79 47.80 47.20 49.78 47.50 50.74 53.70
AL0, 17.10 17.70 15.30 16.20 17.08 18.20 19.44 16.00
IFe,0,  7.49 - 11.67 12.51 - 12.02 - 7.49
IFe0 - 6.17 - - J1.87 - 11.56 -
ca0 931 9.6 6.23 €72 7.08 3.63 3.88 3.64
Na,0 418 4.35  4.31  4.35 ' 4.59 5.45 5.82 5.19
K, 0 1.20 1.24 1.04 0.73 0.77 . 0.87  0.93  1.52
MgO s.88 °5.09 3.90 5.70 6.01 4.70  5.02  4.80
MO 0.18° ©0.19 ©0.24 0.19 ©0.20 0.34  0.37 0.20
Tio, 1.55 1.60  1.88 .05 2.16 1.75  1.87  1.13
P,0, 0.45 0.46 0.41 ©0.43 0.46 0.3¢  0.37  0.28
L.0.T. 3.31 - 3.10  3.20 - 3.68 - 3.10
rotal: 100.65 100.00° 95.88 99.28 100.00 98.48 100.00 97.05
(p.p‘-.m.) ) .
RD : 12 27 20 33 29
sr ‘ 736 368 249 264 - a00 ¢
Ba 250 528 393 . 283 577
zr 209 158 165 167 233
Cu 79 69 60 72 50
Zn 96 98 106 120 29
cr 80 66 64 129 76
Ni 29 36 8 - 75 ” 65 :

K/Rb 830 320 303 219 435




; TABLE 7 (Cont'd.) ‘ v . 169
- /' specimen No. ac2t oo’ ccnjF GC13 21’
CI PVW Norms
0 - T - = -
Oor 7.35 6.72 4.55 5.80 9.65
Ab 35.48 39.80rr 35.40 44 .93 47.11 ,
An 25.22 21.10 ‘23.75 16.36 17.03
Ne 0.62 - 1.85 2:35 -
Ag 16.09‘ 8.18 7—.03’ - 0.31
Hy - 3.54 - - 18.88
- 01 11.15 15.72 22.27 23.29 4,02
Ilm ) 3.01 3.90 4.09t 3.55 2.30
Ap 1.08 1.04 1.05 0.84 0.70
Cc - - , - - -
Total i>ron given as IFe203 and converted to FeO in calculation of
CIPW norms.
IFerO = total iron given as FeO.
L.0.I. = Loss on ignition.
*omitted from chemical variation diagrams unless otherwise stated
., and excluded from calculation of averages (Table 9).
*Analysed by atomic ‘a.bsorption spectrophotometﬁ.
{a) Includes volatiles. ’
(b) Recalculatfd to 100% on a volatile-free basis.
- !
\\ )
\ 1.




TABLE 7 (Cont'd.)

Diabase Dykes (cont'd.)

Specimen No. Gcze* GI'N31t. GTN31lu . !-1165i

(a) (b) (a) (b)
(We. %)
§i0, 50.20 52.49 52.10 51.20 49.00 52.58
AL0, ’ 17.20 17.99 16.30 19.00 18.10 19.41
IFe 0, 9.53 - 10.57 8.43 9.21 -
LFeO - 8.97 - - - B.90
Cao 4.20 4.39 1.36 1.53 4.45 4.78
Naéo 5.56 5.82 6.39 5.59 6.00 6.44
X,0 1.09 1.14 0.52 1.35 1.06 1.14
MgO 6.72 7.03 4.00 4.40 3.92 4.21
MnQ 0.18 0.19 0.36 0.42 0.28 0.30
Ti0, 1.42 1.49 0.97 1.09 1.76 1.89
P,0g 0.46 0.49 0.14 0.13 0.33 0.35
L.O.I 3.87 - 3.53 3.83 5.41 -
Total; 100.43  100.00 96.24 96.97 99.52 100.00

e

(p.p.-m.)
Rb 20 i7 56 40
Sr 321 179 215 305
Ba 532 - 347 420 349
Zr 178 51 119 170
Cu 39 68 54 68
Zn 107 111 224 110
cx 98'- 95 86 110
Ni 76 36 27 70
K/Rb 452 254 200 220

170

&>




TABLE 7 (Cont'@8.)

b 4 F * »
Specimen No. ¥ ‘26’ GTN3lt GTN3lu

Jug

Total iron given as XFe203 and converted to FeO in calculation
of CIPW norms.

LFe0 = total iron given as FeO.

L.0O.1. = Loss on ignition.

L
Omitted from chemical variation diagrams unless otherwise stated
and excluded from calculation of averages (Table 9).

+
"Analysed by atomic absorption spectrophotometry.

.

(a) Includes volatiles.

(p) Recalculated to 100% on a volatile-free basis.

“»
v




TABLE 7 (Cont'd.)

3

Basalts

[

Specimen No.

(We. %)

o
102
273

23

100.00 99.90 100.00




TABLE 7 (Cont'd.)

Specimen No.
SR W—

A
Total i{on given"r':as LFe,0 and converted to FeO 1in

of CIPW norms. 3

IFe0 = total iron given as FeO.

L.0.T. = Logs on ignitien.

b

*k-feldspar filling amygdales.
# LN

Analysed by atomic absorption spectrophotometry.

.

{a) Includes volatiles.

(b) Recalculated to 100% on a volatile-free basis.

cal¢ulation




'fam.s 7 (.Cont'd.) 17"
RN
Basalts (cont'd.)
Specimen No. P70-1 - P70-2 P70-3 -
(a) (b) (a) (b) {a) (b)
0" A
(Wt. %)
} 5;02 48.1.3 50.03 49.29 52.30 49.42 51.60
) AL,0, 20.14 - 20.94 18. 32 19.18 15.95 16.66
P
. IFe,0, (1.36) - (9.22) . - (7.22) - :
IFe0 . (5174) 7.24 (0.52) 9.23  (3.77) 10.72
i ca0 6.43 6.69 | 6.74 7.06 "6.28 6.56 1
R Na,0 4.35 4.53 4.78 5.01 4.54 a.75
) K,0 1.16 1.20 0.79 0.83  1.50 1.57
5 Mgo ‘ 6.32 6“.57 4.82 5.05 5.78 '6.04
MnO \ 0.18 0.19 0.07 0.07 0.06 0.06
TiO, 2.14 2.22 1.04 1.08 1.61 1.68
P,0. 0.38 0.39 0.18 0.19 0.35 0.36
L.O0.I. 3.15 - 2.38 - 4.10 -
Total: 99.48  100.00 99.22  100.00 10'0.58 100.00 L
{(p.p.m.)
Rb
Sr
Ba -
2r n.d. n.d. n.d.
Cu
Zn - * .
Cr 4
) Ni v
X/Rb
1 [




TABLE 7 (Cont'd.)

Specimen NO.

A -
Total iron given as ZF‘ezo3 and converted to FeOD rin calculation
of CIPW norms.

Zfeon- total iron given as FeQ.
L.O.I. = Loss on ignition.
P70-1 etc. = Papezik, 1970, angl. 1; presented without BaO} Zr02, V205.
( ) = Fe determined separately.
n.d. = not determined.
~ {a) Includes volatiles.

T~

\\\\\\\\ (b) Recalculated to 100% on a volatile-free basis.
.

-




TABLE 8. CORRELATION MATRICES FOR 82 WHOLE-ROCX ANALYSES GF HARBOUR MAIN GROUP
VOLCANIC ROCKS, COLLIERS PERINSULA
Si0, A1,0, ZF3203 Ca0  Na,0 K,0  Mgo ‘ MnO '1'102 ons Rb Sr Ba 2Zr Cu 2Zn Cr Ni

_— ‘P; - _—— e

/ Ni -51 10 45 45 -16 -~1% 69 52 27 65 -11 9 17 6 32 41 49 100 B

r cr . -48 8 42 42 -15 -14 66 54 26 62 -7 45 21 45 36 47 100
Zn -27 19 30 15 12 -4 26 55 27 26 12 65 26 61 62 100
Cu - -42 q © 42 40 2 -21 39 ‘68 43 41 -9 52 -1 27 100

" 2z ar -3 -36  -36" -16 27 29 -7 -3 =33 63 58 61 100
Ba 5 -29 34 -40 “59 74 <19 -19 48 -24 84 21 100
Sr -20 9 15 26 -8 -14 24 kY:) 12- 24 13 100

52 ~-31 -48 -50 -70 80 -39 -3 -58 -47 100 .
P,0g -90 59- . 85 BS 3 -3 90 74 78 100
Ti0, -87 73 88 81 31 -5 M 76 100
MnO =75 67 61 15 -3¢ 68 100
Mgo0 -93 60 86 86 - 2. -42 100
K0 52 -29 ~50 -53 -71 100
Na,0 -16 14 14 3~ 100
. s

~ Ca0 ~92 67 87 1100

LFey03  -95 79 100
. ra
mzo.J =79 " 100
sio, 100 ,
. . [

Total iron given as EFe20 - Values given above are expressed as 100x product-moment correlation cocefficient (r). 5“
All values for r greater . than +22 are significant at the 95v level of confidence (c.f. Dixon and Massey, 1957,

Yo Table A30a). .

. !_"’ N

b
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TABLE 9. TABLE OF AVERAGES
Y

Specimen No. POR-0 FHS-R FHS-S FHS-T FHS-U
Unit (s) 59 59 , 43 42

: (upper flow unit) (lower flew unit)
No. of Analyses (5) (1) (2) ) (2)

(a) (b) (a) {b) (a) * (b) (a) (b) {a) (b)
(Wt. §)
SiO2 60.40 62.93 65.70 < 67.18 68.00 63.77 €9, 30 69.98 69,95 71.89
A12'03 16.94- 17.65 14.98 15.32 14.10 14.47 14.80 14 .95 13.95 14 .34
El“e203 6.18 6.44 4.80 - 4.91 3.83 31,93 31.73 1.77 3.00 3.08
cao 2.19 2.28 1.06 1.08 1.39 1.43 1.18 1.19 1.10 1.13
Na.,O 3.75 3.91 7.20 7.36 7.20 7.39 6.05 6.11 4.51 4.63
Kzo 31.24 3.38 1.69 1.73 0.75 0.77 1.61 1.63 2.60 2.67

-

MgO 2.45 2.55 1.33 1.36 1.32 1.35 1.70 1.72 1.61 1.65 .
Mo 0.12 0.13 0.10 0.10 , 0.13 0.13 0.07 0.07 0.09 0.09
TiG, 0.64 0.67 0.8% 0.87 0.74 0.76 0.57 0.58 0.51 0.52
P,0g 0.06 0.06 0.09 0.09 - - - - - -
L.O.IL. 3.66 - 1.12 - 1.32 - 1.55 — 2.21 -
Total: 99 .63 100.00 98.92 100.00 98.78 100.00 100.5%\100.00 99,53 100.00




o
TABLE 9.  TABLE OF AVERAGES (Cont'd.)
Specimen No. POR-0 FHS-R FHS-5 FHS-T FHS-U
Unit(s) 59 59 43 42
», tupper ‘low unit) (lower flow unit)
No. of Analyses (5) (4) (2) (2) (2)
(p.p.m.) ~
Rb 105 26 12 33 108
Sr 275 125 176 324 246
Ba 1094 5¢7 _— 235 1049 720 .
Zr o 138 166 161 180 198
cu 24 10 s1** © 14 i 6
Zn 75 : 99 88 58 80
Cr » 28 ’ 3(1.’ 27 28 22
Ni 9 9 7 10 6
+ + 3 + + +
X/Rb 254 (228-268) 548(504-603) 565(506-623) 405(341-492) 199¢190-207}
Rb/Sr 0.38 0.21 0.07 0.10 Q.44
Ba/Sr 3.98 4.54 1.34 3.24 2.93
[
~
- <
.
Sheessneeiien e i S— 'Y




TABLE 9. TABLE OF AVERAGES (Cont'd.)

Specimen NO. POR-7 FHS-R FHS-§
unit(s) 59 59
{upper (lower ~_
flow unit) flow unit]
No. of Analyses {4) (2)

————— e e ———

3.42

Total i1ron given as )‘.Fezo3 and converted to Fe0 1in calculation of CIPW norms.
L.0.I. = Loss on ignition.

+

Range of values.

**anomalously high Cu value of GTN34 (102 p.p.m.).

(a) Includes volatiles

.

(b) Recalculated to 100% on a volatile-free basis.
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TABLE/ 9. TABLE OF AVERAGES (Cont'd.)
Holyrood Pluton
Specimen No. WHS-V WHS-W BCS-X Y y
Unit({s) 28,39,40 19,21,23,24,29 3,5,6 "Granite" "Quartz-Monzonite"
31,36,37,38 . .
No. of Analyses (4) (13) (5) v {257) (77)
. (a) (b) (a) (b} c(a) (b) (a) (b) (a) (k)
(We. %)
SiO2 71.80 72.89 73.02 74.30 70.84 71.84 72.36 72.76 £8.83 71.15%
1\1203 14.30 14.52 14.20 14.45 14.56 14.77 14.14 14.22 13.62 14.09
EFe2OJ %.45 2.49 2.25 2.29 3.42 3.47 1.68 1.69 2.76 2.85
Ca0 0.42 0.43 0.62 0.63 0.73 0.74 1.59 1.60 1.98 2.08
Na20 5.29 5.137 2.95 3.00 4.05 4.11 4.31 4.33 4.38 4.53
KZO “ 3.43 3.48 4.49 4.57 3.76 .3.81 4.19 4.21 .76 3.87
MgO 0.45 0.46 0.46 0.47 0.71 0.72 0.95 0.96 1.00 1.03
MnO 0.05 0.05 0.05 0.05 0.05 0.05 0.09 0.09 0.09 0.09
T102 0.31 .31 0.24 0.24 n.48 0.49 0.12 0.12 0.20 0.21
P205 - - - - - g.02 0.02 0.13 0.13
—

L.O.I. 0.61 - 1.15 - 1.08 0.90 - 1.98 - 4
Total: 99.11 100.00 99.43 100.00 99.68 100.00 100.35 100.00 98.73 100.00




TABLE 9.

Specimen No.
Unit(s)

No. of Analyses

{p.p.m.)
_—
Sr

Ba

Zr

K/Rb
Rb/Sr

Ba/Sr

TABLE OF AVERAGES (Cont'd.)

WHS -V

WHS-W
28,19,40 19,21,23,24,29
31,36,37,38
(4) (13)
4

+*

79 139

L]

150 146
1232 1288
-

183 182
L 3

5 11
*

52 48
L

. 19 19
*

4 3

+
255(193-339)

3113(219-368)
0.53 0.95

B8.21 8.82

161
1365

174

252(220-277) "
n.77

8.48

Holyrood Pluton

Y Z
"Granite" "Quartz—Monzonite”

(257

125 10?

110 228
1181 1774
138 117
) 8
14 31
16 26
0 N 217

- +
294(224-423) 314 (245-376)
1.14 0.47

10.74 7.78

181




TABLE 9. TABLE OF AVERAGES (Cont'd.)

Holyrood Pluton

Specimen No. WHS-V WHS ~W S- Y Z

Unit(s) 28,39,40 19,21,23,24,29, “Granite" "Quartz-Monzonite”
31,36,37,38

No. of Analyses (4) (13) (25%) (7

Total iron given as EFe203 and converted to FeU in calculation of CIPW norms.

1.0.I. = Loss on ignition.
.Averaqe of 12 analyses.

*Range of values.

-

-Only 1 analysis presented.

Xpaken from Strong (unpublished data): rock names based on field criteria of Strong et al., 1973.
{a} Includes volatiles.

(b) Recalculated to 100% on a volatile-free basis.




- FIG 6 MAJOR ELEMENTS VS SILICA FOR HARBOUR MAIN GROUP VOLCLAN'C ROCKS,
8 /%QLiERS PENINSULA
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The analytical work was carried out using technigues similar to

those described by Strong et al. (1973) . The alkalies, mn0, and 20

whole-rock analyses (notéd in table 7) were deterxmined by atomic
absorption spectrophotometry. All other elements were determined

by X-ray fluorescence using a Phillips P.W. 1220-C computerised
spectrometer, Values obtained for loss on ignition (L.O.I.) include
1,0+, HZO—, and C0,. Full analytical procedures are given in

Appendix 3, and estimations of the precision and accuracy of thre

data are presented in tables 19-20.

Methods of bivariate statistical analysis were used to compute
correlation matrices for major and trace elements (table 8) . Table 9
contains average whole-rock compositions for the major petrographic/
stratigraphic groupings of rock-types described earlier. The "averaqé/
granite"” and "average quartz-monzonite” of the Holyrood Plutonic Ser;es
(McCartney, 1967) a;e also included, and were compiled from data of
Strong et al. (1973). Average compositions for the basaltic rocks
are presented elsewhere {table 12). Tables 10-15 contain a compila-
tion of average compositions of volcanic and plutonic rocks from
di fferent geologic environments, and are used for comparison purposes.

. .

Difficulty is often encountered in presenting a large quantity
of compositional data in a clear'and meaningful manner. The use of
appropriate geochemical variation diagrams angg of great value and
help to qlarlfy compositional variability. Plots of the major oxides

are given in figs. 6-12 and 17-19. Analyses with totals outside the

range 98-102 wt. \ oxides were omitted from the plots and calculation

of average compositions. Since valyes for K20, Nazo. mnQ0, and L.O.IL.

—




were determined independently, these data are reliable.

Trace element abundances are plotted in figs. 13-16, and dis-
cussion of these data follows that for the major oxides of each rock-
type. A guide to the theoretically predicted behaviour of trace

elements determined in this study is provided in Appendix 4.

Rhycolitic Ignimbrites

Representative sampling of ignimbrites is fraught with difficulties
since the very mechanism of ash-flow eruption provides an ideal oppor-
tunity for admixing of variable proportions of xenocrysts, xenoliths,
and juvenile volcanic material. Tt may also promote crystal concen-

tration due to gravitative settling or eolian differentiation of the

«
fine ash fraction, thereby modifving original magmatic compositions

(cf. walker, 1972; Lipman, 1967; and section 2.3.). Individual

cooling units may also record variations in magmatic composition;

this is considered the case for a multiple flow cooling unit in the

Finn Hill sequence (unit 53). However, this ynit is severely altered

in the area of most intense sampling and the validity of this

suggestion must await consideration of the relative mobilities of

oxide components during alteration {discussed below} .

careful choice of rock chips for analysis reduced the amount of

xenolithic material to a minimum. Minor proportions of accessory rock

fragments were probably the main source of contamination, thoucgh their
»affect would have been greatly reduced by dilution. Lithic lapilli of

accidental origin, particularly basaltic fragments, would result in
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more sericus sampling error. Anomalopsly high concentrations of Mg0

among the major elements,’\and Ni, Cr. and Cu among the trace elements

A

proved a reliable index to significant levels of contamination (cf.. s
analyses GTN1&, GTN231, and GTN34, table 7). Xenocryasic material 4
wag identified under the microscope (for example, GC6 and GC7) .

Certain samples have been locally altered by metascmati'c
processes. Prior cbnsideration of the chemical effects of the 4
metasomatism will greatly reduce erronecus classification of magmatic 4

trends and affinities (discussed later).

8.2.1.1. Chemical Effects of Alteration

L

The ideal platform for a study of chemical processes of altera-
tion in volcanic assemblages of the Harbour Main Group is a precisea
knowledge of the composition of freshly erupted material. However,
it is highly unlikely that rocks of such antiquity preserve totally
"pristine" magmatic compositions. Alteration detected in this study
is primarily a result c;f secondary hydrothermal reconstitution of
glassy ignimbrites. The possible effects of earlier alteration cannot

-

be distinguished; for example, extensive deagassing of maqmatic volatiles
during eruption and their sustained mobility during initial cooling /
and devitrification of ash-flow sheets may result in alkali-exchange
between- aqueous pore fluids and reactive glass in the intarior of

cooling units (Friedman and Smith, 1958; Ross and Smith, 1961; Lipman,

1965; Noble et 2., 1967; Scott, 1966, 1971) . Secondary hydration of

volcanic glass alsc involves hydrolysis and cation-exchange reactidns




(notably of Na+ and K*), and may lead to preferential leaching of
alkalies in permeable and/cr porous zones and modification of
Fe203/FeO ratios. (Friedman et al., 1966; Noble, 1965, 1967; Lipman,
1965) . The course of hydrothermal alteratio‘n is largely controlled
by the composition of the attendant fluids and their ability to
differentiate during solution/solute interaction (Orville, 1963;
Martin, l969; Lofgren, 1971a) . Several recent studies of alteration
processes at low to moderate temperatures demarcate the nature of the

compositional changes that take place in rhyolitic volcanic rocks.

Anderson (1968) pointed out the wide variability of K20/Na20

ratios in Late Precarbrian andesitic and rhyolitic rocks of the

A} .
Yavapai Supergroup, central Arizona, in comparison with young

i
obsidians from Mono Craters, Medicine Lake, Newberry, and Yel lowstone.

Most of the major elements showed a wide scatter apart from essentially

constant Al_O, and overall gain of H,0+.
2°3 2 , <

Lipman (1965) examined campositional differences between pairs
of crystalline and hydrated rhyolitic glasses in Miocene to Recent
volcanic rocks from southern Nevada. Apar® from addition of C:O2 {now
in calcium carbonate) and H20+, glassy samples showed significant
modi fication of K,0/Na,0 ratios relative to crystalline material.'
Densely welded crystallised tuffs and vitrophyres exhibited very
llittle scatter of alkalies and preserved orig‘,inal magmgtic xzo/NaZO
variations. -Loss of siO2 (several’ percent) and Na20 {(up to 0.5 wt. %)
in glassy samples was directly praportional to surface axea, and poorly

welded zones wers particularly susceptible to leaching. Fart of the




Ndzo leachea from the glass was replaced by K20 during a period of
K-metasomatism. NoO siqgnificance was attached to barely detectable
variations of Al20-3, '1‘102, and MnO petween crystallised and glassy
thyolites; however, slight modi fication of Ca0, Mg0, and total Fe
were detected in some samples. Variable Fe203/FeO was attributed
to conversion of magnetite crystallites in black vitrophyres to
hematite in reddened crystallised horizons.

Seott (1966, 1971) recorded similar compositional heterogeneities
in Tertiary ignimbrites of the Grant Range, east-central Nevada. le
found that patterns producgd by deuteric alteration and weathering
formed distinct, direct and inverse relationships with density or
the degree of welding of the ignimbrite. lonic exchange between
alkalies resulted in a negative slope on & K/Na plot (moles/kg rock)

with a value close to -1 (Scott, 1971, fig. 9). A.steep positive

. . . + . +
slope was obtained Ly preferential leaching of Na relative to K -

Least scatter was found in the abundances of A1203, Mg0, and ca0.
Moreover, Scott (1971, p. 109) remarked that "if ignimbrites without
non-hydrated glasses are the subjeét of petrological study, the
sprimary devitrification zones within‘thin (<100ft) highly welded

units represent the pest sampling choices.”.

The most obvious effect of alteration in Harbour Main ignimbrites

is secondary hydration, since natural rhyolitic glasses normally contain
only a few tenths of a percent magmatic volatiles (Ross and Smith,

1955; Friedman et al., 1966). Relict perlitic fractures in ignim-

brites with 0.5 wt. % L.0.I. or less, strongly suggest devitrification
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and dehydration of previously hydrated volcanic glass. Other textural
features also support this conclusion (cf. section 3.4.).

Silicified and weathered samples were differentiated on the

basis of anomalously high and low 5102/A1203 ratios, respectively

(cf. GC34, GC36, GC32, GC47, and GC25) .

The large number of analysed samples from each of the main
ash-flow sequances greatly helped to clarify more complex chemical
variations resulting from hydrothermal alteration. The compositions
of rhyolitic volcanic rocks in the Harbour Mjin Group can be represented
in a triangular plot of CIPW normative Qz-Ab-Or (figs. 7a-d). With the
exception of the Finn Hill ash-flow sequence and a rhyolite sill (GC31),
obviously altered samples with anomalous K20/Na20 and/or:‘.1\1.203/51'.02
ratios lie ocutside the compositional fields delineated in these plots.
The limits of each of these compositional fields are natural boundaries
consistent with chemical, mineralogical, and stratigraphic groupings of
the ash-flow deposits.

. ’

The variability of K2O/Na20 ratios within an individual ash-flow
sequence 1is a stri_king feature. Samples were collectt‘d chiefly from
the central zones of ignimbrite ccoling units, and the\ sampling
interval was generally too large to detect internal variations.

In the Bacon Cove ash-flow sequence, for example, specimens GC37a
and GC37b from a vitric ash-flow tuff (unit'td) have K20/Na26 ratios
of 15.8 and 12.0, respectively. Such compositions are the result of

extreme leaching of sodium with some addition of potassium by local

hydrothermal fluids. Similar ratios were also identified as the




products of alkali metasomatism in rhyolitic ignimbrites by Scott
(1966, p. 286) and.’Pichler and Zeil (1972, P- 204) . Biotite-bearing
ash~flow tuffs interbedded with porous volcanic breccias underlying
the Weavers Hill sequence provide examples of extreme alteration
involving le;ching of alkalies and silicification (cf. tdble 7).
Sa;nple GC35 represents the densely welded interior of one such
iqnimbrite (unit 28) and plots within the narrow compositional

field of other blotite-bearing ignimbrites at .the top of the Weavers
Hill sequence at James Cove (fig. 7a). GC36 represents the partly
welded margin of the same cooling unit. Alteration of this type is

pronounced where ignimbrites or lava flows (cf. GC32) are in contact

with porous and/or permeable horizons in the pile (especially sediments),

and commonly result in normative mineral compositions falling close to
the Qz-Ab or Qz-Or joins;. Ionic exchange and leaching of alkalies is
also evident in specimens of the Weavers Hill sequence, notably GC24,
GC47, P70-16, and GC45 (table 7 and fig. 7b), collectc;d near the
permeable margins of ignimbrite sheets. The main factors contributing
to the greater spread of K20/Na20 ratios in this segquence are the
relatively high shard/crystal ratios, the abundance of porous pumice-
lapilli, and the less densely welded nature of many of the cooling
units. These factors would promote more extensive reaction between
volcanic glass and percolating metasomatic fluids. In addition,
increased amounts of potassium held in former glassy matrices may

have served as a flux and promcted more intense remobilisation of

othex constituents. Lateral coherence of a potassium-rich bulk




chemistry together with the sodic nature of ignimbrites enveloping
this sequence strongly suggest that alkali-exchange was predominantly
internal and isochemical.

The Finn Hill ash-flow sequence exhibits a broad and continuous
spectrum of KZO/NAZO values with no sharp distinction between unaltered
and altered samples (except possibly P70-ll)’. Consequently, the
compositional field of this sequence encloses all ignimbrite analyses
(fig. 7c). samples that closely approach or may actually represert
unaltered magmatic compositions are GC46a and GC46b (K20/Na20 equals
0.48 and 0.67, respectively) from the crystal-rich basal zone of unit
42 at James Cove; and P70-11 (K,0/Na,0 = 0.67) from the central part
of unit 59 at Finn Hill. The combination of relatively high Nazo and
nigh K20 clearly cannot be attributed to alkali-exchange processes.
Remaining samples'have KZO/N°20 ratios in the range 0.41 (P70-13:
unit 43) to 0.02 (GIN22c; ;mit 59) and plot nearer the Qz-Ab join
(fig. 7c). However, in view of the comparatively high Na20 content
of P70-13 and variability of K20/N320 at this one locality (compare
GC49, GC50, GCl7, and P70-13) the origin of the distribution of
alkalies in this sample must remain uncertain. Any division between
altered and unaltered samples, therefore, is necessarily u-bi\:rary.‘
Accordingly, samples with- K20/Na20 ratios greater than 0.41 in the

Finn Hill ash-flow sequence are tentatively considered unaltered;

whereas salples with K20/Na20 less than 0.4l are regarded as altered.

Metasomatic alteration of Finn Hill ignimbrites involving intro-

duction of Na chiefly at the expense of K, produces a rock closely




corresponding to “typical" analyses of "quartz-keratophyres™ given,
for axample, by Turner and Verhoogen ({1960, analysis 7, table 25),
Joplin (1968, analysis &, table XXVII), and Dickinson (1962, analysis
7, table 3). When plotted in fig. 7c, these rocks fall within the
field of Fvinn Hill ash-flow tuffs close to analyses of unit 59 at
Burkes Cove. However, other analyses of quartz-keratophyres have
lower Nazo and higher K20 (cf. Turmer and Verhoogen, 1960, analysis
6, table 25; Joplin, 1963, p. 112-137) and in certain cases there is
no distinction between KZO/NaZO ratios in rocks regarded as kerato-

phyres and in rocks termed "soda rhyolites" (cf. Joplin, ibid.). In

addition, "potassic quartz-keratophyres” formed by alkali metasomatism

are also known (Bhttey, 1955} . Since the alteration processes that
produce rocks of keratophyric chemistry have been locally operative
in Harbour Main ignimbrites, the term "quartz-keratophyre' can e
usefully retained to denote an altered rhyolitic rock affected by
alkali metasomatism. Sodic quartz-keratophyres have K20/Na20<0.41
(the arbitrary‘boundary aiven above between altered and unaltered
samples of the Finn Hill sequence) ; whereas GC37a and GC37b represent
potassic quar;z—keramphyres. Although keratophyres are commonly
interbedded with marine sediments in a eugeosynclinal environment
and are often thought of as characterising an orogenic tectonic
setting (for example, Turner and Verhoogen, 1960, p. 258), 1t should
be noted that keratophyres {and associated spilitic rocks) are also
known from continental and epicontinental environments, particula;y

potassic variants (cf. Joplin, 1968, p. 150; Vallance, 1960). As




defined above, the term "quartz-keratophyre" has no specific tectonic
implications and is consistent with modal definitions of keratophyric
rocks given by Turner and Verhoogen (1460, p. 266-268) and Joplin

(1904, p. 149-156).

8.2.1.2. Quantitative Aspects of Alkali Metasomatism

Some aspects of alkali metasomatism in rocks of keratophyric
t:ompoﬁ,i;tion (as defined above] deserve further consideration.

\

Td}ner and Vergooqen (1960, p. 570) suggested that the course
of alkali metasomatism is determined by the molecular ratio
K20+Na20/1\1203 i;x the parent rock and in éhe,‘introduced fluid, and
by ambient temperature and pressure conditions. Whereas this may
be the case- for a holocrystalline rock where alkali-exchange is
rigorously controlled by the number of available 1(+ and Na'+ sites
in crystal lattices, this is not necessarily true for glassy valcanic
rocks. Introduction .of alkalies into glassy matrices undergoing

hydrothermal reconstitution may involve displacement of other ions

since ionic compatibility and substitution in strict stoichiometric

proportions are not required. The course of alkali metasomatism,
therefore, is more critically dependent upon the alkali chemistry

of the fluid phase at a particular P and T, and the amount of excess

.
1\1203 in the rock capable of forming an alkalic mineral phase in the
presence of alkali-bearing solutions.
Fixation of alkalies by excess alumina is a common phenomenon at

elevated temperatures in the vicinity of granite-shale contacts ‘and

-
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during potash fenitisation (cf. Currie, 1971; Currie and Ferguson, 1971).
puring low temperature hydrothermal recrystallisation an alkali rhyolite
'(K20+Na20/A1203<1) cannot become peralkaline (K20+N320/AL203>1) without
the stability of subaluminous phases such as glaucophane or sodalite,

or removal of alumina relative to alkalies. The latter is not a very
likely alternative. Conversely, a peralkaline rhyolite cannot preserve
its original alkali content under these conditions if breakdown of

such magmatic minerals as aegirine, riebeckite, and arfvedsonite

engues . ‘This may account for the apparent lack of strongly peralkalic
comendites and pantellerites older than Tertiary.

Harbour Main ignimbrites are distinctly peraluminous with an
average total alkali content of approximately 8 wt. V. Since the
maximun grade of metamorphism is below the stability field of
glaucoéhane assemblages, the hiqhelst possible combination of total
alkalies and alumina is found in alkalic feldspar. 1In the extreme
case, alkali-exchange in rocks with excess quartz relative to the
alkali feldspar composition produces a rock composed essentially
of albite-quartz or K-feldspar-quartz assemblages and molecular
1(20-4»}!4120/1\].203 = 1.

Consider the compositioh of unit 59 at Finn Hill (P70-11) and
a series of 12 samples taken across two flow uni¥s of this ignimbrite
at Burkes Cove (table 7). Average compositions for upper and lower

flow units are given in table 9 (FHS-R and FHS-S, respactively) . Al-

"though microproba analysis reveals that the compositions of albite

.

phenocrysts and crystals of K-feldspar (CB8M, table 6) are of meta-




morphic origin, whole-rock composition of p70-11 appears little
affected by alkali‘-exchanqe processes. Samples at Burkes Cove are
guartz-keratophyres whose sodic composition is reflected to some
extent by the high proportion of albite in the CIPW norm. However,
the nature of the chemical reactions are more appropriately inves-
tigated in terms of molecular proportiocns. The observation that
Al.O. remains essentially constant during hydrothermal alteration
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provides an empirical basis for determining the relative gains and

losses of oxide components (cf. Lipman, 1965; Anderson, 1968) . If

cation-exchange during the formation of quartz-keratophyre composi-
tions was essentially limited to Na' and K+, the molecular ratio
1(2£)+N‘320/.1\1203 for the whole-rock should remain sensibly constant.
This ratio for P70-1l equals approximately 0.85, v;hile that for
FHS-R and FHS-S is 0.91 and 0.90, respectively (impurities CaO,

MgO, total Fe, MnC, TiO,, P205 calculated out) S This difference

at most requires addition of approximately 0.9 mol. s total alkalies
{(presumably NnZO) relative to Al;04, and corresponding loss of ‘an
equivale‘nt‘ amount of other oxides, possibly Mg0 and CaO. 1In certain
samples with very low xzo/uazo ratios (for example, GTNll, GTN19,
and GIN23i) MgO has locally been leached by sodic fluids. The
mineralogy of unit 59 i; essentially quartz, albite, and magnetite,
and agrees remarkably well with high K20+Na20/}\1203 ratios. Petro-
graphically, therefore, the rock could be classified as an "albite-
keratophyre"'. The low xzo/uazo and high 1(204—Na20/1\1203 ratios of

other rhyolites from the central and Eastern Blocks {papezik, 1970,

¢ -




Table 1, nos. 21-23) also suggest keratophyric compositions and a

pred{:minantly albita;quartz mineral assemblage. .«
Similar calculations were made for a potassic quartz-keratophyre
(GC37a; unit 4) and an altered dacite flow (GCl2). Assuming an
original composition close to the average for the Bacon Cove ash-
flow sequence (BCS-X, table 9), the keratophyre has molecular
K20+Na20/A1203 equal to 0.63 while this ratio for BCS-X equavls
0.72. Assuming constant alumina, leaching of approximately 4.4 /
mol. ® Na20 is required. An adjustment cf this kind would result
in GC37a (and GC37b) falling close to the main alkali-exchange curve
for the Bacon Cove ash-flow sequence in fig. 8 (discussed below).
Reciprocal exchange of 1’«1203 and SiO2 would not seriously affect
these calculations (cf. Lipman, 1965, p. D1l1). Removal of small
amounts of other oxide constituents (in this case Ca0) may accompany
such alteration. Analysis GC12 is a dacite with correspondingly
lower silica and higher alumina, and an anomalously high alkali
content (chiefly Na20). Molecular K20+Na20/A1203 equals 0.85 and
reflects a predominantly dibitic mineralogy. Introduction of sodium
in excess of that probably required for complete removal of potassium
proceeded in glassy matrices at the expense of Mg0 and CaO. Small
pods of epidote-albite-chlorite assemblages in this flow indicate
that migration of these elements was probably localised (cf. “Sm¥th,

1968; Reed and Morgan, 1971).

A )(20 vs. Na# plot of altered and unaltered samples is presented

in fig. 8. The samples define a negative slc;pe with intercepts of
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approximately 9.0 and 5.5 for Nazo and KZO, respectively. This slope
is a function of a) original K20/N520 ratios in the silicate melt;

b) the effects of alkali-exchange, local leaching or preferential
addition of sodium or potassium by subsequent alteration processes;
and ¢) minor removal or additien of other oxides, notably CaQ mdlin
certain cases Mg0. Magmatic alkali variation is dafined by tHe close
grouping of points within each batch of differentaptes, i.e. within
“each ash-flow sequence. The resultant slope for all these groups
reflects the predominantly sodic chemistry of the population.
Completaly 1sochemical exchange of alkalies within each magma batch
would displace whole-rock compositions toward the extremitiss of a
-1 slope running through each predefined magmatic ratio. However,
leaching of alkali elements causes points to move toward the oriqin
along a positive slope determined by the proporuional loss of Na20
to K20. The increased scatter of Pinn Hill and Weavers Hill ash-
flow tuffs has been induced by superpositionh of such positive and

negative slopes. In the case of the Finn Hill sequence, the limits

of the exchange system are beyond the range of analysed samples.

Although plots of this type purport to show variation between two

elements, variable loss and gain of other major constituents have
a significant effect (cf. Pearce, 1968). For example, addition of
a small amount of sodium to a dacite (GCl2) and concomitant loss of

calcium and magnesium has displaced GC12 from the mean alkali-sxchange

v ‘

trend for the Pinn Hill ash-flow sequence (i.e., a -1 slope possibly
running through P70-11) parallel to the ordinate in the Qdirection of

increasing Na20 .




8.2.1.3. Magmatic Trends and Affinities

Major oxide abundances for Harbour Main voica.nic rocks are
plotted against SiO2 in fig. 6. The plot is essentially a Harker
variation diagram with oxide constituents expressed in terms of
molecular percentages instead of the traditional wt. %. Though
not all the deficiencies of Harker diagrams have been obviated (cf.
Pearce, 1968), the trends undoubtedly have genetic significance in
the broad sense. Linear to curved trends are well defined for

Fe203 (total Fe), A1203, MgO, Cal0, MnO, P205, and TiOz; significant
scatter i$ observed in trends for total alkalies, Nazo, and K20.

The relative strepgth of this coherence is evident from the correlation
matrices in table 8. The significance of a distinct compositional gap
with respect to silica will be discussed later.

The ignimbrites are rhyolitic in ﬁle.broad sense, and characterised
by high total alkalies, molecular K20+Na20/A1203<1 , variable K20/Na20,
low Ca0, ‘HgO, total Fe, MnO, '1‘;'102, and P205. Average compositions cf
the main chemic?i typ.es are given in table 9.

Silica values for plotted samples range 64.08—76‘.00 wt. &, The
lowest Si0, abundances are found in ignimbrites at the top of the Finn
Hill sequence. Unit 58 (P70-9) has a SiO2 content oorxespondinq to
Qacite, but its relatively low K20/Na20 ratio of 0.35 is transitional
to sodic quartr-keratophyre as defined earlier. Microphenocrysts of

augitic pyroxens are perfectly fresh, and this unit was classified as

a sodic quarts-trachyte by Papezik (1379, table 1 and p. 1490). A

distinctive layer of volcahic breccia in a similar ignimbrite (unit
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59) at Burkes Cove serves to distinguish multiple flow relatiofxships
within a single cooling unit. Compositional variation between upper
and lower flow units (cf. PHS-R and FH6-S, table 9) is marked by P
consistent differences in 5102, A1203, total Fe, and TiOz;‘ the

latter three elements are relatively immobile under a. variety o.f

conditions of low-temperature alteration. The bulk compesition of e
this ignimbrite is fhyodacitic, with a K20/Na20 ratio corresponding /f

to sodic quartz-ker;mphyre. At Finn Hill, the boundary between the /

flow units is gradational, andtsample P70-11 from the middle of the .~ '
cooling unit suggests that the transitional nature of the contact

at this locality is Accompanied by a gradation in composition. This

unit lacks clinopyroxene, and the KZO/NaZO ratio of P70-11 i‘F

indicative of an unmodified sodic composition. With the exception

of unit 42 (FHS-U, table 9) which has a K O/’Na 0 ratio of 0.58,

remaining ignimbrites in the Finn Hill sequence are sodic quartz—

keratophyres. In comparison,' the Weavers Hill ash-flow sequence is
characterised by higher S:'L()2 and K,0, and lower Nazo, MgO, total Fe,

and Ti0,. The K,0/Na,0 ratio for WHS-W (table 9) is approximately

1.52. Asmerages BCS—X and WHS-V (table 9) for the Bacon Cove Bequence

and biotite-bearing ignimbrites at the top of the Weavers Hill sequence
at James Cove exhibit significant increase of total Fe, Na,O0, TiO,, and
Mg0, and concomitant decrease of Si0, relative to WHS-W. This is

correlated with the appearance of biotite and increased proportion

of iron-oxide crystallites in the mode. The KZO/NaZO ratidé bbars an

inverse relationship to the proportion of modal albite. Crystal
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concentr;tion in the Bacon Cove ash-flow sequence has produced unique
compositional effects: average BCS-X bears a striking resemblance to
the “average granite"” and "average gquartz-monzonite" of the Holyrood
pluton (averages Y and Z, respectively, table 9). The tuffs, however,
have higher total Fe and Tioz. and lower Ca0. Modal compositions
generally differ only with respect to K-feldspar, which occurs as

phendcrysts and in microperthitic intergrowth with sodic plagioclase

"in the granitoid rocks; the principal K-bearing phase in the tuffs

is represented by alkalic feldspar, a product of the devitrification
of glassy matrices.

The classification of Harbour Main volcanic rocks is more
appropriately based on normative minerals and/or chemical composition,
since the large proportion of devitrified glass and the albitic compo-
sitions of originally more calcic plagioclase render a strictly modal
nomenclature useless.

A system of classification propesed by Baragar (1967) is repro-
duced in fig. 9. The transitional boundaries originally proposed are
pased on normative feldspar, and have been approximated by solid
lines in the diagram. Althouch a dual nomenclature exists for sach
of the compositional fields, rhyolitictrocks of the Harbour Main Group
are much more siliceous than typical trachytes or phonolites (cf.
Irvine and Baragar, 1971, p. 546, analyses nos. 22 and 23) and falY in
the fields of rhyolite and sodic rhyolite. However, it is evident.
from the position of altered rocks that part of the field of sodic

rhyolite is also that of sodic quartz-keratophyre.
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FIG 10b QZ OR AB « AN DIAGRAM FOR FELSIC VOLCANIC RQOCKS
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FIG 10c @Z OR AB. AN DIAGRAM FOR AVERAGE COMPQOSITIONS OF ASH-FLOW TUFF
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A geochemical study of granitoid rocks in eastern Newfoundland
by Strong et al. (1973) provided an excellent eoppoytunity to compare
the compositional variability of Harbour Main ignimbrites and the
Holyrood Plutonic Series. Cl.:lssification of the granitoid rocks is
based primarily on the averages of Nockolds (1f54) expressed in
terms of CIPW normative Qz-Or-Ab+An. The system of nomenclature
and plots of Nockolds' averaqc;a are presenud in fig. l0a. _'l‘he
essex;tial diflf.ezence between this and a modal classification is

the location of the boundary between granite and quartz-monzonite,

which is placed at approximately 0r4q in the normative scheme and

o::65 in the modal classification. The rhyolitic rocks plotted in
fig. 10b straddle the fialds of granite, quartz-monzonite, granodiorite,
and quartz-diorite, and fall on a linear trend running from the Ab+An

corner toward the normative composition Qz_ Or Averages of tha
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main chemical types of ignimbrite taken from table 9 are plotted in
fig. 10c, and”provide a better basis for discriminatory classification.
Prefixes designating individual ash-flow sequences have been omitted
for clarity. Apart from 5, T, and U, ignimbrites fall within the
compositional field of the Holyrood pluton. Howaver, R, S, and T,
have already been recoqnised as gquartz-keratophyres, and are notably
displaced from their "magmatic" counterpart P70-11. Grn'niu.c phases
of the Holyrood Plutonic Series, repxesented by Y and Z, plot on t!_te
‘boundary of the quartzr-monzonita-granodiorita fields close to averages

X and V for biotite-bearing ignimbrites. Average U plots to the Qz-

norxative side of Holyrood granitoid rocks in the centre of the




granodiorite field. Weavers Hill ignimbrites, represented by W, plot
in the field of granite close to Nockolds' average alkali granite.
The wide range of ignimbrite compositions and their close
coherence with plutonic recks intruding the Harbour Main Group
ptovide for a very desirable classification, provided thatﬂa guitable
volcanic nomenciature can be found. The generally accepted volcanic
terminology corresponding to plutonic equivalents has been adopted
(for example, Moorhouse, 1964). Accordingly, ignimbrites represented
by W and X are strictly (alkali-)} rhyolites and quartz-latites,
respectively, while those corresponding to U, V, and P70-11 are
rhyodacites. The proposed volcanic nomenclature is in accord with
predicted and actual KZO/NaZO variation observed in such rock-types.
High-alkali, rhyolite is proposed as a useful blanketing term for

describing the general nature of the rhyolitic suite.

AN

Trace element data are plotted against S:‘.O2 (mol. 8) in fig. 13.
Rhyolitic rocks of the Hagbour Main Group contain typically low Ni, Cr,

Cu, more variable Sr, Zn, and Rb, highly variable Ba, and virtually

congtant Zr. /bvarall trends for Zr, Rb, and Ba define weak to

strong positive slopes: Ni, Cr, Sr, Cu, and Zn lie on weak to moderate

slopes inversely correlated with respect to $i0 The complete range

2"
of gaochemical affinities is shown in the correlation matricegs (table

8), which are strongly biased toward rhyolitic samples. The signifi-

cance of K/Rb, Rb/Sr, and Ti/Zxr ratios will be consﬁdered later.

s

K, Rb, and/mm.tbit a strong positive inter-element correlation

(table 8) in the rhyolitix rocks analysed, as predicted by ‘their




similar geochemical behaviour (Appendix 4). The Weavers Hill ash-
flow seguence is the most differentiated chemical type with respect
to these "incompatible” elements (cf. Harris, 1957). Rb attains
approximately twice the average crustal abundance of 90 p.p.m..
{Taylor, 1965), and Ba is strongly enriched (400-2097 p.p.m.) in
the majority of the ash-flow sequences. Only in certain sodic
quartz-keratophyres (for example, FHS-S and GCl2) are Rb and Ba
strongly depleted (<<90 and <<400 p.p.m., respectively) relative
to Taylor's average crustal abundances.

It has been suggested that the Ba/Sr ratio is a critical index
of fractionation and that Ba is'not depleted in the magma until a
relat‘_ivelyﬁlat.e 'staqe of differentiation (Nockolds and Allen, 1953).
Data from residual glasses and plagioclase phenocrysts of high-
alkali ignimbrites in New Zealand support this conviction (Ewart
et al., 1968; Ewart and Taylor, 1969). However, where biotite is
an early precipitating phase, Ba-poor residual liquids may result
(Jaxes and Smith, 1970). In the rhyolitic compositions under
investigation here, a marked increase in the abundance of Ba (and
Rb) with increased ditferentiatior; factor, i.e. relative to 5102,
strongly suggest that biotite was. a relatively late phase to arrive
on the ligquidus in significant proportions (i.e.’ in quartz-latitic
melts). Crystallisation of biotite was probably effectively

controlled by water vapour pressures during lats-stage differentiation.

The partitioning of St in volcanic liquids is largely controlled

by the numbar of available Ca-sites in the plagioclase lattice (Taylor,

N




1965), which generally results in their similar depletion in residual
liquids (cf. Ewart et al., 1968, fig. 6). Ewart and Taylor (1969)
found that the maximum concentration of Sr in plagioclas"es represen—
tative of Taupe rhyolites occurs in the range me to MSS' The
distribution coefficients for partitioning of Ba and Sr between
plagioclase phenocrysts and residual liquids in thesa rhyolites
indicate that fractional crysiallisation of a plagioclase of this
composition would deplete Sr relative to Ba (Ewart and Taylcr, ibid.,
table 4). \’Ffw trend for Ba relative to Sr obhserved in Harbour Main
ignimbrites could likewise be produced by crystallisation and removal
of andesine from early diffdrentiating silicate liquids. This con-
clusion is in accord with the late appearance of biotite as previously
indicated.

Sr axhibits only a weak positive correlation with Ca {table 8),
and strongsr correlations 'afe observed with Mn, Zr, Cu, Zn, Cr, and
Ni, of which Zr, Ni, Cr, and possibly Zn appear least affected by
altgration processes. pepletion of Sr in some quartz-keratophyres
(for example, GC32, GC37a and GCJ?b)\ and porous volcanic breccias

(for example, WHT) can possibly be correlated with removal of Ca.

Zr generally behaves as an excluded eliment during fractionation

and is known to concentrate in residual liqwids {Taylor, 1965). "How-

evar, the abundance of Zr in Harbour Main ignimbrites is remarkably

{
uniform and averages approximately 178 p.p.m. This appears to demand

steady rnnw of Zr relative to Rb and Ba, possibly by its incorpora-

tion into zircon or possibly an iron-titanium oxide. The pfesence of
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zircon in the Bacon Cov\e sequence indicates t.hat 2r had reached
levels of saturation in these guartz-latitic ligquids. Tiny crystals
of zircon occurring free in the matrix or enclosed within biotite
phenocrysts suggest that depletion of 2Zr in the latest differentiates
{for exampla, the Weavers Hill agh-flow sequcnpe) was accomplished by
zircon and/er biotite fractionation. It is pertinent to note that
the highest concentration of 2r is found in a rhyodacitic ignimbrite
(FHS~-U, table 9) at the base of the Finn Hill ash-flow sequence, and
that Zr is clearly depleted in biotite-bearing ignimbrites, especially
quartz-latites (cf. also Holyrood “granite", Y, table 9).

A moderately strong positive correlation exists between Cu and
Zn, and between these elements and Sr, 2r, and Mn. The abundance of
Zn is consistent with the range of average granite and granodiorite
compositions (40-6C p.p.m.) given by Taylor (1965, table 21): Cu
abundances are somewhat lower than expected, except for an anomalously
high value in GTN34 which represents a mineralised rock fragment. A
strong negative correlation of Zn with 8102 is weakened by the conspicu-
ously divergent trend of the Finn Hill ash-flow sequence {(cf. fig. 13).

Cr and Ni exhibit a strong overall positive coherence and have

-

uniformly low abundancea‘ in rhyolitic rocks. Anomalously high values

diétinguishad samples contaminated by basaltic xenoliths.
'

In comparison with selected analyses of rhyolitic rocks from

4
continental regions (table 10, nos. 1-5), Harbou;’?luin ignimbrites

are enriched in total Fe, Mg0, and TiOz, with slightly higher 1\1203




Major and Trace Element Compasitions of Rhyolitic Ignimbrites, Flows, and Granitoid Rocks

Used for Comparison with Harbour Main Ignimbrites (analyses in weight percent are recalcu-

lated to 100% on a volatile-free basis) .

o

Source

No. of Analyses

(Wt. »)

§i02 . . 75.47
0

A12 3 . . 13,50

Fe 0, . . . . 0.40¢(2)
e 97(2)

0.61

232

.02

.39

.07

.22

.03




TABLE 10 (Cont'd.)

Source 1 i) {c) 5 6 7 8

(p.p.m.)

Rb 140 171(¢9) 108 194(128-231)* 122( 39-160)* 145 110
Sr 70 8(4) 125 ©€7(14-199)* 62( 3l-117) = 285 440
Ba 920 253(9) 870 n.d.p 543(162-887)* 600 500
Zr 280 249(9) léO n.d.p 220(142-293) 180 140
Cu 16 n.d.p. 6 6 n.d.p. 10 25
Zn n.d.p. n.d.p n.d.p. n.d.p ﬁ.d.p. n.d.p. .d.p.
«<r 2 n.d.p. 1.7 ) n.d.p n.d.p. 10 30
.Ni <4 n.d.p n.d.p n.d.p n.d.p. 4 15
K/Rb n.d.p. n.d.p 250 293(181-342)* 270(201-321)* 240 230
Rb/Sr 2.00 21.37 0.86 2.90 1.97 0.51 ¢.25
Ba/Sr 13.14 3l1.63 6.96 - 8.76 2.11 1.14

.
*Range of values
n.d.p. = no data presented in source reterence\
o

*'l‘otal iron given as Fe0

907

(c) = Average of 3-4




10 {Cont'd.)
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1§
North obsidian flow, Newberry Volcano (Higgins, 1973: major elements: Table 5, nos. 92-53;

o mivnane e e %

trace elements: Table 8, no. 52 only).

Rhyolitic glasses from Yellowstone (Anderson, 1968, Table 1, no. 13).
FResidual glasses from Yellowstome (Leeman, unpublished data).

Rhyolitic.laﬁas of the &aupo Volcanic Zone (Ewart gE_e}:, 1968, Table 2, no. 1).
Ignimbrites of the Taupo Volcanic Zone (Ewart et al., 1968, Table 2; trace elements (Table 3,
no. 35) represent average for 3-4).

Late Paleczoic-Mesozoic ignimbrites of N. Chile {(Pichler and Zeil, 1972; major elements:

",
Table 1; trace elements: Table 2; nos. 1-3, 5, 8-12, 14).

Granitic phase of high-K diorite, Yeoval Complex, New South Wales (Gulson, 1972, Table 4).
; Py ) ,

"Aderage Granite" (Taylor, 1968, Table 3).

“Average Granodiority" (Taylor, 1968, Table 3).
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and correspondingly lower- Si02. However, trace elements, K_.0, Na.O,

2 2

and Ca0 provide a better basiz for eXamining compositional differences.

The K20/Na20 ratio of rhyolitic glasses from Yellowstone (nos.
2a and 2b, table 10) approximates that for the Weavers Hill ash-flow
sequence (WHS-W, table 9); however, Zr is concentrated and Ba and
Sr strongly depleted in Yellowstone rocks relative to WHS-W. This
is probably due to a celsian variety of the nnorthoczée/-s\ idine
series appearing on the liquidus of Yellowgtone residual glas 35’-/—"\‘\
(Leeman, pers. comm., 1974). ~The K20/Na20 ratio of Bacon Cove ash-
flow tuffs (BCS-X, table 9) is the same as that for young obsidians
from Newberry and ignimbrites from New Zealand (nos. 1 and 4, table
10); but total alkalies and Ca0 are dissimilar, and in this rcspc;l't
BCS-X is close to Andean ignimbrites (no. 5, table 10). However,
enrichment of Ba and Sr in Bacon Cove gquartz-latites distinguishes
these rocks from both the Andean and Newberry suites. The granitic
phase of a composite pluton,” the Yeoval Complex of New South Wales
{(no. 6, table 10), compares well with BCS-X; 2Zr is relatively enriched
and Ba and Sr depleted in the former, though Ba/Sr ratios are very
similar. The close similarity between the Bacon lCove a’sh—flow
sequence and Holyrood “granite” has alr.ady(Eegn reco?ﬁiscd (compare

i ) P

no. 6 in table 10, with Z in table 9). " ~ )

e

T—
Rhyodacites of the Finn Hill sequence (l-‘HSth/and P70-11, table
9) are markedly more sodic than the average granite of Taylor (1968},
and more siliceous and less calcic than his average granodiorite (cf.

nos. 7 and 8, tahle 10). FHS-U contains markedly higher Zr and Ba/Sr

s

e
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ratios are likewise distinctive. The distinction between Taylor's

granite and granodiorite is considerably greater than that between
anite and quartz-monzonite facies in the Holyrood pluton, and

apart from essentially K20. Ba, and Zr, FHS-U is closer in composi-

tion to the quartz-monzonite and Taylor's granite.

8.2.2. Porphyri tes

The chemigtry of a suite of exclusively hypabyssal rocks from
the Colliers Peninsula, referred to earlier as "porphyrites", ‘tas
not been described previously from the Harbour Main Group. Papezik
(1970, p. 1492 and table 7, P70-8) presented an anélysis of one of
tht;_se rocks but related it to feldsparphyric sills of basaltic
composition that intrude the Eastern and Western Blocks (cf. P70-4,
a
table 7; and Papezik, 1970, table 1, nos. 6, 17, and 19). He explained
the comparatively high SiO2 content by contamination with quartz
xenocrysts detected under the microscope. However, the porphyrites
form a coherent suite of high-level sills distinct in composition,
mineralogy, and timing from basaltic lavas and intrusions to the west.
Representative sampling of these rocks js indeed a severe
problem gsince they comnonly contain a diverse population of xeno-
crysts and xenoliths incorporated in an intrusion breccia at chilled
contacts, and a high proportion of their total surface area is occupied .
by a "mixed"” rock of this type. Howevér, extraneous material is of

strictly local origin and exhibits little or no reaction with its host.




FIG 11 AN:AB:OR DIAGRAM (Baragar 1967)
(C.I.P.W. Norms)

A-Basalt/alkali Basalt
~ B-Andesite/Hawaiite -

C-Dacite/ mugearite
D- Rhyodacite 7 trachyandesite

E-Sodic rhyolite / sodic
trachyte

F- Rhyolite / trachyte

A Basalts

v Dykes ™

e Porphyrites

® Porphyritic
iNtrusive~
(Western Block)

v Cumulate rock




TOTAL ALKALES vs ALUMINA (after Kuno 1960)
P 70-1
/

—

-

'Range of Si0,
1. 45.00 - 4750
2. 4751 - 50.00
3. 50.01 - 5250
Basalts
Dykes

Cumulate rock \.\




FIG 13 TRACE ELEMENTS VS SILICA FOR HARBOUR MAIN GROUP
VOLCANIC ROCKS. COLLIERS PENINSULA
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Of the 10 analyses presented in table 7, 5 are contaminated or
otherwise. altered. In general, porphyrites are markedly Qz-Hy noxrma-
tive with a small amount of corundum but no olivine appearing in the
noxrm. Leucocratic types are most common and have higher normative
Qz and Ab (GCB, GCl0, and GC4l); more melanocratic types have less
Qz and more ﬁy (GC40 and'GCSI) .. An average composition for the
entire porphyrite suite is given in table 9 (POR-Q).

'I'h‘e porphyrites occupy a critical position in the variation

rd/iagrams examined earlier (figs. 6 and 13)’since they fall within

a distinct hiatus in S:’.O2 which separates basaltic and rhyolitic
extrusive rocks of the Harbour Main Group. However, the porphyrites
plot near dacitic to rhyodacitic ignimbrites a{\the Finn Hill sequence
and a dacite flow (GCl2), and a significant "silica gap" is still

>

apparent. Considered as a'group, porphyrites fall on the main trends
\

for total Fe, A1203, Ca0, Mg0O, MnO, and 9205 (fig. 6) . Compared with

low-silica ignimbrites and flows, however, porphyrites exhibit low

TiO2 and total alkalies, particularly mrzo, and high I(ZO.. The main

differences in 'res;;ect of cr&elements are relatively low Zr and

appreciable scatter of Ba and Rb (fig. 13). xzo and Na20 are no
more variable than expected when sampling highly porphyritic rocks
with large phenocrysts; Ba and Rb would be even more sensitive.
Elemnﬁ wost likely to be affected by alt;ration are the
alkalies and corresponding alkali-group trace elements, Cal0, and

Sr. Weathering does not appear to dapleta Ca0 and Sr but rather

increase their respective abundances in the whola-rock analysis




(for example, GC25). Hydrothermal alteration of sample GC8 hag resulted.
in a low Mg0 content and somewhat higher Ca0 compared with other porphy-
rites. This smple_ccmtains minor epidote in the groundmass and a
relatively high L.0.I. reflects loss of 002 combined as CACOB. A
signa‘.ficant amount of Ca has also been lost from pyroxene sites in

GC51 which are ‘represented by chlorite pssudomorphs. Although C;O
appears somewhat low for rocks of this silica content, Sr is only
anomalously low in this one sample. It is evident t-_hgt mild leaching
of éa, and to a lesser extm‘;t Sr, has not appreciably affected KQO/Nazo
ratios, since more extreme values are produced where alkali-exchange

can be demonstrated (for‘exainple, sodic quartz-keratophyres of the Finn

Hill sequence). This ob.servation 6 in conflict with the suggestion

of Hughes (197Za, 1972b) that alteration in Harbour Main rock-types

can be detected sclely on the basis of variations in xzo aﬁd ano.

Although such parameters could possibly identify keratophyric
compositions in rhyolitilc rocks with originally low C€a0 and high

total alkalies, they cannot differentiate removal of Ca0 in rocks

of intermediate and basaltic compositions. Although rocks altered

in this manner would not nggessarily be termed "spilites"” (depending
upon the definition employed) they would nevertheless plot in the
centre of the "“igneous spectrum” allegedly raserved for rocks with
unal tersd magmatic compositions (cf. Hughes, 1972a, fig. 1). The
possible bulk loss of Ca0 from an individual sample is probably only
significant for porphyrites and basaltic rocks with their considerable

contents of lime. It should be noted that low Ca0 is a coherent and




distinctly magmatic feature of both rhyolitic and granitoid rocks‘in
the Harbour Main Group.

An important pe;rological charpcterist;’.c of the porphyrites is
their general gimilarity to calc-alkaline or orogenic andesites,
especially thair sio2 and high A1203 contents. Using the normative
classification of Baragar (1967), porphyrite_a occupy the fields of
rhyolite/trachyte, rhyodacite/trachyandesite, and dacite/mugearite
(fi‘.g. 11). Porphyrites are generally more Or- and less An-normative
than andesite/hawaiite. GC10, GC40, and GC5) are less silicecus than
typical rhyclite and slight adjustment for their anomalously lew An
would place all porphyritas except GC4l in the compositional field
of rhyodacite/trachyandesite. PFurther di-tihction in this normative
plot is not possible without a ;:tior ihdependent classification
betwsen the alkali and calc-alkali volcanic series. It is worth
noting at this stage that a porphyritic sill on the eastern shore
of Colliexrs Bay falls in the field of hawaiite/mugearite compositions
with the majority of basalts and dykes (cf: P70-4, table 7).

Better discrimination can be attained by comparing the “avarage
porphyrite” (POR-Q(b), table 9/ no. 1, table 11) with a carefully

selectad group of andesitic ro¢ks of very different environments and

comporitions (cf. table 11). 'The definition of "andesite" given by

Taylor (1968, table 1) is anm with orogenic andesite, and he
usad the tamm andesite to denote a member of the calc-alkaline
volcanic series chemically distinct from intermediate rocks of the

alkalic and tholeiitic suites. The relevant compositional data and




Major and Trace Element Compositions of Andesitic Lavas and Plutenic Rocks Used for

Comparison with Intermediate Intrusive Rocks ("Porphyrites”) of the Harbour Main Group

(analyses in weight percent are recalculated to 100% on a volatile-free basis) .
3

Source | , 6 7 8

No. of Analyses (5) (89) (29) (13)

(We. &)

60.61
. 5102 0

A1 O ’
23 16.67

F0203 . . . . - 2.6Q(2)

4.52(2)

5.80

3.01

2.93

2.92

0.
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n

Cr

i
K/Rb
Rb/Sx

Ba/Sr

-

105(55-150)*

275(188-354)$

1094(339—1857)*

138(120-168) 7
2a(13-39)
75(66-89) ¥
28(25-32)}

3

9(4-14)
254(228-268)*
0.38

3.98

31(19-40)7
¥

385(215-570)

270(180—400)#

110(90-170)

54(25'150)$

n.d.p.
1

56 (19-100)

¥

18(5-138)

¥

100(89-109)

467(316-536)

n.d.p. n.d.p. n.d.p.671(565-759)

*

t
123(112-136)

n.d.p.
n.d.p.
13(1)
6 (1)
239 (205-264)
0.21

1.44

+

*Total iron given as E‘e203

+
Total iron given as Fe(

%

Range of values

n.d.p. = no data presented in source reference

{a) = Average trace element abundances

in andesite at 58 wt. % SiO2 (Jaxas and White, 1972, Table




TABLE 11 {(Cont'd.)

n A v
Average Harbour Main “porphyrite” (Table 9, no. POR-Q) .
“Average Andesite"” (Taylor, 1968, Table 3).
Calc-alkaline low-K andesite (Jakes and white, 1972; major elements: Table 2R, no. 6;
trace elements: Table 2B).
Calc-alkaline andesite (Jakes and white, 1972; major elements: Table 2A, no. 7; trace
elements: Table 2B).
calc-alkaline high-K andesite (Jakes and White, 1972; major elements: Table 2A, no. B:
'
trace elements: Table 2B).
— .
Calcic andesites from island arcs (McBirney, 1969, Table 2).

1
Calc-alkaline andesites ‘from continental margins (McBirmey, 1969, Table 2).

Alkali-calcic andesites }rom continental interior regions (McBirmey, 1969, Table 2). s

High-K diorite, Yeoval Complex, New South Wales (Gulson, 1972, Table 3). -

Yy

1144




distinctions drawn by him will not be repeatad here (cf. Taylor, ibid.,
table 2). However, Taylor's "average andesite" (no. 2, table 11) has

slightly less Si0,, and distinctly lower K. 0, Rb, Ba, and Zr, and

2
higher Ca0, MgO, Sr, Cu, Cr, and Ni than POR-Q (no. 1, table 1l1).
The calc-alkaline suite can ‘bc subdivided on the basis of variations
in 8102 and K20 into low-Si/high-si and low-K/high-K variants (Taylor
and White, 1966; Taylor et al., 1969; Jakes and white, 1972).
Di.fferences be tween typical high-X and low-K calc-alkaline andesites
from island arcs in the wastarn facific are given in table 11 (nos.
3-5). Even high-K andesites of island arc environments are signifi-
cantly lower in total alkalies, notably 1(20, and 5102, and contain
more Ca0 and Mg0 than the average porphyrite. Trace element abun-
dances are the same as Taylor ': average andaesite apart from Cr

which is lower. ‘

¥

o Foilowing the classification of various groups of andesites
given by Peacock (1931), McBirney (19693) presented a collection of
avarage analyses for calcic, calc-alkaline, and alkali—ca;cic andesites
.fxom island arcs, continental margins, and continental interior regions,

respactively (table 11, nos. 6-8). On the basis of major oxides, the

same digsimilarities are apparent between the average porphyrite and

various island arc andesites given by Jakes and White (1972) as

between porphyrite and the calcic and calc-alkaline andesites of
McBirney (1969). Iqaoting lime, and pinor differences in silica,

J
Harbour Main porphyrite bears a distinchb resemblance to alkali-calcic

andesites of continental interiorse, p cularly with respect to KZO;
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- however, 'I‘iO2 is distinctly lower, total alkalies slightly lower, and
Mg0 between that for continental margin and interior types of andesite.
lSimilarities noted previously with granitic differentiates of the
Yeoval Complex, New South Wales, can be extended to Harbour Main
porphyrites. A rock described as high-K diorite by Gulson (1972}
is also intermediate in composition between McBirney's continental
andesites though somewhat lower in A1203; T]‘.O2 is remarkably similar
to average porphyrite,

o 8.2.3. Basaltic Rocks

The lower part of a predominantly basaltic lava sequence at the
top of the Harbour Main G'mup has been analysed previously by Papezik
(1370, table 1). The basalts and a sill are distinctly feldsparphyric
types with locally trachytic texture (P70-1, -2, -3, -4, table 7).

A further 4 analyses of feldsparphyric lavas (nxﬁz and NX15) , olivine
" basalt (NX14), and a pleritic 8111 (NX1?7) in the lower and middle
parts of the sequence ars presented together with analytical data

for 8 diabase dykes that intrude the map area [(cf. table 7, fig. 4,
and geological map) . .

Rock Pllplcﬂ choun’ for analysis were generally dark grey in
colour, thouqﬁ greenish grey (for example, GC2 and NX17) and reddish
grey (P70-2) rocks were included locally. Usae of the tarm “"cumulate"
to describe NX17 in the variation diagrams (figs. 6 and 13) simply

indicates its acocumulative origin (defined below) and does not dencte

a cumulate texture.  Compositional differences hetween samples raflect

e bt S P it A bl b A 8] L - e e e ot b <
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local'variations in the basaltic pile that are not necessarily repre-
sentative of the entire sequence of lavas and intrusions.
Basé{ltic rocks of the Harbour Main Group pose a considerable : “
problem of nomenclature ‘and classification (cf. Papezik, 1970; and
Hughes, 1972a). Cerxtain chemical and mineralogical features are
commonly attributed to the liguid line of desceri:é of the alkali-
olivine basalt series,‘ particularly hawaiites and mugearites (Papezik,
1970) . However, such distinctly sodic compositions, especially the
diabase dykes, and the development of secondary mineral assemblages
. also point to a group of rocks known collaectively as “spilites”
which are commonly found in close association with keratophyric
rocks (cf. Turner and Verhoogen, 1950, p. 257—272; and Joplin, 1968, ‘
p. 18 and p. 149-156) . Before proceading with the chemical features -
of Harbour Main bualts,- some petrographic and compositional ch;rac—
. teristics of typical spilite require clarification.
Hypotheses advanced to account for the origin of spilite, often
in reference to the so-called "epilite problem", have been reviewed
in depth by Tumer and Verhoogen (1960), Vallance (1960), and Amstutz
(1968). The cu1;rently popular belief as to the origdn of spilite is
,
probably that expressed by Vallance (1969) who regards all spilites
as a product of the “hydrous degradation of basalt", i.e. secondary
alteration of a basaltic rock at low P and T conditions involving
hydrolysis or hydrogen ion metasomatism (Hemley and Jones, 1964). A

sui table petrographic definition for spilite has been given by vVallance LY

(1969, p. 38) who states that “minerak associations found in spilites




are those typically attributed to the greenschist or prehnite-
pumpellyite facies of metamorphism ...... Spilites might well repre-
sent adjustments under PT conditions ran/ging across those of diagenesis/
zeolite facies to greenschiat facies". This clearly alloWws 'for the
variety of secondary mineral assamblages found in the basalts and so
does not exclude the possible occurrence of gpilite in the Harbour
Main Group (cf. also V;llance, 1969, table 2 for spilitic mineral
agsociations). The definition of spilite proposed by Cann {1969,

pP. 1) is not generally applicable to the Harbour Main Grou‘p since

. the vast majority of minernlvassemblages investigated so far are
demonstrably sub-greenschist. However, such petrographic charac-
teristics by themselves are pot sufficiently stringent to detect
chemical readjustment of basaltic compositions.

The chemical attributes of spilite are a particularly perplexing
problem. According to Turner and Verhoogen (1960, p. 267) spilites are
characterised by low Ca0/Na,0 ratios (approximately 1.5 using wt. &)
while common basalts of tholeiitic and alkaline affinities exhibit
high CaO/Na20 {usually 3-5). However, it should be not'nd that
hawaiites and mugearites are also cypi?led by relatively low Cal/
Nazo (cf. Irvine and Baragar, 1971, p. 546, nos. 18 and 19):.

vallance (1969, fig. 1) compiled a series of frequency distribu-

tion curves for oxide variation between typical basalt and spilite.

According to these plots, spilites exhibit overall gain of !120+ and

coz, genarally higher but extremely variable Nazo. low Ca0 (5.5-6.0

4
wt. 8), and slightly lower lc20 and Mg0 relative to the *\nraqn basalt




of Manson (1968); arithmetic means and modes of bqth sample popula-
tions are comparatively close for $i0,, A1203, MnoO, Tioz, and P,0..
However, Vallance's estimates of relative gains and losses (his
sample population contains some 2200 analyses) can only be used

as a guide to the general effects of spilitisation processes

operating in an open system (compare Smith, 1968; and Reed and

Morgan, 1971). The complete transformation of basalt to spilite,

therefore, reguires a locaily open system, and must ultimately depend

upon the composition of the reagents, physiochemical conditions,
parameters such as porosity and permeability, and various kinetic
variables.

The effects of. spilitic alteration on trace elements are
oomparptively poorly documented; however, cann (1970) noted that
Rb, and to a lesser extent Sr, were susceptible to leaching durinag
incipient greenschist metamorphism and ocean-floor weathering of

Carlsberg Ridge basalts.

From the above, and inspection of the scatter in chemical

. N

variation diagrams (figs. & and 13), ‘it .appears that the most useful
chemical criteria with which to distinguish possible spilitic altera-
tion of Harbour Main basalté. are an ancmalous distribution of
-

alkalies, Ca0, Rb, Ba, and pc.;ssibly Mg0O and Sr relative to the
basalt composition as given, for example, by Manson (I9§B) and

Prinz (1968). As in the case of the quartz-keratophyres, the pro-
cesses of spilitisation are not unigue to any particular tectonic

environment and K-rich continental ,"‘spilites" are known (cf. Vallance,

1960, p. 12; Joplin, 1968, p. 149-150).
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. In common with Harbour Main ignimbrites and porphyrites, the
basalts have undergone appreciable secondary hydration; L.C.I.
values range 2.38-5.41 and most of this represents HZO*. The effects
of hydration on the chemical analyses and normative compositions (if
any) are unknown. Analyses have been recalculated free of volatiles
(plotted samples only) in order ta provide a better hbasis for ()_
comparison (cf. table 7).
/

The basaltic suite as a whole is characterised by uniformly high

A1203 and low but variable Ti.02. Total Fe, MgO, Mn0O, Cu, and Zr exhibit

significant variation with 'respect to Si02; Ca0 and Na,0 (hence total

2
alkalies) are highly variable (cf. figs. 6 and 113)' Yariations of
Mg0 are pmportic;nate to the amount of modal olivine.

A diabasic sill (NX17) ploﬁ in the field of accumulative rocks
in an AFM diagram (Nockolds and Allen, 1953). In view of its high
proportion of modal (*25%) and normative (34.48%) olivine, NX17 is
a picrite, ‘according to the definition of Wilkinson (1968a) and
Irvine and Baragar (1971). Abundances of Cr and Ni are ih excess
of the maximum concentrations (550 and 350, respectively) found in
basalticyliquids (Prinz, 1968) and clea;'ly point to an accumulative
origin for the olivine, the chief recipient of t.hosle trace elements.
The ancmalous K,0/Na,0 ratio of this rock, is the result of introduc-
tion of K50 (andlBa); chiefly in the fom&,{ alkalic feldspar in re-
crystallised basaltigbglass. Calcium in this rock appears to have

-

been fixed by epidote; the occurrence of this Ca-Al silicate ends

abruptly at the contact with surrounding lavas.
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Diabase dykes are substantially altered due to their location
in permsable fault-zones and locally porous volcaniclastic rocks.
GCl3, GC26, and H165 have anomalously low CaO/Nazo when compared
to tha basalts, and exhibit 1(20/an0 ratios appropriate to those
of typical spilite given by Turner and Verhoogen (1960, table 25,
nos. 1-4), and Vallance (1969, table 3). 1(20/1“20 ratios in <
remaining dykes range from little altered (if at all) to. s\;.mngly
modified: GC3lt (Nay0 and K20 only) represents the intensely altered
glassy margin of a dyke with a more holocryst:allin. interior (GC3lu).
GC2 contains abundant epidote in the matrix and .consequently Ca0 and
Sr are anomalously high, revoking its classification as a typical
spilita, but nevartheless intimately associated with spi\litisar_ton
processes (cf. Smith, 1968). Except for strong leachihg of Sr and
possibly Zr in GC3lt, there is no distinct relatiqpship between
removal of C/and low Sr in spilitised dykes. Howcver, leaching
of 1(20 may havé affactn;d Rb and Ba.

The effects of spilitisation on the normative compositions of
GCl1l3, GC26, and H165 is considerable, though much easier to datect
than :to adjust for quantitatively. variable addition of N120 to
these rocks creates more potential albite in the norm. In rocks
of low silica content, excess Ab relative to Qz may bel fé/onvexf.ed
to Ne according to the empirical relationship: SAb = 3Ne + 20Qr
(cf. Poldarvaart, 1964) . Consequently, the appearance of strongly
nepheline-normative compositions in these feldsparphyric dykes (for

example, H165) is almost certainly a product of spilitisation. Re-
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moval of such bias in the CIPW calculation favoura a shift toward a
more Ol-H'y-nomat.i.ve composgition, though small amounts of Ne could
quite possibly be retained in the norm. vVallance (1969) also noted
conversion of Ol-Hy-normative basalts of the Carla’borg Ridge to Ne-
normative spilites (cf.  Cann and Vine‘, 1966) .

Apart from the variable effects of oxidation and hydration,
the only basaltic lavas that appear in any way altered are NX1S5S, NX12,
and F70-2. I.Ixcessive K20 in NX15 is due to contamination by K-feldspar
which occupies amygdales in the upper part of f.ﬁis flow; Ca0 is
notably low. The K20/Nn20 ratios of NX12 and P70~-2 are similar'
to those of partially spilitised dykes, yet there is no detectable
leaching of Ca0, Mg0, or Sr. CaO/Nuzo r‘auos in all the lavas are
relatively low (1.31-I+92) when compared with averages for various
basalts listed by Manson (1968); however, this is a coherent feature,
and cannot be attributed to spilitisation.

In general, Ne-normative compositions in these lavas appear to
have a different origin than those of the dykes: the degree of post-
extrusion pxidation, usually expressed by the rozoa/reo ratio, may
seriously .shift normative parameters toward an anocmalous appearance
of Qz or Ne (cf. Chayes, 1966). However, oxidation alone, though
savers in the case of P70-2, poses no more of a threat to the accurats
representation of Precambrian basalts in the noxrm than it doss to
\thoir modern extrusive equivalents. ro.‘;o3/r.o ratios determined by

I

Papezik (1970) for Harbour Main basalts of feldsparphyric type,

range from 1.92 to 17.73 (calculated in wt. %) and a basaltic sill
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has a value of 0.85. A statistical average for young basalts is 0.4
according to Chayes (1966), but even an adjustment of this magnitude
would leave a considerable amount of 17'.203 in P70-2. Coombs (1963)

ch/ose 1.5 wt. & F‘e203 as an upper limit, and Irvine and Baragar
(1971>) suggestad that an appropriate adjustment was given by the
formula \Fe203 - 1.5 ¢+ \Tioz. Papezik (1972; table I11I) allowed
for 2.0% Fe203, recalculating the remainder as Fe0 and thersby
pmducingrsmall ainounta of Ne (0.6-1.40) in the (cation) norm. 1In
view of the reIaLively\ lt:ml'TiO2 conternits of Harbour Main basaltic
rocks, the above calculations closely apprdxiute the recommendations
of Coombs (1963) and Irvine and Baragar (1971). Taking total Fe as
Fe0 increases the amount of CIPW normative Ne in these lavas by
approximately 1.0% (P’IO—’]., -2, -3, table 7). This in turn reduces
the amount of hypersthene in the norm, and may prevent its appearance
altogether. However, the very fact that small adjustments of this
kind are crucial to the appearance of normative Ne brings ,yut a
fundamental chemical charactaristic of thase basalts.

Additionfll inferences concerning spefific magmatic heritage can

be made on the basis of relict mineral compositions, particularly

pyroxenes (cf. Vallance, 1969a). Whereas predominantly feldsparphyric

basalts with little groundmass olivine and pyroxens are slightly Ne-
normative, lavas with appreciable olivine in the groundmass (unz),
or groundmass olivine accompanieqd.by elivine phenocrysts (NX14), are

Ol-Hy-normative with somevhat higher LFeO/Mg0 ratios. The lack of a

textural relationship batween groundmass olivine and pyroxene, combined

- -
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with the predominant lack of Ca-poor pyroxene in lavas and intru-
sives alike, emphatically point to an alkalic affinity for these
basalts {(cf. Kuno, 1960; Wilkinqm, 1968a; Best and Brimhall, in
press). .

Trace element abundances are consistently within the range
for the "average basalt” given by Primz (1968, table II). Zr in
dykes is close to or greater than Prinz's arithmetic mean for Ne-
normative basalts (164 p.p.wm.)}, while Zr in the morxe olivine-rich
basalts is close to his aver&ge for Ol-normative alkali basalts
(118 p.p.m.}). Average Sr for the basaltic suite is generally
lower than that for either Ne-normative or Ol-normative types of
basalt, and Rb inte;:mediat;a between the two.

. Evidently, the difficulties experienced in finding a definitive
classification for basaltic rocks of the Harbour Main Group are in-
herently magmatic. Testing the high-alumina nature of the entire
basaltic suite against Kuno's (1960) classification of "island arc™
high-alumina basalts (fig. 12), the rocks are predominantly of
alkali-olivine basalt kindred (altered samples demonstrably so) with
two samples falling in the high-alumina field; NX14, however, has too
low a silica content to be. defined strictly as “high-alumina bﬁsalt".
An alkalies-silica diagram (fig. 18} clearly distinguishes the suite
as alkaline rather than "subalkaline" (cf. Wilkinson, 1968a); yet

when compared with Hawaiian alkali-olivine basalts, which provide

the crittcal boundary-in this plot (Macdonald and Katsura, 1964),

~ Harbour Main rocks are distinctly more aluminous and contain less

N — i v e st 0
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titania. Although {rvina and Baragar (1971) decided to adjust this

boundary slightly (cf. fig. 18), they noted that it was generally
unsuitable for their lavas with Opx in the norm (Coppermine River
lavas) .

A classification based on normative paraniet.ers is obviously
more desirable since more use is made of the cdnqale!:e chemical
analysis. Following the normative scheme of Baragar (1967) and
Irvine and Baragar (1971), xzo/xuzo ratioas define the Harbour Main
suite as a derivative of the sodic alkali-clivine basalt series
(fig. 11). Apart from spilitised dykes which fall in the field
of mugearite, and NX15 which plots as a "trachyandesite", samples
occupy the field of hawaiite, a saemingly appropriate appellaﬁion
in view of their relatiwvely low CnO/Na20 ratios and correspondingly
low normative An contants. Acocording to this classification, there-
£oro. no ¢rue alkali-olivine basalts (normative An>50) are rep.resenud
among analysed samples.

.A widely accepted normative classification of basaltic rocks
has been proposed by Yoder and Tilley (1962). Although the exact
locus of the "critical plane of silica saturation” im in some doubt
(cf. Poldervaart, 1964; and Irvine and Bu;qgr, 1971), this scheme
can be used effectively provided that Fe,0,/Fe0 ratios have been
previously evaluated. From the precsding discussion concerning the
normative status of Harbour Main basaltic rocks, it is apparent that

the lavas, at least, straddle the bbuaduy betwesn Ne-normative and

Ol- and Hy-normative compositions. In Yoder and Tilley's classification,




the appropriatae name for basaltic lavas with Ol and Hy in the norm
is "olivine tholeiite". Although olivine-bearing basalts of the
Harbour Main Group lack Qz and Ne in the nomm, their closs associa-
tion in time and space with weakly Ne-normative basalts together
w:ut.h their alkalic affinity, places them in a group of "veakly
alkaline" or “transitional“ basalts of alkalic charactsr as oprosed
to those of tholeiitic character (cf. Coombs, 1963; and Wilkinson,
1968b) .

Although basaltic rocks of the Harbpur Main Group cannot be
conveniently btackot.‘d as distinctly tholeiitic or alkalic (ct.
Chayes, 1966, for a quantitative approach to this /problon) , thelir
rather unique magmatic signature provides an independent basis for
;ss.ssing the tectonic environment of Harbour Main volcanism. Tran-
sitional basalts of alkalic charactsr are often associated with low-K
tholeiitic rocks in continental regions and mid-oceanic environmeats
characterised by hiqh‘ heat flow and extensional tectonism (Leeman and
Rogers, 1970; Bass, 1972; Gass, 1970; Mohr, 1971; Best and Brimhall,
in press). The continental setting of Harbour Main basalts promotes
an analogy with Late Ceanozoic basaltic volcanisam in and around the
periphery of the Basin-Range province.

A statistical method; taken from Ragland et al. (1968), for

comparing chemical similarities between various basalts, was employed

by Leeman and Rogers (1970) to test the ‘inurd-p.nd.nc- of specific

magma type and tsctonic regime. This -)thod is particularly advan-

tageous since a) it provides for a rigorous and simple quanmtitative
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comparison between basalts; b) it utilises the complets chemical
analysis, thereby incorporating ole-ntll I\Jl;h as titanium, rarely
included in normative classification schemes but nevertheless an
important petrogenetic indicator; c) it allows mobile elemsnts .in
Harbour Main basalts, such as the alkalies and calcium, to be judged

independently of relatively immobile elements such as A1203, '!‘102.
total Fe, and MgO.

Accordingly, the following quantities were calculated after

Ragland et al. (196€8):

1) the sum, for all oxides, of the qua:nt.ity:

(2 x-sHN) 2
\HM

2) the sum, for all oxides, of the quantity:

| s x-aHgf
)

whare %X is the abundance of an oxida in the comparigon basalt, and
SHM is the abundance of an oxide in the Harbour Main basalt. In the
case of comparisons made here, these quantities were calculated twice:
A = K,0 and Na,0 computed independently; B = ;K20 and IA.‘,O combined as
total alkalies. Each calculation, therefore, yields two values (A and
B) -t-xich p.fnit A rank ordaring of the various cosparison basalts. The
respective sums of th.u\ rank orders provide a coma.zi‘on number:

tha lowest sum corresponds to the basalt that is most -ln‘ilu to the
Harbour Main basalt; the highest sum dmot;l the least similar basalt.

The Harbour Main basalts used for comparison are an olivins basalt




TABLE 12. Major Element Compositions of Basalts Usad for Comparison with Harbour Main Bo’a]‘tic

Rocks (anslyses in waight percent and rclcﬂculatad to 1008 on a volatile-free basis).

P ’

| source §10,  AlL0;  *Pa0  Ca0 Nag0 K0 Mg MO TiO, PO, (a) )

1 $0.80 18.79 8.98 6.6 4.64 1.3 6.31 0.13 1.95 0.38 2
2 4938 18.28  11.52  7.15 371 0.% 7.15 0.19 1.59  0.47 1
) 46.94 ) l14.80 12.18 16.‘5 . 2.;‘5 0.85 B.2R 0.14 \04 0.137 28
4 49.18 16 .69 11.31 7.88 4.48 1.62 4.76 O-Ié‘ 3.20 0.70 33
5 $2.2¢  16.7% 10.07  6.34 5.4 202 1.5 0.21 A.59 0.94 13
6 48.25 ° 15.07 11.17 11.35  3.39 0.73 6.70 0.19 2.78 0.37 3
7 51.49 15.48 10.29 8.68  3.23 0.97 7.]3 - 1.7 - 107
8 571.10 15.31 10.18 7.61J 3.80 1.7¢ 7.18 - 2.19 - 20

g 9 51.2) 16.9% 9.0% 8.01 3.59 1.%9 6.08 _ - 1.84 - 18

10 49.50 15.40 9.80 9.70 3.60 1.50 Teo -  1.80 - 3
11 ' 50.45 15,29 11.9¢ 7.50 4.3 1.93 6.18 - 2.3 - 6
12 48.61 17.45 10.56 10.35  3.33 0.54 7.19 0.1% 1.45  0.35 5

' 13 $1.43  16:07 11.80 8.80 3.4
14 49.91 17.44 8.67 10.95  3.10




TABLE 12 (Cont’'d.d

Source Sj_Dz A1203

15 49.37 17.58
16 ‘ 49.69 17.93
17 50:54 17.70

18 48.60 15.71

1% 52.00 16.30

.
£

20 47132 15.77

«

21 52.38 17.20

22 49.23 16.73

13

23 .750.74  17.27

24 §1.08 16.12

25 51.97 16.34

6 49.67 16.239

27 50.24 15.77

28 52.35 15.12

*Total iron given as FeO
(a) No. of analyses involved in calculating the ave




TABLE 12 (Cont'd.)

1.

2.

3.

4.:

7.

8.

10.

11.

Cl2.

13.

14,

15.

le.

17.

Harbour Hain feldsparphyric basalt (Average of ﬁﬁo-l, P70-3, Table 7).
Harbour Main olivine-bearing bgsalt (NX-14, Table 7). ‘

Hawaiian alkali-olivine basalt (MacDonald and Katsura, 1964, Table 10, mo. 4).
Hawaiian hawaiite (MacDonald and Katsura, 1964, Table 10, no. 3).

-ﬁlwuiiun mugearite (MacDonald and Katsura, 1964, Table 10, no, 6).

‘Low-magnesia alkalic basalt, Galapagos Islands (McBirney and Williamg, 1969, Table 4, no. 5).

Grand Wash basalt, western margin of Colorado Plateau (Best et al., 1969, col. 1, p. 13).

i

0

X-variant of Grand Wash basalt, western margin of Colorado Plateau (Best et al., 1969, ocol. 2, p. 13).

Craigs Ranch basalt, western margin of Colorado Plateau (Best et al., 1969, col. 6, p. 13).

Basin-Range alkali-clivine basalt (Leeman and Regers, 1970, Table 5, no. 13).

Sodic-hawaiite, Colorado Plateau-Basin-Range transition rzone (Best and Brimhall, in press, Table 4).

Beaver Ridge 1 lavas, Black Rock Desert, Utah (Hoover, 1974, Table A-3).
Beaver Ridge 2 lavas, Black Rock Desert, Utah (Hoover, 1974, Table A-5).
Pavant 1 lavas, Black Rock Desert, Utah (Hoover, 1974, Table A-6) . N
Pnz:pt 2 lavas, Black Rock Desert, Utah (Hoover, 1974, Table A-~-7).

High-alumina basalt, Cascade e and Oregon Plateaus (Hafers, 1962, Table 5).

High-alumina basalt, Japan {Kuno, 1960, Table 6).

1
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TABLE 12 (Cont'd.)

' 18. Alkali-olivine basalt, Japan (Xuno, 1960, Table 6).
) 19.  Mugearite, Scotland (Walker, 1952, Table 3). .
’\“T 20. Hawaiite, Reunion Island {Upton and Wadsworth, 1972, Table 6, no. 2B) .

21. ‘Mugearite, Reunion Island (Upton and Wadsworth, 1972, Table 6, no. 3B).

22. Alkali-olivine basalt, Randewar Volcano, New South Wales (Abbott, 1969, Table 3, nos. 1-3).

) o 23. Hawaii te, Nandewar Volcano, New South Walas (Abbott, 1963, Table 3, nos. 4-5).

oA

24. Mugearite, Nandewar Volcano, New South Wales (Abbott, 1969, Table 3, no. 6) .

25. Average spilite (vallance, 1969, Table 1).

T

S

26. . Average 'gresh“ basalt, Carlsberg Ridge (Camnn, 1969, Table 3, no. 7).

L

27. Incompletely spilitised diabase, Carlsberg Ridge (Cann, 1969, Table 1, no. 2).

28. Spilite, Carlsberg Ridge (Cann, 1969, Table 1, no. 1) .




TABLE 13. Rank Order of Basalts Used for Comparison with Peldsparphyric Basalts, Harbour Main Group

(Table 12, no. 1).

-

I (vx-wHM) 2 £| ax-sHN|

L) SHM
. HM Sum of Rank

Source Value Rank Value Rank Value Rank Value Orders
+

Comparison Basalt (Table 12) _ A* A* A* B

Craigs Ranch Basalt 9 1.32 ) 3
Average spilite (Vallance) 25 1.10

Grand Wash Basalt (K-variant) 8

Sodic-hawaiite 11
Grand Wash Basalt - 7
Pavant 2 lavas 15
Nandewar alkalic basalt 22
Beaver Ridge 2 lavas 13

Basin-Range alkalic basalt 10

~ Oregon hiqh—A).zO‘ basalt 16

Hawalian hawaiite 4

‘-—%nt 1 lavas




TABLE 13 (Cont'd.)

L(VX-3HM) 2 I|sx-NHM

SHM VHM
Sum of Rank

- ) Source Value Rank Value Rank Value Rank Value Rank Orders

t t +
Comparison Basalt (Table 12) A* B A B A B

Beaver Ridge 1 lavas 12 . 3.59 1.48 26 26
Nandewar hawaiite 23 . 2.55 . 2.85 29 28
Hawaiian mugearite 5 . 3. 34 33
Japa.x;ene alkalic Sas‘alt 18 . 34 34

Reunion mugearite 1 . . . . 35 33

Scottish mugearite 19 . . B I . 35 34

Japanese high-Al,0, basalt 17 . . . ©. 37 33

Gﬁlapaqoa low-magnesia basalt 6 . . " . 38 37

-l o —

Carlsberg Ridge spilite 28 . 39 23
Hawaiian alkalic basalt . . . . 40 39

Spilitised diabase . ) . . . . 41 36

Carlsberg Ridge basalt . . . . 45




TABLE 13 (Cont'd.)

s 2 <
. ‘ L (AX-3HM) | s x-sHM|
AHM . AHM
Sum of Rank

; Source Value Rank Value Rank value Rank Value Rank Orders

3 : ' Comparison Basalt (Table 12) A* B A* B At B+

Nandewar mugearibe 4 4.87 19 a6 19 462 26 37 24 45 4
‘ !

E Reunion hawaiite 20 6.65 25 6.64 28 1.56 21 3.19 23 46 48

0 computed independently

o) - K40 and Na,

fB = computation with l(20 and ano combined as total alkalies

-
' [ 4




TABLE 14. Rank Order of Basalts Used for Comparison with Olivine Basalt, Harbour Main Group

(Table 12, no. 2}.

7
‘ L (sx-3HM) 2 L] ax-sHm)
- ' AHM SHM
Sum of Rank
Source Value Rank value Rank Value Rank value Rank Orders
Comparison Basalt (Table 12) A* B A* ' A Bh
" Grand Wash Basalt 7 1.57 1 12 2 1.69 2 0.83 1 3
Beaver Ridge 1 lavas 12 1.65 2 1.65 7 1.29 1 1.15 9 3 16
Oregon high-Al,0, basalt 16 ¥.76 4 1.63 6 1.86 3 1.34 10 7 16
© Average spilite (Vallance) 25 170 3 120 3 217 6 091 3 9 6
‘* . Beaver Ridge 2 lavas _ 13 1.88 5 1.43 4 2.03 5 1.06 5 10 9
- pavant 2 lavas 15 2.12 6 1.82 8 1.93 4 1.14 8 10 16
N Craigs Ranch basalt 9 2.82 8 1.12 1 2.77 11 0.90 2 19 3
1 pPavant 1 lavas 14 3.31 10 2.85 14  2.53 9 1.57 11 19 25
Carlsberg Ridge basalt 26 3.14 9 3.01 15 2.63 10 1.77 12 19 27
7 Japanese high-Al,0, basalt 17 3.37 12 3.37 16  2.49 8 195 16 20 32
‘,\ ' Spilitised diabase 27 2.1 7 - 2.08 11 3.30 15 2,17 20 22 £} |
i L Galapagos low-Mg0 basalt 6 4.09 16 4.01 a 2.23 7. 1.84 13 23 34 %’




~TABLE 14 (Cont'd.)

z(\x-\mn2 £|vx-sHM|

SHM SHM
- Sum of Rank
Source Value Rank value Rank Orders

t t

. ]
Comparison Basalt . (Table 12) A® ) B A* B

_r—& - »
Basin-Range alkalic bud;lt 10 3.47 . 25 16

Grand Wash basalt (x-variant) 8 3.74 29 9
Nandewar alkalic basalt 22 . .30 2B
Carlsborg Ridge api.lit.’ 28 ' . -0 30 30
Hawaiian alkalic basalt 3 . . . 0 40
Japanese alkalic basalt 18 ’ } . 2 32
Sodic-hawaiite 11 37 19

Reunion hawaiite 20 . . 38 45

Hayaiian hawaiite 4 4 . . 40 35

scottish mugearite 19 . 44 37
Nandewar hawaiite . 44 44

Hawaiian mugearite " 48 47




, ;
TABLE 14 (Cont'd.)
1 . 2
! FIAX-AHM) # I|ax-aHM
" . \HM . \HM

' - . Sum of Rank

1 . Source Value ' Rank Value Rank Value Rank Vn#ue Rank Ordor:
Comparison Basalt {Table 12) A* B A* B A% B
Raunion mugearite . 21 10.21 25 5.91 26 5.52 23 1.88 14 48 40
Nandewar mugearites 24 11.11 26 5.90 25 7.04 25 3.21 25 51 50

A - xzo_ and Nazo computed independently

1 - computation with K20 and u-zo combined as total alkalies

A
.
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(NX14) and the aveérage of two feldsparphyric basalts (F70-1 and P70-3).
Thess basalts and a group of 26 comparison basalts of high-alumina,
transitional, and alkalic affinities from oceanic island and conti-
nantal occurrences are presentsd in table 12. Also included in the
comparison are spilites from the Carlsberg Ridge (Cann, 1969) and
Vallance's (1969) average "continental” spilite. All comparisons
were made with wﬁu Fe combined as Fe0 and analyses recalculated
volatile-free. The results of these calculations for feldsparphyric
and olivine basalts of the Harbour Main Group are given in tables 13
and 14, respectively. Comparison basalts are arranged i.n-;lomdinq
order of A, the sum of the rank orders; the most aimilar basalt with
raspect to A (not necessarily B) is the lowest number at the top of
each table; the lo;-t similar basalt is placed at tha bottom.

The strongest influence on the raxk ordering of comparison
bﬁuu in tables 13 and 14 is ouM by Ti0, and the alkalies,
p‘i"rdculnxly xzo. All other factors being equal, continental basalts --
with their comparatively low concentrations of !‘102 are statistically

preferred over relatively high-7i0; basalts from cceanic islands. It

- .

is interesting to ngte that &ontinonul margin basalts fmnf Scot.lanid‘7
(Walker, 1952) and the Nandewar Mountains (Abbott, 1969) group with
the latter. ¢

The feldsparphyric variety of Harbour Main basalt (cf. table 13;
rank order A) shows a very close similarity to havaiites of the western
Grand C-;aym region (Best and Brimhall, 1970, in press); to high-

alumina transitional lavas of the-Black Rock Desert (!:loovor, 1974) ;

>
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and to the average spilite of Vallance (1969). The platsau hawaiites
described by Best and Brimhall {(in press) are characterised by a) low

~
normative An (andesine); b) normative Ne<5%V; and ¢) normative Hy

commonly <5% but as great as 148 in some sa'qnes. These charac-
teristics aptly fit the range of normative compositions found in
Harbour Main basalts. Late ugn-qation veins of Na-hawaiite/
mugearite composition occur locally within Grand Canyon lavas (cf.
table 12, no. 11). Discrimination between thesse various basalts is
based predominantly on the variation of K20, as exemplified by the
statistical choite of the K-rich variant of Grand Wash basalt over
the K-poor type. The close similarity of vallance's (1969) average
spilite to Harbour Main feldsparphyric basalt, and conseguently late
Canczoic hawaiites and tx&uit.ion&l basalts, carries with it an -
interesting corollary. Several authors hav-%trih_ to explain the
spilite composition by the derivation of this xmu-un\i"‘rock-typo from

an alkali-olivine basaltic n@a via differentiation of a -ugcui:-%
(cf. for exampla, Turner and Verhoogen, 1960, p. 270 and table 26,

no. 2). Joplin (1968, p. 156) also noted that “these rocks (spilites)
have a composition fairly close to a mugearite or basalt”, and included
mugearite in her "spilite suite® together with a picrites basalt (cf.
Joplin, ibid., ﬁable XXV1I, nos. 1-3). In compiling his averags,
Vallance (1969) was especially carotui to reject pillowed spilites,
which were included elsewhere (cf. Véllance, ibid., table 1). Since

the incorporation of large numbers of analyses in his average spilite

m;t necessarily induce a chemical compromise, it appears that Vallance's

Y




average “continental” spilite may well reprasent rocks of hawaiits/
mugearite heritage rather than reflect their present stats of altega-
tion. Carlsberg Ridge spilites (Cann, 1969) are ranked low in the '
list, but it is important to ical spilite is preferred_
over “fresh" basalt.

The effect of combining total alkalies when two analyses ares

compared in this manner reduces their influance om the rank ordering,

so that diffarences in other oiid.l becoms wore pronounced [compare
ranks A and B, table 13). Consider, for example, the rank ordering
of high-alumina bual.n of the Cascadas and Oregon platsaus (Waters,
1962) and Hawaiian hawaiite (Macdonald and Katsura, 1964) in table
13. Althotgh both are squally dissimilar to Harbour Main basalt,
according to the order of ramk given by A, the affinity of the
Oregon basalt, nccordix':g to zank ordar B, is markedly improved over
that of Hawaiian hawaiita (and other basalts above) which is relegated ‘
due to its higher concentration of Ti0,, Mg0. ‘and PeO.

In the comparisons -a.dc using Harbour Main olivine basalt
(table 14), the preference for continental basalts of transitional
and mildly alkaline compositions is again striking. Critical Aiffer-
ences .vith respect to KZO (rank orxder A) is evident by the rslegation
of Craigs Ranch and Grand Wash (K—mianti basalts and improved status
of Beaver Ridge 1 and Oregon high-alumina basalt types. vhen diffarences
are evaluated on the basis of rank B these roles are dramatically reversed;

Ca0 and Fe0 make up the critical differsnce in these analyses. An

important featurs of this comparison in relation to earlier observations

+
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concermning feldsparphyric basalt, is the reduced preference for "fresh®
Carlsberg Ridge basalt as opposed to spilite. This demonstrates
statistically the direction of spllltisat.i_on proceasses vith respect

to norsative compositions and confirms previous ob--rvntiou_nd. by
Vallance (1969) concerning conversion of Ol- and Ry-normative basalt

to Ne-normative spilite.

Using the statistical mssthods outlined abowe, it can be shown
explicitly that Harbour Main basalts exhibit strong chemical similari-
ties with transitional t =mildly adkalic basalts of Late Cenosoic ags
pressntly located at the margins of the Basin-Range province. This

conclusion c;n be extended to cover the altsred basaltic rocks of
the Harbour Main :;:otp since they share ldentical chemical traits
vith refpect t Mwmobile components (Ti0,# total Fe, A1,0,. and HgO),
and are clossly associated with the basalts in time and space. On a
worldwide scale, thse average Basin-Range alkalic basalt (which
includes rock-types such as basanits -nd alkali-olivine basalt . (s.s.)
not yet recognised in the Harbour Main Group)} (Leeman, pers. comm.,
1974) shows definite chemiqal ties with continental alkalic basalts
of similar tactt;nic environments {(Leeman and Rogefs, 1970; Best and:
Brimhall, in press). v'x‘h_o analyses of oo-pnriwnu basal ts usod by
Leeman and Rogers (1970) are presented in identical fashion to
analyses in tabls 12 enabling them to be compared dinctlyAvith
Harbour Main basalts (c':!. Leeman and Rogers, ibid., comparison basalts
listed in table 5; results given in table 6).

Although it .cnn be demonstrated on the basis of the chemical

evidence presented above and the structural data presented earlier
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(chapter V1) that Harbour Main volcanism was concurrent with a period
of extansional tectonism, the products of this wolcanic activity are
not necessarily genatically related. The petrologic evolution of the

Harbour Main wvolcanic suite is examined bcl&.

™~
8.2.4. Magmatic Evolution of the HarboUs. Main Volcanic Suite

Certain major and trace slement varigtion ;!Lagn- are currently
used to examine the origin and d‘itt-mr.uuou -Qu::h- of a suits
of closely associated volcanic rocks. The application of these
diagrams to ths Harbour Main wolcanic suits mssets with varying
success.

The K/ ratio is considered to be an important indicavor of
differsntiation within igneous rock series (Taylor, 1965 Taubeneck,
1965; Prins, 1968). In general, K/Rb decreases in response to pro-
gressive differentiation of a silicats melt (Butler et al., 1962;

Jakes and Whits, 1970). A K/Fb plot (fig. 14) of Harbour Main volcanic
rocks records an overall decrease lln X/Rb with increasing differentiation
factor (i.e. §i0,). Plotted analyses form’s trend swparallel to the
"main trend” (300-150) of Shaw (1968) which he defines as the predicted
path for a diftomdlqu silicate liquid. Hbvnv.x, anomalously high
K/Rb ratios in sodic quartz-keratophyres are dus to greatar loss of Rb
relative to K during hydrothermal alteration. PFurthermore, K/Fb ratice
for ignimbrites are lo;-;hat higher than expected for mckl with such a .
hig‘h content of alkalies. Removal of altsred samples, tharefore, pro-

duces a -trend that cxhibitf approximataly constant K/Eb with increase’
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FIG 14 K/Rb RATIOS FOR HARBOUR MAIN GROUP VOLCANIC ROCKS, COLLIERS
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FIG15. Rb/Sr RATIOS FOR HARBOUR MAIN GROUP VOLCANIC ROCKS, COLLIERS
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of si0,.- This indicates that basaltic and rhyolitic rocks of the
Harbour Main Group cannot be related by any known mechanism of
differentiation from a melt. The range of K/Rb values within the
intermediate a;\d rhyolitic rocks shows appreciable cvex;lap (cf.

P
table 9).

. A Rb/Sr plot-appears to be more informative (fig. 15). The
majority of plotted samples fall iﬁ tye fields of basalt and rhyo-
lite-trachyte-dacite constructed by Hedge (1966). Ignimbrites of
the B{n"con Cove and We;vers Hill ash-flow sequences have Rb/Sr
ranging 0.35-4.20. Sodic guartz-keratophyres of the Finn Hill
sequence,,basalts (except NX15), and diabase dykes, form a separate
group with Rb/Sr ranging 0.05-0.18 (apart from GTN29 and GC2 which
have lwer values). Porphyrites group demonstrably with the ignim-
brites (Rb/Sr = 0.17-0.60). The overall trend is subparallel to
that described for di fferentiated }ocks of the Sierra Nevad;\‘
patholith (Kistler et al., 1971). However, "Harbour Main basaltic
rocks have notably higher Rb/Sr ratios than ‘mafic fractions of the
Sierra Nevada intrusion. The occurrence of high-alkali ignimbrites
within the dacite field of Hedge (1966) reflects a co.mparatively
short periocd of differentiation prior to their eruption and emplace-
ment.

Critical relationships between and within rhyolitic and intgr-
mediate rocks are distinguished by Rb/Sr and Ba/Sr ratio§ (cf. table

g). Since K-feldspar does not appear on the liquidus in volcanic K

rocks of the Harbour Main Group, and partition coefficients show

v




FIG % T/ Zr RATIOS FOR HARBOU™ MAIN GROUP VOLCANIC ROCKS, COLLIERS
. PENINSULA
18000 — -
£ -
Aralyses Plotted = 50
6000 | . e .
1000 L
12000 }-
T M
ppm A
10000 | had
a v
v
v 8000 +
6000 | A
a
. LF 4
4000 L . e« O A
. [aYaga
. o4& A
a* " '8
2000 |- o .
O © oo o]
o o o
g J
0 1 1 1 ° [ 1
0 50 t00 150 200 - 250 300
Zr ppm
- a Basalts ¥ Dykes' ¥ Cumulate rock e  Porphyrites
O Rhyoute sill A  Finn Hill ash-flow sequence A Dacite flow
o Weavers Hill ash-flow sequence (biotite phenocrysls) .
o Weavers Hiil ash-flow sequence wm  Bacon Cove ash-flow sequence




ALKALI - LlME INDEX FOR HARBOUR MAIN GROUP

VOLCAN|C ROCKS, COLLIERS PENINSULA
(aﬂer Peacock 1931)

FlG 17

afkalic lal|»<ali—|cal<:—!calmc . e
lcalc:ic lalkalicl '

A | Pl apy A aa,

SRENYX

AAA




pe

" K - 245

1

tHat Ba enters biotite preferentially over Rb or K (Philpottas and
Schnetzler, 1972); Ba is only effectively depleted at a late stage
by the cnset of a sicmi‘ficant amount of biotite 'cFystallisation,
while Sr is st_:ronqu partitioned into plagioclase. Consvequently,
Rb/Sr and Ba/Sr ratios increase Auring differentiation. Theé order
of differentiation in ignimbrites and granitoid rocks is systematic
with respect to both these parameters and given strictly by the

sequence (from least evolved to most evolved): U-{(2)-V=X-W-(Y)

o/ P
{cf. table 9). In the granitoid rocks, x-feldspar joins plagiorlase
and biotite on the iiqu_idus, resulting in marked depletion of Ba and
Sr ini Holyrood "granite" (Y) relative to "quartz-monzonite" (X, table
3). Note that there is no correlation be.tween th;e age of emplacement
and degree of differentiation. On the basis of relatively high KZO,

Ba, Rb, and Ba/Sr, the porphyrites (with consjiderably less silica)

are markedly more differentiated than rhyodacitic ignimbrites (FHS-U,

, table 9). This strongly indicates that they cannot be related to the

ignimbrites simply by fractional crystallisation.

Tht; application of discriminant analysis using 2r, Ti: and Y,
has lead to the use of a Ti/Zr plot for distinguishing specifi‘c basaltic
parentage {(Pearce and Cann, 1971). These elements are particularl‘y
useful in Harbour Main basaltic rocks sinceb they are apparently in-
variant during secondary alteration processes. A. Ti/2Zr plot, (fig._
l6é) adequately distinguishes between high-Zr dykes and low-2r basaits;

the dykes are comparatively more differentiated than the basalts and

cannot have served as feeders for these particular flows. The chemistry
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of the basaltic rocks is quite compatible with their derivation from

a common parent with the composition of alkali-olivine basalt. Ctys;
tallisation and removal of varying proportions of olivine, clino-
pyroxené, and plagioclase could very simp]l.y relate -picrite to clivine
basa-l} to feldsparphyric basalt. The details of the fractionation.
history of these gocks require further work.

The alkali-lime index (Peacock, 1931) for the suite;is
approximately 51 (fig. 17; compare .Papezik, 1970, fig. 6), i.e‘.
located on the boundary petween the alkalic and alkali-calcic rock
series. This diagram, however, assumes, bﬁt does not prove, that:
intermediate and rhyolitiec rocks are related to the basaltic rocks\.

The merits of an alkalies-silica diagram (fig. 18) have already
been ;iiscussed in their application to basaltic members ofr the suite.
Al though porphyrites s;:raddle t.he.boundary.between' alkaline and sub-
alkaline rocks in this plot, discrimination between rock seri.es was
not intended for these levels of .sil'ica saturation (Macdonald and
Katsura, 1964).

An AFM diagram (fig. 19) reveals a moderate degree of iron
anrichment for plotted analyses, clearly distinct from \t’yﬁcal -
tholeiitic suites of Hawaii and Thingmuli described by Inn’.né and
Baragar (1971, fig. 2a). The trend of Harbour Main volcanic rocks
exhibits slightly more iron anrichment than that for the general
Cascades, but is indistinguishable from trends given for calc—alkalin;
rocks of the Aleutisns and the alkaline suite of Gough Island (cf.'

Irvine and Baragar, 1971, figs. 2f and 24).
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The most di;tinctive t?a.tur- of the Harkar diagrams presented
aarlier (figs. 6 and 13) is the hiatus in S:L()2 extending from approxi-
mately 60.44 to 68.97 mol. & 5102 {58.40-50.91 wt. 8}, if an'altered
bua}t (NX15) is ignored. The map area occupi_eeva 'crir.icu@: trﬁi/l-
tio.n zone betwaen pzedoninajnt.ly rhyolita;.c and predoninmtly;) bualltic
wlemi‘sm in the Harbour Main Group and the complete range of rock-
types are represented in the variation diagrams. Furthermore, this
pbimodality is so characteristic of recently e;anaCed volcanic suip.s
in exteMsional tectonic enviroﬁmhu that it' cannot be attributed to
sampling problems {cf. Chayes,.1963) . Martin md Piwinskii (1972)
demqn_stxated that a bimodal association is characteristic o.f “non-—

+

orogenic” as opposed to "orogenic* rock suites; and that orogenic

i.:ock suitqs are characterised by a maximum on a frequency vs.1dif-

S
ferentiation index plot, and non-oreogenic by two maxima (fig. 20).

Similar plots for calc-alkaline island arc and calc-alkaline conti-.
nental margin (orogenic) rock seriea\both exhibit a single maximum,
mou;;h t_H\? relative proportions of rhyolite are differsnt in each
case (fig. 20). The nature of Harbour Main volcanism, therefore,
is completelj consistent with concurrent major block-faulting and

attenuation of continental lithosphere.

2 )
~

The petrogenetic conclusions can be summarised ag Tollows:

1) ~ Ignimbrites of the Harbour Main Group were derived by fraetional
crystallisation of parental silicate melt(s).

a) Plagioclase was obtained on the 1iquidlus in early differentiates,

thereby significantly depleting residual liquide, (latq differentiates)
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fmte—and Sr, and consequantly increasing Ba/Sr and Rb/Sr ratios
in later salic fractions. )

Rel};.ively llt.‘lth.- crystallisation of biotite in quarte-
latitic liguids (Bacon Cove ash-flow sequence) removed Ti, Fe,
Mg, and juvenile H,0 from residual liquide enriched in Si and

K (Weavers Hill ash-flow sequence).

The compositions of rhyolitic and granitoid rocks of the HarBour

Main Group are very similar; the ﬁrednninanc. of plagioclase in

the igniwbrites, and plagioclase coexisting with potash feldspar
in ﬂ’ plutonic rocks, suggests that volcanic liguids had not
coolfd enough to impinge upcon the tib-feldlpar: boundary surface
(Carmichael, 1963) in spite of their low Ca0 contents.

Rb/Sr ratios for silicic volcanic and plutonic rocks of the
Harbour Main Group fall in the dacite field of Hedge (1966) and

’ ;ndiuce relatively weak differentiation of the original silicate
melt. - ' i ’ :

‘Po::-phyrites form a group.of high-alkali intermediate intrusions,
similar to continental interior "andesites™, and chemically dis-
tinct from r.ﬁo basalts or ignimbrites; relatiwvely high x20, Rb,
and Ba, and low Sr contents suggests that K-feldspar did not
appear on the liguidus of early differentiates, and that .the
ignimbrites did not differentiate by fractional crystallisation
of a porphyrite melt.

Harbour Main basaltic rocks are "transitional™ t.ob"nildly alkaline”
types, characterised by 1’0\' Ti and high Al, and possibly related

by fractional crystallisation of olivine, clinpyroxene, and plagio-

N

-
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clase; K/R ratios ars incomsistent with the view that inter-
mediate and rhyolitic volcanic rocks of the Harbour Main Group T

. “
differentiated from a basaltic WMAGEA .
4) The chemistry of the basaltic rocks and bimodality of the '

Harbour Main volcanic suite are characteristics of an ex- ‘
tensional tectonic environment. v
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_C}_'I_A_E'TER IX

GENERAL CONCLUSIONS AND A TENTATIVE MODEL FOR LATE PRECAMBRIAN
MAGMATISM AND TECTONISM ON AVALON

Conclusions concerning the nature and timing of Harbour Main
volcanic activity (sections 2.3. and 2.4.), structural events (sections
6.3. and 6.4.), alteration and metamorphism (sections 7.3. and 7.4.),
and the interpretation of the chemical data (sections 8.1.1., 8.1.2.,

: -
and 8.2.4.) are entirely consistent with the concept of an ensialic

) L/
setting for Late Precambrian magmatism and tectonism oa the Avalon
Peninsula. These new data require revision and refinement of previous

interpratatiohs of Avalon geology. In particular, the following points

are emphasised:

Neither the structural data, nor mode of alteration and metamor-
phism, can provide a definitive fingerprint of the specific tectonic
setting of magmatism on Avalon. It should be noted that the Late
Precambrian "Avalonian Orogeny” is a complex tectonic episode
involving intense faulting and large-scale folding with no clear
relationship to a plate tectonic event.

The bimodel association and chemical composition of the volcanic

.

rocks of the Harbour Main Group are ipcongistent with the view

of Hughes (1970) and Hughes and Brueckner (1971) that Late

Precambrian igneous and tectonic activity is characteristic

of an island arc environment. Howa\ier, the facies concept,




applied by them to resolve the géologic evolution of the Avalon,

-
is potentially a very powerful tool when used in conjunction

with the appropriate geochemical data.

The bimodal agsociation and chemic.lal data are compatible wiﬂ; the
sugges tions of Pal;.vezik (1970, 1972b), Strong et al. (1974), and
Strong (1974), that Harbour Main volcanism was broadly concurrent
with major block-faulting of the RasirMRange type. However, the
style of volcanism is. not necessarily "post-orogenic"” (Paperik,
1970, p. 1495) since evidence for an orcgeny immediately ‘preceding
Harbour Main volcanism is lacking.

It has been shown that a larae population of representative samples
is advantageous to the recogrﬁtion of dpecific magmatic parentage
in variably altered and metamorphosed rocks of the Harboug Main
Group. To designate the volcanic‘?ock‘s as a "spilite /keratophyre”
pmvin'ce (Hughes, 1972a), however defined, simply obscures the
‘un<amental nature of the magmatism.

Data for the lithophile clements (K, Rb, Ba, and 2r) are stronuly
indicative of separate origins for the ianimbrites, porphyrites,
and .basaltic rocks of the Harbour Main Group.

The anomalously low Rb/Sr whole-rock age (568129 m.y.) given by
Fairbairn et al. (1966) for Harbour Main volcanic rocks may have
resul ted from a small and variable amount of Rb diffusion {possibly
involving Ba and K) into the rocks during later deformation. Hydro-
thermal alteration and met:nmorphism to prehnite-pumpellyite grade
are interpreted as Precambrian events (compare Hughes and Malpas,

1971) .




The concept of the intra- or epicontinental regional setting
of Harbour Main volcanism and plutonism is supported by the following

lines of evidence:

Appreciable amounts of garnet and muscovite detritus in Late

14
Precambrian (Cabot Group) and Cambro-Ordovician (Bell Island
Group) clastic sequeggces are presumably derived from an uplifted

source region consisting of leucocratic garnetiferous granites

or gneissic basement hidden beneath the present continental

—
shelf to the east and northeast of the Avalon Peninsula (Xennedy \

and McGonigal, 1972: Papezik, 1973; Poole, 1973).
Ini.}tial 87Sr/865r ratios (O0.7054 * 0.0020} given by Fairbairn et
_g_l_(./ (1966) for Harbour Main volca_;xic rocks near Holyrood are inter-
mediate between upper mantle and old crustal material, and indicate
that subsialic lower crust anzl upper mantle were involved in ‘

.
magma genesis.
The common association of granitic batholiths and voluﬁ!inous
cilicic volcanic rocks of broadly similar composition in regions
of contirjéntal crust. For example, the western two-thirds of the
Aleutian chain, developed on oceanic crust, contains predominantly
andesitic rocks with very small amounts of trondhjemite and rhyolite;
in the eastern one-third, howeveér, where the volcanic rocks have
penetrated sialic crust, stocks of quartz-diorite and quartz-

\

monzonite are common (Gilluly, 1971) .
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4) The Avalon is part of a much more extensive Late Precambrian
terrane (Zone H of Williams et al., 1972) about 500 miles (805

km) across, that extends southwards through eastern Massachusetts

-
J
&

poséibl.y as far as Florida (cf. willi;m.s and Stevens, in press).
. The presence of continental- basement east of Zone H (i.e. in Zone
I of Williams et al., ibid.) has been postulated by Schenk (1371)
. during a study of Lower Paleozoic metasediments of the Meguma
Group, Nova Scotia. It i1s of interest to note that the Meguma
Group is intruded by granites dated as approximately 415-350 m.y. p
(Cormier and Smith, 1973, uasing Rb/Sr whole-rock isochron methods)
&
and very similar in composition to the Holyrood Plutonic Series
4 . (607 £ 11 m.y. according to Frith and Poole, 1972), which probably
represents the last magmatic event on Avalon; in addition, granites
similar in age and composition to the Holyrood rocks are found in

Cape Breton Island (Cormier, 1972). This can be taken as evidence

of repeated fusion of the lower crust.

A recent model for the plate-tectonic setting of eastern Newfound-
land bas been proposed by Strong et al. (1974) and Strong (1974). These
authors suggested that a long-lived (250 m.y.) subduction zone dipping
eastward beneath the continental margin would explain an eastward
increase of K20 in the granitoid rocks along with the metal'].'oc_;enic

zoning in eastern Newfoundland, and drew an analogy with a Cordilleran-

type continental margin. Furthermore, they noted that Avalon plutonic

rocks marked a sharp discontinuity in the K2O trend (cf. Strong et al.,
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1974, fig. 3), and following Lipman et al. (1972) tentatively postu-
lated that it marked a second east-dipping subduction zone beneath
the Avalon. However, the products of ‘Hadrynian volcanism in the
Harbour Main Group do not resemble orogenic andesites or form a
unimodal distribution of rock-types (Martin and Piwinskii, 1972),
features typically associated with a consuming plate margin. The
effects of gross thermal instabilities created in the upper mantle
during subduction of a “co0ld" slab of oceanic lithosphere are
entirely speculative, but in some indirect way could conceivably
lead to magma generation in adjacent continental regions.

Late Precambrian volcanism on Avalon, as typified by the magmatic
evolution of the Harbour Main Group, can be accommodated within the
present plate-tectonfic framework outlined by Strong et al. (1974}
and Stropg (1974). 1In view of the new data presented ahbove, a ten-

tative model is proposed:

stage 1: Intersection of the melting curve for lower continental crust
by the geotherm gave rise to partial melting of subsialic.
material. Eplsedic silicic volcanism ensued. Volcanic
activity was characterised by voluminous fissure eruptions
of high-alkali ignimbrites and emplacement of Holyrood-type
granitoid batholiths. Hydrothermal alteration and block-
faulting were initiated at this stage. Volcancgenic material
aeroded from fault-scarps was reworked and incorporated in

clastic deposits interbedded with the ignimbrites.




Sustained partial melting of less refractory lower crustal
material, possibly involving the residuum after extraction
of ignimbrite melts, p;‘oduced the porphyrites, a discrete
.suite of high-level intrusive rocks of continental "ande-
sitic" character. Metasohmatic alteration and block-faulting

./
continued.

/

Stage 3: Partial melting of a peridotitic upper mantle source region
«{Green and Ringwood, 1967; Q'Hara, 1965) followed by exten-
sive outpourings of high-alumina, low-titania plateau basalts
of transitional to mildly alkaline compositions. Analogous
basaltic volcanism of Late Cenozoic age in the Basin-Range
province suggests that the Colliers section is located at
the margins of a "palaeotensional" environment and probably
proximal to a reqgion of older Precambrian basement. Lavas
were extruded into an environment of continental rifting
and distension. Prehnite-punpellyite facies metamorphism
probably tock place when regional qeé:thermal gradients
were lowered and may have persisted throughc_)ut Late

Precambrian folding.

Inplicit to this model is the subsequent modification of "primi-~
tive" magmas by varying degrees of fractional crystallisation. The
bulk chemical attributes of the lower crustal socurce reqgion prior to

melting is probably best approximated by an andesitic composition

(Green and Lambert, 1965; Ringwood and Green, 1966). Using such a
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' TABLE 15. Selected Estimates of the Average Composition of the
Continental Crust _
(analyses in weight percent are recalculated to 100%
on a vwlatile-free basis)
— a
Source 1 2a
- -
(Wt. %)
SiO2 56.15 66.07
A1203 15.63 1€.08 }
/ N . Fe 0, . 2.43 1.42 4
{ Fe0 ' 7.70 31.14
Ca0 7.76 3.44 1
Na,0 geo 3.95
K20 0.68 2.90
MgO 5.24 2.22
MnO ’ 0.18 0.08
- T40, 1.01 0.54
P2OS 0.22 0.16
Total: 100.00 100.00
- 4
(p.p.m.) 2b
Ba 194 1070
Sr 214 340
Zr 160 400
Cu 84 14
Zn 98 -
Cr 199 99
Ni 89 23
3
i
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2a.

2b.

Weighted salic and mafic-(fractions of average Archean volcanic
rock (Baragar and Goodwin, 1969, table IV, p. }238).

Average major oxide composition of Canadian Shield - Archean
and Proterozoic (Fahrig and Eade, 1968, table 1, no. 12).

Average trace element composition of Canadian Shield -
Archean and Proterozoic (Shaw et al., 1967).
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hypothetical composition, Presnall and Bateman (1973» demonstrated

that the broad compositicnal field of the Sierra Nevada Batholith
r
could be produced by prbcesses involving partial to complete fusion

of the lower crust combined with subsequent fractional crystallisation.

Inspection of a normative.(Qz-0Or-Ab+An plot for the Sierran rocks
(Presnall -and Bateman, ibi;., fiq? 2) revea;s a trend similar to
that f6r the Holyrood Plutonic Series (fig. 10c), allowing a

«
parallel argument to be advanced for the origin of Holyrood grani-
toid and Harbour Main volcanic rocks. The strenath of such a model,
however, is more critically evaluated by comparing the relative
abundances of trace elements in the assumed parental material and
successive daughter products with the predicted behaviour of these
elements during fractionation processes (cf. Taylor, 1965, 1968;
Tauson, 1965). A crude comparison between the weighted averages
of salic and mafic fractions of Archean volcanic rocks (table 15,
no. 1) and averages of Holyrood and Harbour Main rocks (table 9)
brings out significant differences (note especially K, Ba, Cr, and

Ni) . Comparing these rock~types with an estimate of oxide and trace
element con;;ntrations in Proterozoic and Archean rocks of the
Canadian Shield (table 15, no. 2) it is apparent that Stages 1 and

2 in the above model could successfully accomplish the observed
"crustal differentiation" (note Ba and K) with only minor contri-

butions from Stage 3 (note Cr and Ni).

Al though such a crude model as that presented above may not

stand the test of time, it may névertheleas persuade other authors




to omit the omnipresent dotted subduction zone .beneath the Avalon

in future plate-tectonic reconstructions.
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Photomicrograph 47.

Sharp contact between successive intrusive phases
of a multiple dyke. Note marginal chill and thin
clear rim surrounding turbid cores of albite
rphenocrysts. Plane-polarized light; field of

view approx. 12mm across. Analysis H165; map
ref. 3490,5965.

Photomicrograph 48. Olivine diabase containing subhedral olivine

phenocrysts (upper right and lower left) replaced

by iron-oxide (black), iddingsite (grey), and
colourless to pale green serpentine (white) set

in a groundmass of clinopyroxene (greyish white

with high relief) and clouded albite. The clear
white recrystallised areas with low relief are
albite. Plane-polarized light; field of view approx.
12mm across. Analysis NX17; cf. fig. 4.



TABLE 16. "Classical"™ Analyses of McGill Feldspar Standards
: (In Weight Percent)

Oxide Wt. Oligoclase 161 Albite 37 Crthoclase 35

Analyst: C. O. Ingamells




TABLE 17. Electron-Probe Sequence of Measurements per Analytical Run

No. of N
Measurements Description Target

peak Albite 37
peak Oligoclase 161
L}nknwn, Phenocryst
unknown, Phenccryst
Oligoclase 161
Albite 37
unknown, Phenocryst
unknown, Phencocryst
Albite 37
Oligoclase 161
unknown, Phenocryst
unknown, Phenocryst
Oligoclase 161
Albite 37
background Albite 37
back ground unknown, Phenocryst
background Dligoclase 161
(if K-feldspar detected)
18 peak Ort_hoclase B
19 peak unknown, K-spar patch Phenocryst 1

20 peak Orthoclase 35

21 background Orthoclase 315

22 background K- feldspar patch

“The term measurement denotes. the number of pulses received
by a scalar during a period of 10 seconds.




APPENDIX 3 (Cont'd.)

The feldspar standards used were selected from the McGill
]

collection of standards so as to approach the composition and physical

state of the unknown species; a complete chemical analysis of each of

these standards is presented in table 16. For more detailed informa-
s =

tion on the specifications and uses of the McGill microprobe \t,_he

.y
..

reader is referred to the McGill University Microprobe Handbook a:id"\\\
the analytical work of Schrijver (1973).

A minimum of 2 phenocrysts were selected from each specimen
i.e. thin section, and Mercator grid coordinates noted prior to
evacuation of th'e column. After a vacuum had been estabi.ished, the
spectrometers were manually adjusted to the desired wave-lengths
using the chosen standards.

X-ray peak intensities i.e. concentrations, of Na, X, Ca, and
Si in each unknown (feldspar phenocryst) were measured directly; Al
was determined from stoichiometry.

Each phenocxyst was analysed by recording a fixed number of
measurements of X-ray peak and background intensities on both stan-
dards and unknowns (cf. table 17). Two measurements were carried out
on each phenocryst by analysing “spots” distributed around the margins
(rim analyses) and within the centre (core analyses) of each grain.
The electron bemr: was optically refoccused at each "spét".

Upon completion of the analysis of a thin section the vacuum

was broken and the next section inserted in the microanalyser. Sub-

sequently, vacuum was reestablished and the #pectrometers were gset anew.

»

s 1o P S £ 7 L
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TABLE 18 ‘
L 4
Precision of Electron-Probe Analyses )
\'f‘,a'%' |
ook .
A Specimen No. CB8M
Phenocryst 1 Core and Rim Analyses
l1st Determination 2nd Determination Difference [(wt. %)
1 Rim 1 Core 1l Rim 1 Core 1 Rim 1 Core
. ) }
Sio2 67.63 67.72 67.40 67 .58 0.23 0.14
4
M‘zog 19.01 18.96 19.23 19.17 0.22 0.21
i ' Ca0 0.98 1.00 1.08 1.04 0.10 0.04 b
'
Na20 10.35 10.41 10.19 10.23 0.16 0.18
i
K20 0.19 0.03 0.12 0.07 0.07 0.04
Total: 98.16 98.13 98.02 98.09

e . " Bt ot B e o Wb TR
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APPENDIX 3 (Cont'd.)

An impression of the precision of the electron microprobe

work can be’ gained from table 18. The accuracy of the analyses is

unknown; but considered to lie within the range of analyses given
by Ingamells (table 16), Deer et al., 1963, p. 45, no. 4 (Ort.ho-clase
35), Deer et al., 1966, p 324, no. 1 (Albite 37), and Horska (McGili
University) (Oligoclase 161, Hawk Mica Mine, Bakersville, N. Carolina).
The data thus obtained, punched on paper tape and cards, were
processed through con\pute;' program EMPADR VII (Rucklidge, 1967) at the
McGill Computer Centre. This program (McGill revised 4-spectrometer
version) corrects the peak intensities for dead time, background,
drift, atomic number, absorption, and fluorescence, and converts
corrected peak intensities to oxide weight percentages (the results
of these calculations have been presented in table 6). A fixed
stoichiometry provision in the program allows unanalysed elements
to be included in the unknowns in fixed stoichiometric ratios in terms
of analysed elements. The stoichiometry assumed in the calculation of

: L»,
element concentrations is given by the formula:

Al = 1 (Na,K) + 2 Ca

A.3.2. whole-Rock Analytical Methods

A.3.2.1. Sample Preparation

All the samples were crushed acgerding to the following

procedure:
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1) Each sample was broken into chips using a small sledge

hammer on a thick plywood board. A slab was saved for sectioning. “
2) A clean, representative sample of chips was crushed to
1-2 cm. or smaller pieces in a steel jaw crusher.
3) A representative sample of these pieses was crushed in
a-tungsten-carbide Seibtechnik swing mi‘ll for three to four minutes ‘
{

producing a rock powder of -100 mesh, as determined by random
sieving checks.
4) The powder was put into 4 oz. jars and dried overnight

in an oven at 110°c.

A.3.2.2. Major and Trace Element Analysis

Seven major and eight trace elements were determined by X-ray
fluorescénce analysis of discs pressed from the rock powder using a
Phillips 1229-C computerised spectrometer. Approximately 1/3 of the
samples were analysed by a method modified from that of Rose et al.
{1962). The sample discs were prepared in the following manner:

1) 1.5 g of rock powder was thoroughly mixed with two to

three drops of N-30-88 Mowiol'binding agent until the colour was
uniform.

2) Using a boric acid backing, this powder was pressed into
a disc for one minute at 15 tons per square inch.

The major elements determined using fused powders were

prepared by the following method:




294

APPENDIX 3 (Cent'd.)

\y/>lsoo g of rock powder + 0.7500 g of La,0, + 6.00 g of

Li2B407 were carefully weighed out, mixed together, and put in a

L

graphite crucible.

2) A dozen crucibles at a time were put in a muffle furnace
pre—heateé to l,OOOOC and left to fuse for 30-35 minutes. '

3) After fusion the resulting glass beads were allowed to

- cool for | minute and ‘put in clean glass jars. '

4) The weight of eaclh bead was readjusted to exactly 7.5000 g
with dried Li28407, compensating for weight lost during fusion and
thus giving an exact dilution. |

5) Each bead plus the LizB407 waz placed in 8 tungsten-carbide
ball migl vial, cracked with a steel cylinder, and then crushed in the
'ball mill to -100 mesh.

6) The powder-was then put in bottles and dried overnight at
110°c.

7) The sample discs were then prepared as outlined above.

K,0, Nay0, and MnO were analysed using a Perkin Elmer 303
Atomic Abgorption Spectrometer using a method similar to Langmhyr
and Paus (1968) .. The solutions were prepared by the following method:

1) 0.2000 g of powder was mixed with 5 ml of concentrated HF
and heated on a stea‘m bath for 20 minutes until completely dissolved.

2) Each sample was diluted with 50 ml of saturated boric

acid and made up to 200 ml with distilled waterx.




APPENDIX 3 (Cont'd.)

3) Analyses were done by comparison with international rock

gstandards.

A.3.2.3. Loss on Ignition

Loss on ignition was calculated by measuring a known amount

of powder into a porcelain crucible, heating at lOSOOC for two hours,

weighing again and expressing the difference in percent. It is
assumed that the loss on ignition represents predominantly H20+,
H.O-, and CO._.

2 2

A.3.2.4. Precision and Accuracy

The precision and accuracy of major and trace element analyses

are -shown in table 19 and 20. 4




TABLE 19

(a) Precision of Major Element Analyses

FUSED SAMPLE (CD—571) . UNFUSED SAMPLE (LD-75)

. No.
Range (%) . . Range (%) Mean S.Dev. Stds.
¥

10.70 ) 6.90  76.21 1.91 13

0.10 . ‘ 0.02 0.03 0.01 13
.37 0.35 13
.57 . 0.20 13
.66 . 13

.24 13

.10 13

(b} Precision _o_f Trace Element Analvses

(from 9 independent discs of LD-75).

Element

ar

Sr

Rb

Zn
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TABLE 20

(a) Accuracy of Major Element Analysis as Determined

by Fit of Standards to Calibration Curve

FUSED SAMPLES UNFUSED SAMPLES
Element
Range (%) S.Dev. No.Stds. Range (%) S.Dev. No.Stds.
SJ'.O2 38.50 - 0.67 21 23.30 1.63 10
T102 4.59 0.03 23 1.08 0.06 9 i
A1203 23.35 0.37 23 4.20 0.67 11 4
Fe203 27.83 0.186 20 7.50 0.20 9
Mqg0 49.70 0.89 18 3.33 0.27 7 . L
Cao 13.63 0.10 21 7.70 0.55 - 8
; P205 1.90 0.09 18 - - -
$ .
g

(b) Accuracy of Major Element Analysis as Determined by Comparison of

24 samples Analysed by X-ray Fluorescence and Atomic Absorption

Element Range (%) S. Dev.
510, 7.74 0.99
» ’ TiO, 0.71 0.02""
21,0, 7.40 0.30
Fe,0, 5.06 0.10
MgO o.;} D.05
, Cao0 0.55 0.05
P,0, 0.23 0.04 ,

i
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L1
TABLE 20 (Cont'd.) i
(c) Accuracy of Trace Element Analysis l_)‘y_ Fit of Standards :
- to Calibration C_urlg
-
Element Range (p.p.m.) - S. Dev. No. Stds.
2r 490 13 16
sr 784 18 19 ‘
; 4
Rb 245 6 23 :
Zn 161/3" 12 24 ‘
Cu 10’5 5 23
Ba - : 1,863 33 18
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APPENDIX 4

Theoretical Predictions of Trace Element Behaviour

(after Tayloy, 1965)

<+
‘ Rb
Rubidium ) Ionic radii 1.47
i
+ +
Rb exhibits a well-marked overall coherence with K . Electro-
neqat:y‘ltles and ionization potentials of both elements are very

smu],/ﬁr, and the only significant d1fference is one of size. This

di :ference usually becomes effective during large-scale igneous

;

. . . +
processes of fractionation with the result that Rb~ is concentrated

; +
/relative to X in rasidual liquids, though it does not form a

separate phase. ‘rb* commonly enters the k' positions in feldspars
and K~-micas. The K/Rb ratio provides a guide to the degree of

differentiation of successive silicate melts.

5,!'2+ Ca2+

Strontium ' Ionic radii 1.18 0.99

t

2+ L 2+ + ‘
Sr° is intermediate in size between Ca and X but prefers

+
eight- or ten-fold coordination with oxygen. Sr2 may be expected
é

+
to enter Caz positions in plagioclase, apatite, and sphene. The
2+ . + as .
Ca positions in pyroxenes are teo small and the K positions 1n
micas too large. Ca/Sr ratioe may be expected tc increase during

‘f ractionation.
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Ba2+
Barium Tonic radius_* 1.34

Ba2+ substitutes only for x* among the common cations. It is

nearly identical in size to K+- but.the Ba-0 bond is ‘inghtly more
covalent. Ba2+ enters K—feldsx;-ars more readily than biotite (Nockolds
and Mitchell, 1948) . Although Ba’* competes with sr?* for feldspar
lattice sites, fractionation trends for pegmatitic feldspars indigate

that Ba/Sr ratios decrease during differentiation (Heier and Taylor,

2

1959b) .
Zr4+ 'ri‘“
Zirconium Ionic ra}i\i 0.79 0.68

Z::4 is known to concentrate in the liquid phase during fractiona-

tion and commonly forms a separate phase (zircon) in salic differenti-
ates. It may be expected to aubstitute for 'I‘j."H in early crystallising

fractions, and may accompany that element in substituting for Pe3+.

7

Cu2+ Cu+ !‘ez+ Nat

Copper Tonic radii 0.72 0.96 0.75 0.97°

2+ , and Cu+

Among the major elements Cu2+ ig similar in size to Fe
close to Na'. The Cu-0 bond is more covalent than either Na-0 or Fe-0
bonds And implies that both Cu/Na and Cu/Fe ratios will decrease during
fractionation. Copper may be expected in most of the common rock-

forming minerals; and where concentration is high may form a separate

sulphide phase.
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- 2+

> Zn
zinc lonic radius 0.74

- +
Present knowledge of the geochemical behaviour of an in silicate

: . + ., :
melts is incomplete. an is very nearly the same size as Fe2+ and the

.

7zn-0 bond is more covalent than the Fe-0 bend. It may be expected to
enter late Fe2+ positions and result in an increase in the Zn/Fe ratio.
Neumann (1949) noted that an*'commonly occurred in four-fold coordina-

tion instead of its geometrically predicted six-fold coordination.

3+ 3+
Cr Fe

Chromium 4 . Ionic radii 0.63 0.64

3+ ' + ) . .
Cr is almost identical in size to;:{-‘e3 but forms a more 1Onic

! + .
bond with bxygen, leading to its preferential entry into Fe3 lattice

sites and %onsequent depletion at an early stage of differentiating
pasaltic magmas. It is commonly concentrated in pyroxene and magne-
titevrelative to olivine and ilmenite. The Ni/Cr ratio is not a good
index of fractionation since it varies appreciably with the mode and

may exhibit a wide range of variation in accumulate rocks.

Ionic radii 0.69 0.66

Ni2+ Mgz+ ) r

Nickel

2+ ' +
Ni‘ is intermediate in size between Hq2 and E‘ez+ and appears to
2+

2+ + . ) ,
enter early Fe rather than ng positions. In basaltic rocks, Ni

(and Cdz*) is strongly partitioned into olivine.

-----

o m




Plate 1. Dark green collapsed pumice-lapilli defining a nearly
vertical foliation, Weavers Hill ash-flow sequence
(map ref. 3460,5915).



Plate 2. James Cove, Colliers Bay, viewed from the west. Note
porphyrite sill (foreground) and barren xridge formed by unit 40
(middle distance).

Plate 3. sStrike ridges of Finn Hill sequence ignimbrites, 0.25 mile
(0.4km) northeast of Finn Hill, viewed from the northwest.
Weavers Hill in the background .

ii



iii

Plate 4. Xenolith of feldsparphyric basalt in eutaxitic welded
tuff, unit 59, Finn Hill.

Plate 5. Eutaxitic fiamme in unit 59 at Finn Hill. Note frayed
extremities of fiamme and included crystals.



Plate 6. Ryans Head and Burkes Cove looking east toward Campbell

Hill and Enchanted Pond. Steep cliffs formed by laharic
breccias; the point to the north is formed by unit 59.

Plate 7. Eutaxitic fiamme, unit 59, Burkes Cove.



Plate 8. Slump structure in welding at the base of a xenolithic
layer in the central part of unit 59, Burkes Cove.

Plate 9. Eastern rhyolite sill (white) intruded by porphyrite
(dark grey) and cut by numerous high-angle faults.



Plate 10. Large porphyrite intrusion (barren ground) near Kitchuses,
viewed from the east. Note contact between porphyrite
(grey cliffs) and volcanogenic sandstones (dark brown
cliffs) in foreground.

Plate 11. Xenolith of quartz-monzonite in porphyrite at James Cove.
Note dark brown rim due to subaerial weathering of this
cobble prior to inclusion.

vi
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Plate 12. Autobrecciated porphyrite at 0ld Schoolhouse Point
(map ref. 3460,6040). Epidotised angular blocks
set in an unaltered igneous matrix.

Plate 13. Brecciated porphyrite intruding reddish siltstones near
0l1d Schoolhouse Point (map ref. 3470,6040). Contorted
laminae in siltstone are barely visible.



viii

Plate 14. Mudball horizon intercalated with thinly bedded argillaceous
siltstones, north of Ryans Head (map ref. 3365,5965) .

Plate 15. Poorly consolidated cobble conglomerate overlying dhagneled
sandstone and dipping steeply to the west (right). Viewed
from the north (map ref. 3555,6235).
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Plate 16, Fine-grained volcanic breccias, sandstones, and siltstones
of the Harbour Main Group dipping steeply west nmear Ryans
Head (map ref. 3380,5980).

Plate 17. Folded Conception siltstones 0.5mile (0.8km) north of Bacon
Cove, Gasters Bay.



Plate 18. Angular unconformity between steeply dipping Conception

siltstones and flat-lying Cambrian limestone at Bacon

Cove (map ref. 3660,6120). Note the uneven nature of
the Precambrian regolith.

Plate 19. Gently plunging synform in thinly-bedded sandstones

and siltstones of the Harbour Main Group, Colliers
Bay (map ref. 3560,6280).



Plate 20.

Tight syncline in fault slice of Conception siltstones
emplaced within coarse-grained clastic rocks of the
Harbour Main Group. Note sheared southern limb (left).



Plate 21.

Plate

xii

Loose block of red- and green-altered tuff, north-
northwest slopes of Campbell Hill. Note sharp
contact at centre-right and more diffuse boundary
to the left.

22 .

Green altered volcanic breccias containing unaltered
clasts of rhyolite (white). Campbell Hill in the
background littered with erratics (viewed looking
northwest) .
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Photomicrograph 1. Granophyre xenolith enclosed in base of unit 3.
Crossed nicols; field of view approx. 6.lmm
across. Specimen H25.

Photomicrograph 2. Pink to pale green mottled fragment of recrystallised
tuff in volcanic breccia. Dark areas are hematitic;
pale grey areas have been leached of hematite.
Plane-polarized light; field of view approx. 4.8mm
across. Specimen Cl17; map ref. 3255,5775.
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Photomicrograph 3. Fragment of flow-banded rhyolite in Conception
greywacke. Note oxidised biotite phenocryst
(largely black), and mottled phenocrysts of albite
(white) partly replaced by potassium feldspar (grey).
Crossed nicols; field of view approx. 1l2mm across.
Specimen Cl; map ref. 3635,5895.

Photomicrograph 4. Tricuspate, cuspate, and rod-like shards exhibiting

open vitroclastic texture and replaced by alkali
feldspar, guartz, and sericite. Plane-polarized

light; field of view approx. 12mm across. Specimen
H8; top of unit 11.



Photomicrograph 5.

Altered, densely welded crystal-vitric tuff enclosing
devitrified platy shards, possibly of accidental
orxrigin. Plane-polarized light; field of view

approx. 7.5mm across. Specimen H93; 18ft (5.5m)
above base of unit 11.

Photomicrograph 6.

Densely welded vitric tuff. Cuspate amd rod-like
shard boundaries are transgressed by finely fibrous
alkalic feldspar dusted with hematite. Plane-
polarized light; field of view approx. 2.6mm across.
Specimen NX6; middle of unit 4; analyses 37a and 37b.

Xv



xvi

Photomicrograph 7.

Microspherulitic alkalic feldspar in the matrix of
a sillar, nucleated preferentially along crystal
boundaries. Note fine lamellar twinning in albite
phenocrysts. Crossed nicols; field of view approx.
6.1lmm across. Middle of unit 6; analyses GC38 and
NX1.

Photomicrograph 8.

Euhedral paramorph of alpha-quartz after beta-
guartz in ignimbrite. Note faint cleavage oriented
roughly north-south. Crossed nicols; field of view
approx. 6.lmm across. Specimen H93; 18ft (5.5m)
above base of unit 1l1l.
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Photomicrograph 9. Partially resorbed quartz and oxidised biotite

. phenocrysts in sillar. Plane-polarized light;
field of view approx. 7.5mm across. Base of
unit 6; analyses GC38 and NX1l.
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Photomicrograph 10. Biotite phenocryst altered to magnetite (black),
leucoxene (dark grey), alkalic feldspar (irregu-
lar intergrowths with magnetite toward right of
crystal), and muscovite (white linear areas ori-
ented northwest-southeast). Plane-polarized light;

field of view is approx. 3mm across. Specimen H60;
vitric tuff in north; map ref. 3585,6180.



Photomicrograph 1ll.

Photomicrograph 12.
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Deformed biotite phenocrysts altered to magnetite
(black), leucoxene (dark grey), alkalic feldspar
(light grey), and muscovite (white). Crossed
nicols; field of view approx. 6.lmm across.
Specimen H30; base of unit 3; analyses 39a and 39b.

Ragged, comminuted pumice coated with hematite and
set in a bleached vitroclastic matrix. Note the
marked orientation with little evidence of welding.
Plane-polarized light; field of view approx. 30mm
across. Specimen H170; near base of unit 38.
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Photomicrograph 13.

Delicate cuspate, platy, and rod-like shards set
in a finely comminuted, hematitic matrix. Plane-
polarized light; field of view approx. 7.5mm
across. Specimen H126; top of unit 20.

Photomicrograph 14.

Eutaxitic pumice-lapilli exhibiting delicately
frayed extremities and recrystallisation to
alkalic feldspar and quartz. Bleached vitro-
clastic matrix. Plane-polarized light; field
of view approx. 30mm across. Specimen H168;
upper-middle part of unit 36.
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Photomicrograph 15. Same specimen as photomicrograph 14. Plane-

polarized light; field of view approx. 7.5mm
across.

Photomicrograph 16, Collapsed pumice-lapilli exhibiting fibres of
quartz and alkalic feldspar in axiolitic inter-
growth. Crossed nicols; field of view approx.
12mm across. Specimen H170; unit 29; analysis CWT.
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Photomicrograph 17. Pumice fragment exhibiting concentric layers of
chiefly alkalic feldspar with fine axiolitic
structure coated with opaque dust and partly
replaced by sericite. Minute crystals of albite
have served as a site for nucleation and growth.
Plane-polarized light; field of view approx. 12mm
across. Base of unit 38.

Photomicrograph 18. Non-welded vitroclastic texture in basal zone of
unit 26. Note serial size of shards and pumice,
and drawn out pumice-lapillus (left-centre).
Plane-polarized light: field of view approx.
30mm across. Analysis GC24.



Photomicrograph 19.

Dense welding in central part of dark brown
fiamme-bearing ignimbrite. Plane-polarized
light; field of view approx. 12mm across.
Specimen C87; unit 58; analysis P70-9.

Photomicrograph 20.

Perlite cracks in devitrified densely welded
ignimbrite. Plane-polarized light; field of
view approx. 12mm across. Specimen C85;
unit 58.
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Photomicrograph 22.
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Same specimen as photomicrograph 20. Perlite
cracks developed preferentially in fiamme,
emphasising their glassy origin. Plane-
polarized light; field of view approx.

12mm across.

"lp"

Same specimen as photomicrograph 20. Welding

wraps around lithophysal cavities infilled with
gquartz (white), bladed crystals of yellow pleochroic
epidote (dark grey with high relief), and minor
chlorite (pale grey with lower relief). Note
clinopyroxene microphenocryst (lower left).
Light-coloured area at upper left is an

irreqular vein of albite. Plane~polarized

light; field of view approx. 7.5mm across.
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Photomicrograph 23.

Same specimen as photomicrograph 20. Crys-
tallisation products impinging on a rock fragment
(top centre). Note curving habit of shard folia-
tion and bladed habit of epidote. Crossed nicols;
field of view approx. 1l2mm across.

Photomicrograph 24.

Intensely recrystallised fiamme-bearing ignimbrite.
Shard outlines are not discernible and fiamme
(coarsely devitrified to albitic feldspar) locally
simulate flow lines. Note Carlsbad twinning in
clear albite phenocrysts. Crossed nicols; field
of view approx. 30mm across. Lower flow unit of
cooling unit 59; analysis GTN34.
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Photomicrograph 25. Lamellar twinning in clinopyroxene microphenocryst.
Crossed nicols; field of view approx. 3mm across.
Specimen C87; unit 58.

Photomicrograph 26. Irregular recrystallisation destroyifig densely
welded textures in ignimbrite. The grey areas
preserving the shard foliation are dark red to
pink due to hematite dust. Plane-polarized
light; field of view approx. 30mm across.
Specimen C75; base of unit 55.
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Photomicrograph 25. Lamellar twinning in clinopyroxene microphenocryst.
Crossed nicols; field of view approx. 3mm across.
Specimen C87; unit 58.

Photomicrograph 26. Irregular recrystallisation destroying densely
welded textures in ignimbrite. The grey areas
preserving the shard foliation are dark red to
pink due to hematite dust. Plane-polarized
light; field of view approx. 30mm across.
Specimen C75; base of unit 55.



Photomicrograph 29.
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Same specimen as photomicrograph 27. Thin
curvilinear "canals" of minor alkalic feldspar
in a quartz base grade outwards into an axio-
litic zone rich in iron ore, which in turn is
surrounded by a zone practically devoid of
opaque material. Plane-polarized light; field
of view approx. 12mm across.

Photomicrograph 30.

Same specimen as photomicrograph 27. Micro-
spherulitic quartz (white with low relief),

alkali feldspar (grey with higher birefringence),
granular magnetite and relict shards (lower left).
Plane-polarized light; field of view approx. 3mm
across.
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Photomicrograph 31. Same specimen as photomicrograph 27. Crossed

nicols. Note micropoikilitic quartz (white)
concentrated near centre of spherulite.

Photomicrograph 32. Well-developed perlitic cracks in recrystallised

welded tuff. Sites of bleached areas are localised
along the cracks. Plane-polarized light; field of

view approx. 4.8mm across. Specimen C91; base of
unit 59.



Photomicrograph 33.

Incipient development of microspherulitic alkali
feldspar and granophyric cuartz in devitrified
tuff fragment. Plane-polarized light; field

of view approx. 30mm across. Specimen H183;
top of unit 41.

Photomicrograph 34.

Same specimen as photomicrograph 33. Typical
development of "bird's-eye" devitrification

textures in welded tuff. Note bleached areas
with discernible shards (far right and lower

left) . Plane-polarized light; field of view
approx. 30mm across.



Photomicrograph 35.
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Same specimen as photomicrograph 33. "Bird's-
eye" devitrification involving granophyric
quartz (clear white rims) and microspherulitic
alkali feldspar with chloritic material and
iron-oxide. Crossed nicols; field of view
approx. 2.3mm across.

Photomicrograph 36.

Fairly sharp contact between microspherulitic
devitrification textures (guartz, alkalic feldspar,
opaques) and bleached cryptocrystalline zone in
which shard outlines are barely visible. Plane-
polarized light; field of view approx. 1l8.8mm
across. Collected 6ft (1.8m) below top of unit

43; analysis GC49.



Photomicrograph 37.
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Photomicrograph 38.

Same specimen as photomicrograph 36. Crossed
nicols.
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Same specimen as photomicrograph 36. Crossed
nicols; field of view approx. 7.5mm across.
Note the finely crystalline zone separating
coarse and cryptocrystalline devitrification
products.

xxxi



Photomicrograph 39.

Amphibole microphenocrysts in dacite oriented
subparallel to the flow banding. Plane-polarized
light; field of view approx. 7.5mm across.
Analysis GCl1l2; map ref. 3460,6040.

Photomicrograph 40.

Subhedral amphiboles in dacite repla¢ed by
alkalic feldspar, chlorite, and clay minerals.
Note amphibole cross-sections and relict
cleavage. Plane-polarized light; field of
view approx. 3.8mm across. Analysis GCl2.
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Photomicrograph 41.

Photomicrograph 42.

Groundmass olivine in mafic lava flow exhibiting
a core of fresh olivine (high relief) partly
replaced by yvellow pleochroic serpentine (pale
grey) rimmed by iron-oxide (black). Plane-
polarized light; field of view approx. 1l.5mm
across. Analysis NX12; cf. fig. 4.

Olivine phenocrysts and microphenocrysts in mafic
lava flow replaced by iron-oxide (black), idding-
site (grey) and a thin rim of serpentine (white).
Plane-polarized light; field of view approx. 3mm

across. Analysis NX14; cf. fig. 4.
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Photomicrograph 43.

Amygdaloidal top of mafic lava flow. Amygdales
infilled with prehnite (grey to white) and minor
albite. Crossed nicols; field of view approx.

30mm across. Analysis NX12 (flow interior):
cf. fig. 4.

Photomicrograph 44.

Subhedral phenocrysts of albite enclosing tiny
inclusions of chlorite (original glass) and
exhibiting zonal replacement by epidote (upper
left) which possibly represent areas of calcium
enrichment in a former compositionally zoned
phenocryst. Crossed nicols; field of view

approx. 11.9mm across. Specimen GC1l0; 0Old
Schoolhouse Point.



Photomicrograph 45.

Glomeroporphyritic intergrowth of chlorite (pale
grey) pseudomorphous after pyroxene, magnetite
(black), and subhedral apatite (pale grey;
mottled high relief). Plane-polarized light;
field of view approx. 1l2mm across. Specimen
GCS1; 3350,5870.

Photomicrograph 46.

Feldsparphyric dyke with hyalophitic texture.
Slightly turbid albite laths exhibit fretted
margins, and interstitial glass has been com-
pletely replaced by chlorite, and minor calcite
and epidote. Plane-polarized light; field of
view approx. 6.lmm across. Specimen H21l5;

map ref. 3380,5980.
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Photomicrograph 47. Sharp contact between successive intrusive phases
of a multiple dyke. Note marginal chill and thin
clear rim surrounding turbid cores of albite
phenocrysts. Plane-polarized light; field of

view approx. 1l2mm across. Analysis H165; map
ref. 3490,5965.

Photomicrograph 48. Olivine diabase containing subhedral olivine
phenocrysts (upper right and lower left) replaced
by iron-oxide (black), iddingsite (grey), and
colourless to pale green serpentine (white) set
in a groundmass of clinopyroxene (greyish white
with high relief) and clouded albite. The clear
white recrystallised areas with low relief are
albite. Plane-polarized light; field of view approx.
12mm across. Analysis NX17; cf. fig. 4.
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Photomicrograph 49. Green biotite phenocryst in sericitised and
bleached welded tuff. Plane-polarized light;
field of view approx. 6.1lmm across. Specimen
H82; map ref. 3410,5735.

Photomicrograph 50. Albite phenocryst dusted with hematite showing
alteration to sericite and clay minerals. Note
clear areas in the core and thin clear rim.
Plane-polarized light; field of view approx.
4.8mm across. Specimen Cl00; top of unit 58.



Photomicrograph 51.

Epidotised shards in welded tuff. Rod-like
shards replaced by epidote (dark to pale grey)
curving around turbid albite phenocrysts.
Plane-polarized light; field of view approx.
6.1lmm across. Specimen H198; top of unit 60.

Photomicrograph 52.

Intense recrystallisation of dacite te a fine-
grained assemblage of "mossy" epidote (pale to
dark grey), quartz, and albite (both white).
Note relict feldspar phenocryst (right-centre).
Plane-polarized light; field of view approx.
6.1lmm across. Specimen H162; map ref. 3460,6040.
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Photomicrograph 53. Incipient welding in sericitised crystal-lithic
tuff. Anhedral phenocrysts are albite. Plane-
polarized light; field of view approx. 6.lmm across.
Specimen H173; top of unit 40; analysis GC43.

Photomicrograph 54. Same specimen as photomicrograph 53. Light-
coloured areas replacing shard matrix are
predominantly sericite. Crossed nicols.
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Photomicrograph 55. Mottled albite glomerocryst exhibiting patchy
replacement by potassium feldspar and minor
sericite. Crossed nicols; field of view approx.
6.1lmm across. Specimen H96; middle of unit 15.

Photomicrograph 56. K-feldspar (darker grey with lower relief) spreading
from fractures and partly replacing resorbed albite
phenocryst. Crossed nicols; field of view approx.
3mm across. Specimen H120; central zone of welding
in unit 23.



Photomicrograph 55.

XXX

Mottled albite glomerocryst exhibiting patchy
replacement by potassium feldspar and minor
sericite. Crossed nicols; field of view approx.
6.1lmm across. Specimen H96; middle of unit 15.

Photomicrograph 56.

K-feldspar (darker grey with lower relief) spreading
from fractures and partly replacing resorbed albite
phenocryst. Crossed nicols; field of view approx.

3mm across. Specimen H120; central zone of welding
in uwnit 23.
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Photomicrograph 59. "Tuffisite" pipe transecting welded tuff and
carrying rotated fragments and crystals.

Plane-polarized light; field of view approx.

30mm across. Specimen C91; base of unit 59.

Crossed

Same specimen as photomicrograph 59.
Note turbid albite phenocryst and

coarse recrystallisation.

Photomicrograph 60.
nicols.
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Photomicrograph 61. Veins of albite (pale grey) and epidote (dark grey
with high relief) promoting recrystallisation of
iron-oxide at their margins. Compare this with
devitrification textures described in photomicro-
graphs 27-31. Plane-polarized light; field of
view approx. 12mm across. Specimen H11l0; 3ft
(0.9m) above green altered vesicular base of
unit 15.
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Photomicrograph 62. Electron-probe X~ray image photomicrographs
showing patchy development of sericite within
an albite phenocryst.

a) Na (20000 counts).

b) K (15000 counts). c) Ca (1500 counts) .
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Photomicrograph 63. Electron-probe photomicrographs of K-feldspar
along fractures in an albite phenocryst and
partly replacing its host.

a) Plane-polarized light (x400). b) Na (20000 counts).

c) K (10000 counts). ) d) Cca (2500 counts).
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Photomicrograph 64. Electron-probe photomicrographs of K-Na
cryptoperthite along fractures and cleavage
planes within an albite phenocryst.

a) Plane-polarized light (x400). b) Na (20000 counts)
Note rhomb of calcite (centre).

c) K (15000 counts). d) Ca (2500 counts).



GEOLOGICAL M

s

EXPLANATION

Ash_flow tulfs

s
i

Vitric tuffs (Bacon Cove Sequence)

Cooling ugit

A Y

~

Volcanogenic sedim;nfs

Mhyolite sills

Porphyrites

/

Basalts

Diobase dykes

Conception Group




MAP OF COLLIERS

_ N
7 N
/ AN




{

5 PENINSULA

f




- “Conception Group

Cambrian

T Fault -

o ; e
‘ Bedding (strike and dip)

g

Overturned bedding
Cleavage (vertical)
| B Welding (vertical)
" Foid plunge®

Road o ~

® Geochemical sampling site

" -

\

i Geological
boundary







é%__, \ GC4ab







GTN16t

N

4 4

GTN1119 J


































