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ABSTRACT

The White River exploration property of LAC Minerals Ltd. is located about
S km east of the Hemlo gold deposit in the Hemlo-Heron Bay greenstone belt of
the Superior Province of the Canadian Shield. and is composed mainly of

metamorphosed, metasomatized, and intensively deformed volcano-sedimeniary rocks

of late Archean age. The supracrustal rocks are bounded by a crystalline basement
(Pukaskwa Gneissic Complex) to the south and a granodioritic intrusion (Cedar L+"e
Pluton) to the north. The clastic metasedimentary rocks were mainly derived from
intermediate volcanic sources, admixed with minor ultramafic and mafic volcanic
materials and cont.nental weathering products, and deposited as turbidites in a large
volcanoclastic-sedimentary basin.

All supracrustal rocks in the study area have been subjected to multi-phase
deformation and metamorphism. An earlier Barrovian-type metamorphism (6-6.5 kbar
and 455-520°C) occurred probably in response to tectonically-induced crustal
thickening. The present geometry of the Archean terrain largely resulted from a
progressive, dextral, brittle-ductile shear deformation, which was broadly
contemporaneous with a peak thermal metamorphism. The peak andalusite-sillimanite
series metamorphism was generally low in grade at greenschist-amphibolite
transitional facies (3.2 kbar and 475-500°C) and climaxed at middle amphibolite
facies (4.2-4.5 kbar and 580%20°C) in two narrow zones in close associaiion with
maximum shear deformation. The peak metamorphism was probably associated with
heat from magmatism in the lower crust, and the metamorphic zones of medium

grade and maximum shear deformation are related to "thermal-domains”. The
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supracrustal rocks have been afrected also by a pervasive low- to very-low-grade
(1.2-1.7 kbar and 360+20°C) calc-silicate alteration at about 263245 Ma.

Thiee prominent ore-mineral-calc-silicate occurrences (Cr-rich, Fe-rich and
REE-enriched) are located within major structural failures and their salient

mineralogical and geochemical characteristics and metallogenic associations strongly

correlate with host lithologies. All three calc-silicate occurrences belong to a
protracted phase of skam development, which began during the peak regional
metamorphism, continued with a pervasive epidote-prehnite alteration, and concluded
with sulfidation, carbonization and gold deposition.

Gold mineralization is associated with REE-enriched skam (with REE-bearing
clinozoisite and F-, Cl-bearing allanite), and is located within a Local Shear Zone.
This auriferous skam is clearly differentiated from rypical Archean lode gold
deposits by fluid inclusions of moderate sai'nity (about 4.5 wt. % NaCl equivalent),
and from Phanerozoic counterparts by its structural setting in a brittle-ductile shear
zone and carbonate-free host rocks. Although the dilatant Local Shear Zone most
likely acted as a fluid conduit during skam formation, the precise localization of
gold deposition was controlled by a pre-existing pyritic zone. There are remarkable

similarities and some discrepancies between this auriferous skam and the Hemlo

gold deposit.
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CHAPTER 1 INTRODUCTION

i.1 General Statement and Purpose of Study

The Hemlo gold deposit, which contains at least 70 million tonnes of gold
ore with an average grade of 7.6 grams Au per tonne (Tintor, 1986), was discovered
in 1982 and is the largest gold reserve in Canada. It is located near the northeast
shore of Lake Superior, 35 km east of Marathon adjacent to the Trans-Canada
Highway 17, at latitude 48°40"N and longitude 86°00"W (Fig. 1.1), and is situated
in the Hemlo-Heron Bay greenstone belt, which is part of the larger east-trending
Schreiber-White River Belt of the Wawa Subprovince of the Archean Superior
Province of the Canadian Shield.

Since the discovery of the Hemlo gold deposit in 1982, various genetic
models covering a broad spectrum of geological processes have been proposed for
its origin. These cpinions are summarized: (1) syngenetic/exhalative (Quartermain,
1985; Cameron  Hattori, 1985; Valliant & Bradbrook, 1986; Ccrfu & Muir,
1989b), (2) hot spring or epithermal replacement (Goldie, 1985), (3) hypabyssal
porphyry-related (Kuhns et al., 1986; Kuhns, 1986), and structurally-focused
metamorphic/metasomatic (Hugon, 1984, 1986; Phillips, 1985; Burk et al., 1986;
Walford et al., 1986). Corresponding opinions on the timing of the gold
mineralization relative to the time of peak metamorphism are therefore: pre-peak
(Quanermain, 1985; Cameron & Hattori, 1985; Valliant & Bradbrook, 1986; Kuhns
et al,, 1986; Kuhns, 1986); close to peak or immediate post-peak (Phillips, 1985;

Burk et al., 1986); and post-peak (Walford et al., 1986; Hugon, 1984; 1986).
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However, it is recognized that many of these conclusions are preliminary, since it
has not yet been established to what extent post-peak metamorphism and retrograde
processes have obscured the rock record regarding the eriplacement of gold. The
Hemlo gold deposit differs distinctly from most other Archean gold deposits by its
setting in a medium grade metamorphic terrain, association with anomalies of
geochemically incompatible (As-Hg-Mo) elements, and lack of extensive carbonate
alteration. It appears to be an unusual (probably unique) deposit type of particular
genetic significance.

The White River exploration property of LAC Minerals Limited is about 5
km eastward along strike from the Hemlo gold deposit (Fig. 1.1). After discovery of
the Hemlo gold deposit in the Hemlc-Heron Bay greenstone belt, it was one of the
more important gold prospects. The overall stratigraphy, representation of
charactenstic rock units, and nature of the gold mineralization are very similar to
those at the Hemlo deposit, but with less deformation and pervasive alteration.
Therefore. the White River property is ideal for a systematic study of the
petrography, mineral chemistry, geochemistry and metamorphic petrology of the
Hemlo-Heron Bay greenstone belt rocks. It was hoped that this st:dy might
contribute to our understanding of the gold mineralization at the Hemlo deposit.

The original aims of this study were to document geochemical characteristics
of the principal lithologies and the variation in metamorphic grade and P-T
conditions in the Hemlo-Heron Bay greenstone belt at the White River property. It
was also anticipated to further understanding of the relative roles of hydrothermal

and metamorphic processes in either forming or modifying Hemlo-type gold

deposits. The discovery of three prominent calc-silicate occurrences and abundant




calc-silicate veins and veinlets at the study area gave rise to another major objective
of this thesis research: to examine the salient mineralogical and geochemical
characteristics and genetic relationships of the calc-silicate occurrences and their
relationships with the gold mineralization at the study area and within the entire

Hemlo-Heron Bay greenstone belt.

1.2 Location and Access

The White River exploration property of LAC Minerals Limited is 40 km
east of the town of Marathon, and 5 km east of the Hemlo gold deposit, in the
Thunder Bay mining district of northwestern Ontasio (Fig. 1.1). The study area is a
central portion of the White River exploration property of LAC Minerals Ltd., with
the township limit of Struthers to the west and Rust Lake to the east.

Access to the study area, as well as the entire property, is made via a
logging trail (the Campbell Express) from Highway 17 (Trans-Canada Highway),
and the Cedar Lake from the exploration camp of LAC Minerals Litd. The entire
study area is largely covered by a virgin forest and very few natural outcreps are
available for examination. Field study for this thesis research was largely carricd out
on over a dozen stripped outcrops and trenches, which were prepared by exploration

staff of LAC Mirerals Ltd. and can be reached through linecuts from the trail.



1.3 Previous Study

In the Hemlo area, sporadic exploration for precious metals, Au in particular,
can be dated back to the middle of the last century (Patterson, 1983). Work leading
to the actual discovery of the Hemlo deposit followed from the field mapping of
Thomson (1931), who recognized the area’s potential, and Au was found on the
present Page-Williams mine site by a prospector named Moses Fisher (Patierson,
1983). Systematic study in the Hemlo-Heron Bay greenstone belt was not started
until about 10 years ago (end of 1970’s), when the Ontario Geological Survey
began to map and carry out a stratigraphic-tectonic study for the entire greenstone
belt from the Lake Superior shoreline near Heron Buy, to the west (Muir, 1978,
1982a; 1982b), to the White River area, to the east (Siragusa, 1983).

Since the discovery of the very large gold deposit at Hemlo in 1982,
numerous studies have been carried out by various institutions and investigators.
Metallogenic aspects of the regional geology of the Hemlo gold deposit have been
reviewed by Robinson & McMillan (1985). The geology of the Hemlo area has
been reviewed by Muir (1985) and Patterson (1985). Recent detailed studies on
geological, geochemical and geochronologic aspects include Carieron & Hatton
(1985), Harris (1986; 1989), Burk et al. (1986), Kuhns et al. (1986), Kuhns (1986,
1989), Valliant & Bradbrook, (1986), Walford et al. (1986), and Corfu & Muir
(1989a, 1989b); many of these were presented in the Gold'86 symposium at
Toronto. Also, many thesis projects on geological, geochemical and metallogenetic

aspects of the Hemlo gold deposit have been carried out recently or are currently in

progress at a number of North American unversities (Schnieders & Smyk, 1988).




1.4 Methodology

The author made four field trips to the Hemlo area during the course of the
thesis study. Approximately 2 months were spent visiting prepared outcrops and
underground tours of the Williams mine, mapping surface outcrops, logging drill
core, and collecting surface samples from the study area.

Two hundred rock samples were collected from diamond drill-holes and
outcrops from the White River property. Whole-rock analyses for 154 samples for
major and trace element compositions were carried out by a combination of X-ray
fluorescence spectrometry (XRF), directly-coupled plasma spectrometry (DCP) snd
instrumental neutron activation analysis (INAA) methods at Neutron Activation
Services Limited of Hamilton, Ontario. Polished thin sections for all rock samples
were also prepared for petrographic study.

Mineral compositions were analyzed in detail with two electron microprobes
in the Department of Geology, University of Western Ontario. Amphibole and
feldspar compositions were made with a MAC-400 electron-microprobe firted with
the KRISEL automation system and the data were reduced on line with the MAGIC
data reduction program. Compositions for all other minerals were obtained by using
a JEOL JXA-8600 superprobe with Tracor-Northem 5500 automation and matrix
corrections were made using the Tracor-Northem ZAF program. Operating
conditions were identical for both electron microprobes: I5 kV, 10 nA, and beam
diameters of 2 to 5 ym, using the following mineral and synthetic glass standards:
Si, Mg, Ca: diopside; Al, Ti. kaersutite; Cr: chromite; Fe: orthopyroxene; Mn:

rhodonite; Ba: Na: albite; K: orthoclase. Precision of the analytical method was



indicated by replicate determinations of the standards (kaersutite for amphibole and
micas and anorthite for plagioclase, for example) as calibration monitors.

The 22-element analyses (Appendix II: Table 6¢) required for REE-rich
minerals were made in three separate schedules because the Tracor-Northem ZAF
program accommodates a maximum of only 13 elements per analysis. Twenty
elements were determined in two schedules with Ca, La, Ce and Nd common to
each schedule. Europium and gadolinium were determined separately in a schedule
which included Si, Al, Ca, Fe, La, Ce, Na and P. Electron microprobe analysis of
rare earth elements (REE) in minerals is not straightforward due to X-ray line
interference (peak overlap; e.g., Exley 1980, Roeder 1985). This interference can be
either avoided, by selecting X-ray lines showing minimum interference (Exley 1980),
or corrected for, using empirically-determined peak-overlap correction factors (Amli
& Griffin 1975). Roeder (1985) analyzed a selection of REE-minerals by electron
microprobe and found that both methods were satisfactory compared with
independent chemical analyses. Possible line interferences and correction factors for
wavelength-dispersion spectra are given in Table 2 of Roeder (1985). For the REE
composition of the present study, the L, line of Gd would experience significant
interference from Ce Ly,. Also, the Eu Lo, line would experience minor interference
from Nd LB,. I avoided these problems by using the L, line for both Gd and Eu;
the remaining REE (Appendix II: Table 6¢c) were analyzed with Lo, lines.

X-ray powder diffraction methods were used for mineral identification and
recognition of mineral polymorphs of mineral groups, such as mica and atkali
feldspar. Powder pattems of minerals of sufficient quantity were obtained with a

Rigaku powder diffractometer with Cu Ka radiation and quartz as internal standard.




X-ray diffraction patterns for mineral grain(s) removed from thin sections were
obtained with a 57.3 mm Gandolfi camera with Cr Ka radiation. Grains of minerals
(or mineral aggregates) were removed from thick thin sections (60 m) and
examined by X-ray single crystal precession method (Mo Ka radiation).

Double-polished 60 pm-thick chips for the microthermometric examination of
fluid inclusions were prepared by the method described by Holland et al. (1978).
Homogenization and freezing temperatures were measured on a Linkam TH 600
programmable heating-cooling stage, mounted on a Leitz Orthoplan binocular
microscope fitted with a long working distance UTX 50/0.63 objective lens and a
long focal length condenser lens assembly. Calibration of the heating-freezing stage
was carried out according to the procedures of Macdonald & Spooner (1981).

A GPP (Geist et al., 1985) program was adopted to perform statistical
calculations and graphics for the whole-rock geochemical data on a TRON personal
computer (IBM compatible, operating with DOS 3.1). Mineral formulae were
calculated on the basis of number of oxygen atoms (or equivalent) in individual
mineral species or mineral groups on the Cyber computing system at t*  University
of Westemn Ontario. The Fe*/Fe* proportion was estimated mainly by charge-
balance calculations according to ideal stoichiometries, except for that in calcic
amphibole fr which the “mid point” of the Papike et al.’s (1974) procedure was
used. Details for the computation of P-T-X conditions for all principal assemblages

(including calc-silicates) will be given in the text.



CHAPTER 2 GENERAL GEOLOGY

2.1 Regional Geology

2.1-1 Introduction

The White River exploration property of LAC Minerals Limited is part of
the Archean Hemlo-Heron Bay greenstone belt, which is part of the larger east-
trending Schreiber-White River Belt of the Wawa Subprovince of the Superior
Province of the Canadian Shield (Thomson, 1931; Muir, 1982a; 1982b; Siragusa,
1983). In the Hemlo-Heron Bay area, sections of the metavolcanics and
metasediments of the Archean greenstone belt are surrounded by two granitic bodies
(the Gowan Lake Pluton to the north and the Pukaskwa Gneissic Complex to the
south), and one alkalic intrusive body (Coldwell Alkalic Complex) to the West (Fig.
2.1). Late Archean granitoid intrusions including the Cedar Lake Pluton, Cedar
Creek Stock and Heron Bay Pluton intrude the supracrustal rocks near the axis of
an interpreted synform (Patterson, 1984). Dykes of various composition intrude both

supracrustal rocks and granitoid bodies.

2.1-1 Stratigraphy

Muir (1982a) has divided the supracrustal rocks into two major stratigraphic
sequences near the town of Heron Bay; the Playter Harbour Group to the south, and
the Heron Bay Group to the north (Fig. 2..,.

The Playter Harbour Group consists largely of high-iron tholeiitic and
pillowed metabasaltic flows in both variolitic and non-variolitic forms (Muir, 1982a).

A number of relatively thin, intercalated, discontinuous units of intermediate to
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felsic wff and lapilli-tuff as well as siltstone were found along the Lake Superior
shoreline (Muir, 1982a). These units were rarely found inland. Minor amounts of
poorly banded chert, amphibolite, and magnetite ironstone also occur in the west.
Isolated lens-shape bodies (sills ?) of pyroxenite and lherzonite are found within the
mafic flows in the Heron Bay area, and throughout this group to the east. There are
several very thin units of altered graphitic mudstone which contain various amounts
and combinations of pyrrhotite, chalcopyrite, and pyrite in the Heron Bay area.

The bulk of the Heron Bay Group is comprised of dacitic and rhyolitic calc-
alkalic pyroclastic breccia, tuff-breccia, lapilli-tuff, and tuff; rocks of rhyolitic
composition are minor and restricted to the vicinity of Heron Bay (Muir, 1982a).
The remainder of the group consists of calc-alkalic basalts as pyroclastic rocks.
pillow breccia, and so.ie flows.

The Pukask wa Gneissic Complex to the south mainly consists of lineated and
foliated to weakly gneissic biotite-homblende trondhjemite and granodiorite
(plagioclase-porphyritic and nonporphyritic) with altered small bodies and dikes of
massive pegmatite and aplite (Muir, 1982a). Locally within the older granitic rocks
there are small areas with well-developed gneisses, or amphibolite inclusions, or
bodies which may represent recrystallized and moderately assimilated remnants of
intermediate to felsic metavolcanics and metasediments. Within about 1 km of the
supracrustal rocks, the trondhjemitic and granodioritc rocks show a weak to
moderately developed mylonitic texture with a trend that parallels the contact (to the
Playter Harbour Group supracrustal rocks).

The north-central part of the aiea is underlain by the Gowan Lake Pluton,

which consists of lineated and microcline-porpt yritic varieties of biotite-hornblende
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quartz monzonite (Muir, 1982b). The northwest comer of the area is underlain by
part of the Coldwell Alkalic Complex, which consists of olivine gabbro, biotite
gabbro, pyroxene monzonite, and pegmatitic homblende quartz syenite.

An extensive number of relatively late alkalic and subalkalic dikes are
present along the Lake Superior shoreline area; they decrease in abundance along
the southem parts of the shoreline and rapidly become scarce inland. These dikes,
which are probably associated with the Coldwell Alkalic Complex, strike, on
average, south-southeast and may be a result of crustal extension as parnt of the
Lake Superior Rift Structure (Muir, 1982b). A few dikes were found west of the
Hemlo deposit. Most dikes post-date the subalkalic ("normal”) diabase dikes (which
have at least two ages; quartz-bearing predates olivine-bearing), porphyritic diabase,
lamprophyres, porphyritic syenite, carbonatite, and diatreme-like intrusion breccia.
Some of these types of dikes have a number of subtypes; overall age relationships
are complex.

Radiometric studies on the ages of various types of rocks in the region have
been carried out by Corfu & Muir (1989a; 1989b). "iheir U-Pb 7zircon data indicated
the occurrence of tiree main generations of granitoid plutons. A 2719 Ma-old
granodiorite near the margin of the Pukaskwa Gneissic Complex is the oldest
intrusive rock dated. The most widespread phase of plutonism formed at 2688-2684
Ma (the Cedar Lake Pluton, Cedar Creek Stock, the Heron Bay Pluton and
granodioritic phases within the Pukaskwa Gneissic Complex). The youngest intrusion
is the Gowan Lake Pluton dated at about 2678 Ma. The Coldwell Alkalic Complex

to the west at Marathon has been the object of several geochronologic studies. The

most precise ages of 110841 Ma for earlier gabbroic and syenitic phases and 1099
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Ma for late granitoid phases were reported by Heaman & Machado (1987).

2.1-3 Structures

The large scale structure of the Hemlo-Heron Bay greenstone belt has been
described as a broad synform, with the later granitic-granodioritic intrusions (Heron
Bay Pluton and Cedar Lake Pluton) along its cast-trending told axis (Patterson,
1984). Opposing dips to the foliations are common on the north and the south sides

of the belt, and a distinct fold nose has also been observed near the town: of the

White River (Milne, 1968; Patterson, 1984). Brittle deformation (f-ulting and
shearing) commonly occur along the contact of brittle and ductile rocks parallel to
bedding. Hugon (1984) was the first to report dextral shear within the Hemlo area.
Hugon (1984, 1986) concluded that the present geometry of the supracrustal rocks
of the Hemlo-Heron Bay greenstone belt resulted from a single, progressive and
protracted, dextral deformation event. Other investigators (Kuhns et al., 1986; Muir,
1986; Muir & Elliott, 1987; Muir, 1988) agreed that progressive deformation is
probably responsible for some of the observed structures but emphasized that
multiple generations of structures with differences in style, rate and physicochemical
conditions prevailed during the development of the Hemlo-Heron Bay greenstone
belt.

Kuhns et al. (1986) showed that at least four generations of distinct structural
events may be recognized in the Hemlo area. They are: (1) pre-peak metamorphic
F, folds, (2) post-peak metamorphic F, folds (the major megascopic structures in

this greenstone belt), (3) ductile-brittle T, faulting, and (4) brittle T, faulting.




Pre-peak metamorphic folding (F)) is recognized by the presence of isoclinal
folds through which a penetrative metamorphic fabric (axial plane foliation or
schistosity) has developed. This fabric is characterized by the alignment of
metamorphic minerals such as muscovite, biotite and garnet. The amplitude of F, is
uncertain, since these folds are difficult to recognize unless hinge zones are
observed. Post-peak metamorphic folding F, is recognized by the presence of
isoclinal folding of the metamorphic fabric and refolding of F, generation structures.
Isoclinal F, generation folds have amplitudes which vary from centimetre to metre
scale, up to kilometre scale. Flattening associated with F, deformation caused
boudinage deformation of the banded schists and resulted in significant elongation of
primary volcanic fragments and sedimentary clasts; axial -atios of up to 20:1 are
observed in some fragments and clasts.

Following F, folding, at least two generations of faulting developed parallel
or at low-angles to the metamorphic fabric. the earlier of the two tectonic zones
(T,) is referred to as the Lower Tectonic Zone [LTZ, termed as the Lake Superior
Shear Zone by Bartley & Page (1957) and the Hemlo Shear Zone by Hugon (1984,
1986)] and is spatially coincident with much of the Hemlo ore zone. A
recrystallized and annealed matrix, and development of a weakly to moderately
oriented mylonitic fabric are characteristic of the structure. A later tectonic (T,) is
recognized in the upper metasedimentary schists and is referred to as the Upper
Tectonic Zone (UTZ). This zone exhibits multiple, well-developed fault breccia and
gouge zones, which are developed parallel to the metamorphic fabric. Faulting of
the metamorphic rocks occurs over a stratigraphic interval of 30 to 60 m. The UTZ

is clearly distinct from, and is interpreted to be younger than, the LTZ by the
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absence of a recrystallized matrix and oriented fabrics.

Muir & Elliott (1987) also identified at least four generations of structures
produced by at least two deformation events: (1) an early phase resulting in F, folds
and low-angle normal or thrust faults; (2) a major second phase producing tight to
isoclinal F, folds and a penetrative axial plane schistosity and differentiated layering
(S,), possibly associated with sinistral shearing and mylonitization; (3) dextral shear
which locally resulted in mylonites and small- to medium-scale F, folds with axial
plane schistosity and crenulation cleavage (S,); and (4) kink folds and brittle faults.

In addition to the Hemlo Shear Zone (Hugon 1984, 1986), two other
structures, which are also of regional significance and are mentioned frequently late
in the present study, are described here: (1) a dextral low-angle reverse fault, which
is characterized by a distinct unit (up to 3 m thick) of actinolite-chlorite schists and
is traceable on the surface for more than 11 km, is present in the lower contact to
the south of the HSZ in the central portion of the greenstone belt and is referred to
as the Hemlo Fault Zone (HFZ), and (2) a fracture zone [referred to as the Cadi
Fracture Zone (CFZ) by field geologists of the LAC Minerals Ltd., and
characterized by a magnetic anomaly from the surrounding rocks] occurs at or near
the boundaries between clastic metasediments and basic metavolcanic rocks in the

southemn portion of the belt (Holding, 1987).

2.2 Geology of the White River Property

2.2-1 Introduction

The White River property of LAC Minerals Ltd. is located about 5 km east

along strike from the Hemlo gold deposit (Fig. 2.1). The supracrustal rocks, which




strike approximately 75° (ENE) and dip 60° north in the western part of the property
and gradually change to a strike of 85° and a dip of 45° north in the central and
eastern parts, belong to the southem limb of the interpreted synform, with the Cedar
Lake Pluton lying along the fold axis (Patterson, 1984). However, a number of
differences in respect to those to the west in the area of the Hemlo gold deposit
and near the town of Heron Bay have been recognized at the property. One of these
is a prominent transition from dominant calc-alkalic volcanic rocks to the west near
the town of Heron Bay to dominant clastic sediments-dominant to the east, which
occurs where the Hemlo gold deposit is situated. Therefore, the study area to the
east of the Hemlo gold deposit is largely a volcanoclastic-sedimentary basin (Fig.

2.1).

2.2-2 Stratigraphy

At the White River property, the stratigraphically lower high-iron tholeiitic
basalts and associated molybdenite and Cu-Zn sulphide occurrences (Siragusa, 1983;
Valliant and Bradbrook, 1986; Holding, 1987) to the south and marginal to the
Pukaskwa Gneissic Complex are similar in both lithology and metal occurrences to
the Playter Harbour Group (Muir, 1982a). The stratigraphically upper sequences of
calc-alkaline intermediate to felsic volcanic rocks and clastic sedimentary rocks in
association with gold occurrences are similar to the Heron Bay Group. Therefore,
Muir’s (1982a) divisions for the supracrustal rocks at Heron Bay are applicable to
the study area. The supracrustal rocks of the White River property have also been

further subdivided into nine lithostratigraphic units (Figs. 2.2, 2.3) on the basis of

stratigraphic, lithologic, compositional and textural criteria, arranged in north to
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Fig. 2.3. Stratigraphic section of the Hemlo-Heron Bay greenstone belt at the

White River property, showing compositional variations in plagioclase and

calcic amphibole. * For stratigraphic legend, see Figure 2.2.
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south (top to bottom) sequence as:

9. metagreywackes with mafic metavolcanic rocks

8. metapelites

7. upper intermediate to felsic metavolcanic rocks

6. quartz-biotite schists

5. biotite-rich metagreywackes

4. middle mafic metavolcanic rocks

3. lower intermediate to felsic metavolcanic rocks

2. lower metasedimentary rocks

1. lower mafic metavolcanic rocks

Units 1 and 2 correspond to the Playter Harbour Group and units 3 to 9 to
the Heron Bay Group.

Unit 1: this lowest unit of mafic metavolcanic rocks structurally overlies the
Pukaskwa Gneissic Complex. It consists largely of massive and variolitic varieties of
high-iron tholeiitic flows and pillowed b.salt flows with a thickness of up to 300 m,
which have been metamorphosed to strongly foliated, dark green amphibolite (green
to brown homblende + plagioclase + microcline + biotite). The amphibolite of this
unit is distinguished from the amphibolites of the Heron Bay Group by the
abundance of medium to very large, zoned plagioclase phenocrysts (2 to 5 mm in
diameter). Clastic metasediments are also present as intercalated thin layers (up to a
few meters thick) within the mafic metavolcanic rocks. They are mainly composed
of quartz, plagioclase, K-feldspar, biotite, gamet, sillimanite, epidote, clinozoisite,

and chlorite.



Unit 2: overlying the lower mafic metavolcanic rocks of unit 1 is a very
thick (400-700 m) metasedimentary unit (referred to as the lower metasedimentary
sequence hereafter). This unit consists of strongly foliated, fine- to medium grained,
grey-white, quartz-feldspar mica schists (quantz + plagioclase + microcline + biotite
+ chlorite + actinolitic homblende + epidote). Locally, almandine-rich gamet
poikiloblasts are present. These clastic metasediments are mineralogically
characterized by the presence of calcic amphibole and have blastic-psammitic texture
in the castern part of the study are near the Dunc Lake Fault, they have relics of
quartz and feldspar clasts in a weakly foliated or unfoliated, fine-grained matrix.
Recrystallization at the margins or grain boundaries of the quartz-clastic relics is
well-developed. A laterally extensive band of felsic metavolcanic rocks is present in
the lower portion of the unit. This band of felsic metavolcanic rocks is characterized
by a well-developed foliation and the abundance of quartz and feldspar fragments
which align parallel to the foliation. Small quartz veins (pyrite-bearing) are locally
present in this band of felsic metavolcanic rocks. A band (30 m thick) of dark
green amphibolite can be traced subparallel to the foliation in the upper portion: a
few wedge-shaped fragments of Cr-rich calc-silicates [diopside-hedenbergite +
epidote (including Cr-rich epidote) + (end-member) albite + microcline + uvarovite
+ grandite + actinolite + chlorite + prehnite + pumpellyite, with minor pentlandite +
molybdenite + pymrhotite] occur within or adjacent to the amphibolite band (this is
referred to as the "Cadi Fracture Zone (CFZ)" by field geologists of LAC Minerals
Lid.) (Fig. 2.4). Locally, gradational contacts between the Cr-rich calc-silicates and
the underlying mafic metavolcanic rocks are observed (Plate Ia). Within the CFZ,

abundant relic mafic fragments, which have been metamorphosed to actinolite-
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PLATE 1

A.: Gradational boundary between Cr-rich calc-silicates and underlying mafic
metavolcanic rocks in the Cadi Fracture Zone; note the white cross-cutting
vein to the right is an albite vein.

B: This photograph shows relict mafic fragments in Cr-rich calc-silicates from the
Cadi Fracture Zone, the large crystal to the left is green Cr-bearing garnet.

C: Strongly deformed pillows from unit 4; arrows indicate the gamet-bearing
(Fe-rich) pillow margin.

D: Hemlo Fault Zone as represented by a thin layer of actinolite-chlorite schists.

E: Almandine gamet-rich metasedimentary rocks from unit 6.

F: The regional banded iron formation (BIF) in unit 6.

G: This photograph illustrates the high intensity of deformation close to the Local
Shear Zone, as indicated by the development of mafic boudinages in hanging-
wall metapelites.

H: This photograph was taken from unit 8 metapelites and illustrates the
development of late local fractures, which occur nearly perpendicular to the

main foliation.







chlorite schist, are well-preserved (Plate Ib). A lens of ultramafic metavolcanic rocks
is also present parallel to the plane of foliation in metasedimentary rocks, between
two fragments of the Cr-rich calc-silicates.

Unit 3: unit 3 is composed of a sequence with variable thickness (550-750
m) of intermediate to felsic metavolcanic rocks separated by a thick band (200 m)
of metasedimentary rocks. These intermediate to felsic metavolcanic rocks are
massive, locally weakly-foliated, fine-grained, grey-white rocks containing muscovite,
actinolitic homblende, biotite, quartz, plagioclase, microcline, epidote, and minor
zircon, tourmaline, magnetite, pyrite, titanite and apatite. Most rocks of this unit,
particularly in the upper portion, contain quartz and plagioclase phenocrysts (average
2 mm diameter): the latter are well zoned and extensively replaced by sericite.

Two layers of very strongly foliated biotite schists are present within unit 3
and contain abundant biotite porphyroblasts and a few almandine-rich gamet
poikiloblasts.

Unit 4: the middle sequence of mafic metavolcanic rocks attains a maximum
thickness of 140 m and structurally overlies the lower intermediate to felsic
metavolcanic rocks of unit 3. Unit 4 is composed of strongly foliated, dark green
amphiboliie (brown homblende + biotite + plagioclase + microcline + almandine-
rich gamet + quartz) with pillow structures locally present (Plate Ic). These pillows
are extensively deformed, particularly near the Hemlo Fault Zone (HFZ), to
ellipsoida) shapes with a long axis ranging from 49 to 60 cm and a short axis of
about 15 cm. The core of each individual pillow has been metamorphosed to
common amphibolite, the outer zone (surface) has invariably been metamorphosed to

a distinct thin layer which is characterized by the abundance of large (5 to 6 mm




diameter) almandine-rich gamet porphyroblasts (Plate Ic). A thin (1-3 m) layer of
actinolite-chlorite schist can be traced along the lower portion (Plate Id). This schist
has been interpreted to represent the Hemlo Fault Zone (HFZ) and is thought to be
a regional structure (Patterson, 1984). Carbonate (calcite) veins are well developed
in this mafic unit, particularly in the lower portion adjacent to the actinolite-chlorite
schist (i.e. HFZ; Plaie Id). Veins or veinlets of (prehnite + epidote + calcite + K-
feldspar + actinolite + albite) are also extensively developed within the mafic
metavolcanic rocks of unit 4.

The middle metasedimentary sequence of supracrustal rocks is approximately
250 m thick in the western part of the study area and up to 800 m thick at the
east, and has been subdivided into units 5 and 6.

Unit 5 is characterized by a group of foliated, medium- to fine-grained,
biotite-rich metagreywackes. A few fragments of lean iron formation, consisting of
homblende + almandine-rich gamet + plagioclase + quartz + magnetite, are locally
present in the lower and middle portion of the unit at the central and eastern part of
the study area. A band (10 m thick) of very strongly foliated, coarse-grained,
sillimanite-bearing biotite schist is present in the lower portion of this unit near the
contact with the mafic metavolcanic rocks of unit 4 at the central and eastem part
of the study aica.

Unit 6: this unit is typified by a group of very strongly foliated, medium- to
coarse-grained, yellowish- or brownish-grey quartz-biotite schists. Thin layers (10 ¢cm
to 5 m thick) of aluminous rocks with abundant almandine gamet porphyroblasts are
also common in this unit (Plate Ie). Staurolite-bearing quartz-biotite schists generally

contain almandine-rich gamet and abundant tourmaline, and staurolite and gamet,




which make up about 10 % of the rock, are commonly poikiloblastic and exhibit the
"augen" texture. Sillimanite-quartz-biotite schists commonly containing gamet and
staurolite poikiloblasts occur as thin bands (2-3 m thick) in the upper portion of this
unit. These bands are characterized by fibrous sillimanite aggregates aligned on the
foliation plane. Poikiloblastic cordierite and medium-grained kyanite (partdy replaced
by muscovite and chlorite) are locally developed, and the alignment of kyanite
grains is generally discordant to the penetrative foliation.

There is a regional banded iron formation (BIF) (up to 5 m thick) in the
lower portion of this unit. Thin magnetite-dominated layers are interbanded with
brown homblende and quartz-rich layers (Plate If). Coexisting homblende and
cummingtonite are present at the contacts with thin layers of (Mg, Fe)-rich rocks
(cordierite-anthophyllite rocks). Very locally, poikiloblastic almandine-rich gamet is
replaced by dark-green homblende and chlorite.

Cordierite-anthophyllite (minor gedrite or cummingtonite as well) rocks are
also locally present as thin layers in unit 6 and occur invariably in either close
association or direct contact with the regional BIF. Elongated anthophyllite (or
gedrite) occurs parallel to the foliation and is partially replaced by chlorite.
Cordierite is generally present as large porphyroblasts (up to 2 mm in diameter).
Locally, cummingtonite-bearing quartz-mica schists, rather than cordieirite-
anthophyllite rocks, are present in close association with BIF.

Unit 7: the upper intermediate to felsic metavolcanic unit is up to 100 m
thick and is in sharp contact with the quartz-biotite schist of unit 6. It is
distinguished from the metasedimentary rocks by a massive, or locally weakly-

foliated, fine- to medium-grained texture. It is composed of quartz, plagioclase,
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microcline, actinolitic homblende, epidote, minor pyrite, magnetite, titanite, apatite,
tourmaline, and disseminated and veined calcite.

Unit 8: the metapelite of unit 8 is approximately 30 m thick, and is in
gradational contact with the unit 7 intermediate to felsic metavolcanic rocks. It is
strongly foliated, containing medium- to coarse-grained quartz-biotite, untwinned

plagioclase, chlorite, titanite, apatite, tourmaline, and disseminated calcite. Strong

deformation in metapelites of unit 8 is indicated by occurrences of mafic boudinages

close to lithologic contacts with intermediate to felsic metavolcanic rocks of unit 7
(Plate Ig).

At the boundary betwecn unit 7 (upper intermediate to felsic metavolcanic
rocks) and unit 8 (metapelite), & thin layer (up te 25 m thick) of medium- to
coarse-grained muscovite schist contains a zone of anomalous gold values ranging
from 37 ppb to 27 ppm (Figs. 2.2, 2.3). This thin layer of muscovite schist occurs
roughly parallel to the margin of the Cedar Lake Pluton ana dips to the north.
Mineralogically, this muscovite schist zone is mainly composed of white micas,
biotite, plagioclase, microcline, quartz, epidote, clinozoisite, prehnite, margarite,
sericite, titanite, apatite and tourmaline with variable amount of pyrite, pyrrhotite,
and chalcopyrite. A sharp contact between the muscovite schist and the underlying
intermediate to felsic metavolcanic rocks of unit 7 is obvious on stripped outcrops
near the Gold Lake, whereas the contact between the muscovite schist and the
metapelite of unit 8 is gradational.

Unit 9: the metagreywacke varies from 350 to 600 thick. It is characterized
by highly-foliated, yellowish-grey, fine- to very fine-grained quartz-feldspar schists,

which consist mainly of quanz, plagioclase, biotite, chlorite, sericite, muscovite, and



locally almandine-rich gamet porphyroblasts, particularly in the metagreywacke

adjacent to the contact with the Cedar Lake Pluton, and minor titanite, magnetite

and apatite.

Unit 9 contains two laterally extensive bands of mafic metavolcanic rocks, 10
m thick, and in sharp contact with the enclosing metasedimentary rocks. They are
strongly-foliated, fine- to medium-grained, dark-green amphibolites (actinolitic
homblende + biotite + plagioclase + microcline), with local abundance of tourmaline
grains. Prehnite, epidote, and calcite are present locally as microveins and

groundmass in these mafic metavolcanic bands.

2.2-3 Intrusive Rocks.

Earlier (Archean, Muir, 1982a) dykes are common but minor in volume.
They range from ultramafic to felsic in composition (peridotite and quartz-feldspar
porphyry, etc.) and generally occur parallel to the main foliation. They are
invariably altered to some degree. Large plagioclase and K-feldspar phenocrysts
generally are partly altered to sericite anc chlorite.

The Cedar Lake Pluton is a large irregular granodioritic body, which occurs
in the centre and probably along the fold axis (Patterson, 1984) of the Hemlo Heron
Bay greenstone belt, and is the northemn limit of the study area. It extends nearly
parallel to the main foliation. The margin of the Cedar Lake Pluton also dips to the
north but at a higher angle than the supracrustal rocks. Mineralogically, the Cedar
Lake Pluton is mainly composed of quartz, plagioclase, K-feldspar, homblende,
biotite, epidote and chlorite with titanite, zircon, apatite, oxide minerals, such as

ilmenite and magnetite, and pyrite as accessary minerals.




Later (Proterozoic; Muir, 1982a) intrusive rocks are mainly diabase dikes.
They are much more abundant than their earlier counterparts and intersect all
supracrustal rocks nearly perpendicularly and trend NNE. They are commonly fresh
in nature and show no visible features of alteration. To the northeast of the study
area, diabase dikes even extend into the Cedar Lake Pluton, clearly indicating their
later age.

At the study area, K-feldspar-rich pegmatitic veins are very common in the
Playter Harbour Group to the south. Almost all diamcnd-drill holes from the
southem part of che study area intersect a few meters (up to 1S m) of pink, coarse-
grained K-feldspar-rich pegmatite. The pegmatite is mainly composed of coarse-
grained K-feldspar and quartz with minor biotite and muscovite Chlorite,
molybdenite and sphalerite are also common in fractures of the pegmatitic veins. All
pegmatitic veins examined by the present study are generally fresh-looking without
evidence of metamorphism and alteration, and the veins are clearly discordant with
the main foliation of the supracrustal rocks. Therefore, the emplacement of these
pegmatitic veins was definitely later than the formation of the supracrustal rocks,
although an absolute age is not available. Their genetic relationship with the major
later granodioritic intrusive bodies (Cedar Lake Pluton, Heron Bay Pluton and Cedar
Creek Stock) are unclear, but unaltered pink two-mica-bearing K-feldspar-quartz
pegmatitic veins are also locally abundant in the greywackes of the unit 9 near the

Cedar Lake Pluton.

2.2-4 Regional and Local Structures

It has been stated earlier that the White River property is part of the Hemlo-




Heron Bay greenstone belt. Therefore, many of the regional geological
characteristics are also observed at the study area. The nature and complexity of
deformation are typical of that within the greenstone belt, and the major regional
structures, including Hemlo Shear Zone, Hemlo Fault Zone and Cadi Fracture Zone,
also extend into the study area. Some structures which appear to have local

significance are dealt with in the following sections.

The supracrustal rocks of the White River property form the southern limb of

the interpreted synform and dip at various angles (mainly 45-60°C) to the north. The
White River property, lying to the east of the Hemlo gold deposit, is a part of the
large olcanoclastic sedimentary basin and the most common lithology in the study
area is, therefore, deformed and recrystallized clastic metasedimentary rocks. All
clastic metasedimentary rocks are generally fine- to medium- grained, and
conglomerates, which are present in the area of the Hemlo gold deposit to the west,
are typically absent in the study area.

All supracrustal rocks, particularly those at or near lithological boundaries
between brittle and ductile (metavolcanic and metasedimentary rocks, respectively)
have been subjected to extensive shear deformation (Kuhns et al., 1986; Muir and
Elliott, 1987). The Hemlo Shear Zone, which extends from the Hemlo gold deposit
area, occurs at o1 near the boundaries between units 4 and 5 throughout the study
area. Numerous thin layers of relatively high strain are also observed but are
generally of limited lateral extent. One notable exception is in the thin layer of
muscovite schist at or near the boundaries between units 7 and 8, and hosting the

zone of anomalous gold values. This is referred to as the Local Shear Zone (LSZ)

in order to distinguish it from the regional Hemlo Shear Zone (HSZ). The
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characteristics of the LSZ will be further described in Chapter 6.

Three major fracture zones are present in the study area. The Cadi Fracture
Zone (CFZ), which is represented by Cr-rich calc-silicates and extends westwards to
the Hemio area, is particularly well-developed at or near the boundaries between
basic volcanic flows and clastic metasediments in lithological unit 2 of the Playter
Harbour Group. The Hemlo Fault Zone (HFZ), which is represented by thin layers
(up to 3 m thick) actinolite-chlorite schists, is situated in the lower portion of the
mafic metavolcanic unit 4 of the Heron Bay Group. The Dunc Lake Fault, which
forms the eastern boundary of the study area and crosscuts all supracrustal rocks
and the Cedar Lake Pluton and even intersects the later north-south trending diabase
dykes, apparently did not significantly effect the supracrustal rocks and is not
considered further.

Local fractures and faults, which laterally extend only a meter or a few
meters, are abundant in the northem part of the study area, and appear to radiate

from the Cedar Lake Pluton (nearly perpendicular to the main foliation, Plate Th).




CHAPTER 3 GEOCHEMISTRY OF METASEDIMENTARY ROCKS

3.1 Introduction

A knowledge of tectonic setting is essential for studies metamorphic
petrology and metallogeny in a metamorphic terrain, because variations in
metamorphism and metallogeny were largely controlled by systematic variations in
structure, sedimentation environment, magmatic activity, and chemical composition
related to tectonic setting. However, the tectonic environments of Archean terrains
are poorly understood due to their long and complex history, and extensive
deformation, uplifting and erosion of their supracrustal rocks. In the past two
decades, studies of the geochemical characteristics of volcanic and sedimentary rocks
have lead to docuinentation of their geochemical characteristics and made possible
comparisons with modem tectonic environments.

The geochemical characteristics of the host rocks of the gold mineralization
(muscovite schists) and calc-silicates (metavolcanic rocks) will be discussed in
Chapters 6 and 7, respectively. The major objective here is to document the
geochemical characteristics of the metasedimentary rocks, the most abundant
lithology in the study area, and to attempt to determine the provenances and tectonic

environment of the pre-existing sediments.

3.2 Metasedimentary Rocks

A prominent lithological transition from calc-alkalic volcanic-dominant to the
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west passing into a large volcanoclastic-sedimentary basin to the east coincides with
the location of the Hemlo gold deposit (Patterson, 1984; Valliant & Bradbrook,
1986). The White River property, to the east of the Hemlo gold deposit, is,
therefore, part of the large sedimentary basin and is mainly composed of clastic
metasedimentary rocks (Figs. 2.1, 2.2). Metasedimentary rocks of predominantly
intermediate composition are commonly well-bedded and laminated. Primary
textures, such as graded-bedding and cross-bedding, which have been recognized in
the Heron Bay Group sedimentary rocks at the Hemlo gold deposit (Muir, 1988,
pers. comm.), are rarely observed in the study area due to extensive deformation
and the lack of field exposure. However, blasto-psammitic texture with quartz and
K-feldspar relics in a mafic matrix occur in a few weakly-foliated to unfoliated
domains. Textural and mineralogical descriptions for metasedimentary rocks in
individual lithological units have been given in Chapter 2. These are summanized in

the following sections.

3.2-1 Playter Harbour Group

The Playter Harbour Group is mainly composed of high-iron tholeiitic
basaltic flows to the westemn limit of the greenstone belt near Heron Bay (Muir,
1982a). In the study area, a thick unit (unit 2) of clastic metasediments (the lower
metasedimentary sequence) occurs to the north of the lowest mafic metavolcanic
unit (lithological unit 1). The lower metasedimentary sequence is characterized by
dark-grey colour and fine-grained textures, locally with abundant rock fragments

consisting mainly of quartz and feldspar. Mineralogical.,, it differs from clastic

metasediments of the Heron Bay Group at the White River property by the presence




of calcic amphibole and low abundance of biotite and muscovite. Other minerals
present are quartz, feldspar (mainly plagioclase and minor K-feldspar), epidote,
chlorite, and minor to trace amounts of titanite, apatite and opaque minerals (mainly

sulfides).

3.2-2 Heron Bay Group

In contrast to the Playter Harbour Group to the south, clastic metasediments
are the predominant lithology in the Heron Bay Group. Clastic metasediments are
present in all lithologic units with the exception of unit 7. They occur as
intercalated layers in metavolcanic rocks of units 3 and 4 and as two thick
metasedimentary sequences referred to as the middle sequence (units 5 and 6) and
the upper sequence (units 8 and 9). Only a few samples from units 3 and 4 were
included in this study. Most of the data for the Heron Bay Group refer to the

middle and upper metasedimentary sequences.

3.2-2a Middle metasedimentary sequence

The middle metasedimentary sequence includes two lithological units: biotite-
rich greywackes of unit S and metapelites of unit 6. The middle metasedimentary
sequence (particularly metapelites of unit 6) differs from its lower and upper
counterparts by its coarse-grained texture. Mineralogically, it is characterized by high
abundances of two micas (biotite and muscovite) and the local presence of
aluminum-rich porphyroblasts including kyanite, sillimanite, gamet and staurolite.

Chemical sediments are characteristically present in the middle

metasedimentary sequence (in both units 5 and 6) and are invariably oxide-silicate
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facies banded iron formations (BIF). They occur generally as thin layers or
discontinuous lenses intercalated with clastic metasediments and are best developed
in a regional BIF (up to S m thick) in the 'upper portion of unit 6, which is
laterally-extensive throughout the study area.

In addition to aluminous schists, a few rocks wit'" mineral assemblages
consisiing mainly of Fe-Mg-Mn amphiboles (mainly anthophyllite with minor gedrite
and cummingtonite) and cordierite are particularly distinctive and are referred to as
cordierite-anthophyllite rocks (CAR). The separation of the CAR from aluminous
metasediments is particularly evident on geochemical grounds. The CAR are

generally spatially related to BIF.

3.2-2b Upper metasedimentary sequence

The upper metasedimentary sequences also includes two lithological units: i.e.
metapelites of unit 8 and metagreywackes of unit 9. The unit 8 metapelites are
generally medium-grained and are composed of abundant biotite and, locally, minor
porphyroblasts of andalusite and gamet. The unit 9 metagreywackes are
characteristically fined-grained in texture and the abundance of mica is generally
low. Rock fragments also are locally present in the metagreywackes of unit 9 but

are considerably less abundant than those in the lower metasedimentary sequence.

3.3 Geochemical Characteristics of Metasediments

Geochemical data, including 13 major element oxides and 25 trace elements,

are given in Appendix I. In this section, description and discussion are arranged
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according to the lithologic groups (i.e. clastic metasediments, chemical
metasediments and CAR) rather than lithostratigraphic sequences (lower, middle and
upper sequences), in order to generalize the geochemical characteristics of each
lithology and to determine systematic variations of a given lithology with

stratigraphic position.

3.3-1 Clastic Metasediments
3.3-1a Major element oxides

The clastic metasediments are generally intermediate to felsic in major
element composition and, as a whole, have a very complicated geochemistry. The
abundances of the individual major element oxides are highly variabie in different
rock types, particularly SiO, (58-73 wt. %) and Al,O, (12-22 wt. %) show large-
scale variations. The greywackes are generally lower in Al,O, and K,;O but higher in
Na,O and CaQ relative to metapelites. There also are apparent correlations between
major element oxides and the observed mineralogy. For example, clastic
metasediments of the lower metasedimentary sequence are characterized by high
CaO content (4 to 5.5 wt. %) and low K,O (1.5 to 2.2 wt. %), corresponding to the
presence of calcic amphibole and low abundance in mica. Similarly, Al,SiO;
minerals (andalusite, sillimanite, kyanite) and other aluminum silicate minerals, such
as gamet and staurolite, are confined to very aluminous rocks. From inspection of
all geochemical and petrographic data, the minimum whole-rock Al,O, content
associated with the presence of Al,SiO, minerals and aluminum-rich minerals
appears to be above 17 wt. %. However, it is necessary to point out here that

Al,SiO;-minerals and aluminum-rich minerals do not necessarily occur in all high-



aluminum rocks. In fact, a large amount of the Al content is generally distributed
between feldspar and/or mica minerals in all clastic metasediments.

Although the Al,O,/Na,O weight ratio (the maturity index) of metapelites is
slightly higher than that of greywackes, the average values at about 3.4 (2.8-4.0) of
unit 2, 4.2 (3.9-5.0) of unit 5, 7.1 (4.4-12.1) of unit 6, 5.2 (3.6-7.9) of unit 8, and
3.5 (3.3-3.8) of unit 9 are typical of that for immature sediments, which suppons
the textural evidence (the presence of rock fragments) that the maturities of the
clastic metasediments from the study area are generally low. Although large
variation in Na,0 and K,O contents is present between all samples analyzed, the
weight ratio of K;O/Na,O of clastic metasediments from the study area is typically
lower t-an | and mostly lower than 0.7, which is comparable to that of most clastic
metasediments formed about 2.5 Ga (cf. Engel et al., 1974).

The values of the Al,0,/TiO, weight ratio in the lower metasedimentary
sequence show a wide range of variation from 27 to 45 with an average value of
33 (6=2.5, n=9). In the middle metasedimentary sequence, although Al,0, and TiO,
both show a wide range of variation individually, their weight ratio is very constant
at about 26 (6=0.6, n=18); Al,O, an¢ TiO, show a good positive correlation (Fig.
3.1). In the upper metasedimentary sequence, the Al,0/TiO, weight ratio falls into
two groups correspunding to lithology (Fig. 3.1): (1) about 27 (6=1.6, n=8) in
metapelites of unit 8 (close to that of the middle metasedimentary sequence), and
(2) showing a considerable range of variation with an average of about 36 (6=3.6,

=0) in metagreywackes of unit 9, which is similar to the lower metasedimentary

sequence.
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Ferromagnesian oxides, including TiO,, Fe,0,* (total iron), MgO and MnO,
show fairly good positive correlation with SiO,. Figure 3.2 shows plots of Fe,O,*
and MnO versus MgO for all clastic metasediments. On this diagram, it is apparent

that Fe,O,* and MnO all exhibit good positive correlation with MgO (Fig. 3.2).

3.3-1t Ferromagnesian trace elements (transition metals)

Like most Archean metasedimentary rocks (metagreywackes in particular),
clastic metasediments from the study area are characterized by high concentrations
of transition metals, including V, Sc, Cr, Co and Ni, particularly Cr (13-410 ppm)
and Ni (33-120 ppm). Many investigators (Danchin, 1967; Taylor, 1977; Argst &
Donnely, 1986 and many more) attributed high contents of Cr and Ni to ultramafic
or mafic sources and suggested that the earlier crust was more mafic and ultramafic
in nature. Some others (McLennan et al., 1983; McLennan & Taylor, 1984) also
observed high concentrations of Cr and Ni but argued that secondary enrichment
must have played an important role in their enrichment. The most interesting feature
of the distributions of these ferromagnesian elements in the present study area is
that they have definite positive correlations with Fe,0,* and MgO and negative
correlations with SiO,. Also, Sc and Co, which have long been viewed as the most
immobile ferromagnesian elements (for review see McLennan & Taylor, 1984), are

positively co:related (Fig. 3.3).

3.3-1¢c Rare-earth-element (REE)

Although large variations are characteristically observed in both major and

trace eler .ent contents of the clastic metasediments from the study area, REE
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Fig. 3.2. Plots of Fe,O,* and MnO versus MgO for all clastic metasedimentary

rocks from the White River property: symbols as Fig. 3.1, except that

crosses are for all upper metasedimentary rocks (units 8 and 9).
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contents are fairly similar for all samples and nearly constant for samples from a
given lithology. The absolute abundances for eight REE are given in Appendix I
and representative chondrite-normalized pattemns are illustrated in Figure 3.4a. The
range of REE abundance and patterns for the clastic inetasediments from the White
River property, which show overall light REE (LREE) enrichment and an absence of
an Eu anomaly, resemble the average compositions of Post-Archean Australian
sediments (PAAS) but not of Australian Archean sediments (AAS) (Fig. 3.5).

There is no obvious correlation between individual REE abundance and
major element oxides in the clastic metasediments. However, the La,/Yb, ratio [the
fractionation index between LREE and heavy REE (HREE)], in these rocks strongly
correlates with major element compositions and exhibits a good negative correlation
with Fe,0,*. The maximum value of La/Yb, (75) is associated with a low Fe,0,*
content and indicates a high fractionation of LREE and HREE, similar to that in

intermediate to felsic metavolcanic rocks.

3.3-1d Othe trace c¢lements

The concentration of Rb (large monovalent cation) is highly variable (<10-
180 ppm) and shows a good positive correlation with the content of SiO,, whereas
that of Sr (a "small” divalent cation) is also highly variable and elevated (160-1800
ppm) but shows a negative correlation with SiO,. However, the ratio of the "large”
cations (K/Rb = 150-400) and the "small" cations (Na/Sr = 20-200) show a very
large scatter, in contrast to their incompatible nature and similar behaviour during

sedimentary processes. Nagvi et al. (1988) have attributed this to the incomplete

mixing and rapidity of sedimentary processes.
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Fig. 3.5. Range of REE abundances in clastic metasedimentary rocks of the
White River property, and comparisons with the average compositions of
Australia Archean sediments (AAS; cf. McLennan & Taylor, 1980) and Post-

Archean Australia sediments (PAAS, cf. Nance & Taylor, 1976).



The contents of B (20-310 ppm) and Ba (70-1100 ppm) are also fairly
elevated and extremely variable in the clastic metasediments from the study area.
These two elements strongly correlate with' mineralogy. B is generally low (<50
ppm) in the Playter Harbour Group and increases northward towards to the Cedar
Lake Pluton. This is consistent with the distribution of tourmaline (mainly in veins)
which correlates with proximity to the Cedar lake Pluton and not host lithology. Ba
does not show a systernatic variation with stratigraphy but correlates with the
abundance of K-feldspar, which is the main carrier of Ba.

Although the abundances of Th and U are highly variable (0.8-6.3 ppm and
<0.5-2.7 ppm, respectively), the Th/U ratios are quite constant for all samples,
especially for those from a given lithologic unit, but the average of Th/U ratio of
about 3.6 (6=0.2, n=29) in all samples from the study area is considerably lower
than that of post-Archean shales (Th/U = 4.5-5.5; McLennan & Taylor, 1980) but is
similar to that of Archean shales and is indistinguishable from that of typical
igneous rocks (McLennan & Taylor, 1984).

The geochemical coherence between Th and LREE in sedimentary rocks has
been documented by McLennan et al. (1980). This correlation also is observed in
clastic metasediments from the study area (Fig. 3.6). However, the La/Th ratio (6-7,
with a few values up to 9) is considerably higher than the average estimate (3.5 £
0.3) for Archean sedimentary rocks (McLennan & Taylor, 1984). It is necessary to
point out that the La/Th ratio of the Playter Harbour Group metagreywackes is
slightly higher than that of the Heron Bay Group, which, in tum, is slightly higher

than that of the metapelites.
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3.3-2 Chemical Metasediments (BIF)

In the study area, banded iron formation satisfies the criteria (Fe,0,* > 15
wt. %) as defined by James (1954). It is characterized by high contents of
aluminum and silica (up to 11.8 and 63.1 wt. %, respectively), which correspond to
the presence of abundant high-Al calcic amphibole and, locally, almandine gamet as
well. The Al,O,/TiO, weight ratio is rather uniform at about 28.6 (5=0.3, n=6)
similar to that of the clastic metasedimentary host rocks. The K,0/Na,0 weight
ratio, however, shows a considerable range of variation with values greater than 1.
There is no coherent correlation between Fe,O,* and MgO nor among
ferromagnesian trace elements and MgO. It is noticeable that ferromagnesian trace

element abundances, Ni (32-95 ppm) and Cr (160-380 ppin) for example, are well

within the range for the clastic metasediments despite significantly higher Fe,O,*
contents in the former. The chondrite-normalized REE patterns (Fig. 3.4b) exhibit a
strong fractionation between LREE and HREE as indicated by La,/Yb, ratios up to
15. This, along with the absence of a positive europium anomaly, differs from other
Precambrian counterparts but is similar to that of post-Cambrian ironstones (cf.

Fryer, 1977).

3.3-3 Cordierite-Anthophyllite Rocks (CAR)

In the study area, cordierite-anthophyllite rocks (CAR) are distinguished from
clastic metasedimentary rocks by their low contents of SiO, und high concentrations
of Mg and Fe (5.59-6.51 wt. % MgO and 8.40-9.32 wt. % Fe,0,*), and from BIF
by lower contents of Fe.O,* (<10 wt. %). The (Fe,0,* + MgO)/AL,O, weight ratio

is characteristically greater for whole-rock that for cordierite (cf., Reinhardt, 1987).

Although values of Al,0,/Na,0 (4.22-6.88) and K,0/Na,0 (0.40-0.91) are similar o0
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or slightly higher than corresponding values in metagreywackes, the Al,0/TiO,
weight ratio is fairly constant at an average of 21 (0=0.6, n=5) close to the
chondritic and komatiitic values (Sun & Nesbitt, 1978; Condie, 1981). The
abundances of transition metals, especially Cr (480-770 ppm) and Ni (300-500 ppm)
are significantly higher than in clastic metasediments but are similar to those of
komatiitic basalt and komatiite. The chondrite-normalized REE patterns of CAR are
also characteristically flat (La,/Yby <10) and are accompanied by a positive
europium anomaly (Fig. 3.4b). The less mobile incompatible elements, such as Ta,
Hf and Th, in CAR also are generally lower in abundances than clastic

metasediments.

3.4 Genesis of Cordierite-Anthophyllite Rocks

Before continuing with discussion of the observed geochemical features of
the metasediments from the White River property, I shall appraise the genesis of
CAR based on available geological, mineralogical and geochemical characteristics
outlined in previous sections. This will facilitate later discussion of the geochemical
charactenstics of clastic metasediments.

Cordierite-anthophyllite rocks (CAR) have attracted much attention since the
beginning of this century, because of their most common occurrence in association
with volcanogenic massive sulfide deposits and their unusual whole-rock
composition which is without equivalents amongst common igneous and sedimentary
rocks. The various genetic models proposed for their origin have been tabulated by

Reinhardt (1987: Table 1) and are summarized here: (1) synmetamorphic-
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metasomatic (Eskola, 1914; Kuroda, 1959; Floyd, 1965; Andres-Jones, 1966; Nilsen,
1971; Irving & Ashley, 1976; Pollard, 1981), (2) metamorphism of Al-contaminated
ultrabasic rocks (Pride. 1940), (3) metamorphism of synkinemetamorphically altered
rocks (Tuominen & Mikkola, 1950); (4) metamorphism of weathering products
(Tilley & Flett, 1929, and later refuted by Tilley, 1935; 1937, Gable & Sims, 1950),
(5) residuum of partial melts (Grant, 1968; Lal & Moorehouse, 1969), (6)
isochernical metamorphism of hydrothermally altered rocks (Vallance, 1967; De
Rosen-Spence, 1969; Froese, 1969; Morton, 1972; James et al., 1978; Schermerhom,
1978; Hudson & Harte, 1985); and (7) isochemical metamorphism of sediments
(Reinhardt, 1987).

The geochemical data [i.e. the Al,O/TiO, weight ratio close to the chondritic
value, extremely high Cr and Ni abundances, a good positive comrelation between Ni
and MgO, low concentrations of the less mobile incompatible elements (Hf, Ta and
Th), low total REE abundance and flat chondrite-normalized REE pattems}
collectively favour an ultramafic precursor. Considering geonlogical setting and
textural evidence, the cordierite-anthophyllite rocks from the study area are present
exclusively in :he middle metasedimentary sequence and occur in spatial association
with BIF and metapelites. A origin through volcanogenic-hydrothermal alteration
cannot be excluded due to the irregularities in morphologies of some CAR
occurrences. Thin layers or lenses of high-iron tholeiitic basaltic and komatiitic
basaltic flows are not uncommon in all three metasedimentary sequences at the
White River property and elsewhere in the Hemlo-Heron Bay greenstone belt.
However, these mafic volcanic rocks within the thick metasedimentary sequences

were generally metamorphosed isochemically to amphibolites without convincing



evidence cither of extensive hydrothermal alteration prior to the regional
metamosphism or partial melting during the metamorphic processes. Furthermore, the
characteristic geometrical features of alteration pipes (i.e. vertical extension and
vaguely conical shape with irregular outlines cutting across footwall strata, cf. Hall,
1982) are generally absent in CAR occurrences. In the study area, the exclusive
stratification and lithological association of CAR within a metasedimentary sequence,
therefore, favour a sedimentary origin.

Reinhardt’s (1987) model of isochemical metamorphism of sediments rests on
both field observations and chemical composition of Proterozoic CAR (highly
magnesian metamorphic rocks) from Queensland, Australia and on similarities with
evaporitic clays and shales. Highly magnesian and extremely (Cr, Ni)-rich (meta-
)sedimentary rocks are not uncommon in Archean terrains: e.g. shales from the Fig
Tree formation, South Africa and Pilbara, Australia (Danchin, 1967; McLennan &
Taylor, 1984). The hosting middle metasedimentary sequence is largely composed of
"normal” pelites (shales, mudstones and siltstones, cf. Muir, 1982b). Therefore, the
cordierite-anthophytlite rocks from the study area were probably a metamorphic
equivalent of (Mg, Fe, Cr and Ni)-rich sediments, which, in tum, may have been

derived from a komatiitic source.
3.5 Chemical Signature of Sedimentary and Continental Weathering Processes
One of the most important features of the clastic metasediments from the

White River property is their striking similarity in chemical composition to the

intercalated and associated intermediate to felsic metavolcanic rocks, as indicated by
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the Al,0,/Na,O weight ratio, good correlations between ferromagnesian trace
elements and MgO, the Th/U ratio and the REE composition. This, of course,
supports the textural evidence that the clastic metasediments in the Hemlo-Heron
Bay greenstone belt at the White River property are generally very immature. This
probably resulted from a ¢- mbination of incomplete mixing and rapid deposition as
turbidite deposits. Other limited field evidences [the presence of cross-bedding and
conglomerates in greywackes stratigraphically above the Hemlo deposit, the common
occurrences of thin quarnz-feldspar-rich layers interlayered with thin biotite-
muscovite-rich layers in the study area (Bouma A & B sequences ? cf. Bouma,
1962)] collectively favour a turbiditic origin for the clastic metasediments in the
Hemlo-Heron Bay greenstone belt.

Although many ferromagnesian trace elements exhibit good correlations with
Fe,0,* and MgO contents (similarly to those in volcanic rocks), their elevated
abundances at given Fe,0,* and MgO contents distinguish them from intermediate to
felsic metavolcanic rocks. Figure 3.7 is a plot of Ni versus MgO for ail whole-rock
analyses for supracrustal rocks from the study area. Although there is extensive
overlap at MgO < 3 wt. %, the average of Ni abundance in clastic metasediments is
slightly higher than that in volcanic rocks at a given MgO content. Above an MgO
content of 3 wt. %, two distinct trends are apparent with Ni more enriched in
clastic metasediments than in metavolcanic rocks. CAR also are plotted in the
Figure 3.7. It is interesting to note that there is a good positive correlation between
Ni and MgO in these (Mg, Fe)-rich rorks and, in panticular, the Ni-MgO trend
appears to coincide with that for the sediments, which further supports a

sedimentary origin for the CAR.
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Fig. 3.7. A plot cf Ni versus MgO for all supracrustal rocks (except banded iron
formation and ultramafic metavolcanic rocks) of the White River property:

crosses represent metasedimentary rocks and circles represent metavolcanic

rocks.



The relative abundance of weathering products in sediments can be quantified
by using a chemical index of alteration (CIA) (Nesbitt & Young, 1982). This
permits evaluation of the chemical signature of weathering processes. which can be
calculated from the following oxide concentrations expressed in moles:

CIA = [ALO/(ALQ, + CaO* + Na,O + K,0)] * 100,
where CaO* represents Ca associated with silicate phases only. Detailed microscopic
observation reveals that the Ca content in sediments from the study area is mainly
associated with plagioclase and calcic amphiboles, whereas carbonates and apatite
are minor or rare in modal abundances. Therefore, little error is introduced in using
the CaO content for CaO*.

The CIA values and a temary plot of ALLO,-K,0-(CaO* + Na,0) (Fig. 3.8)
for rocks of the study area reveal a well-defined weathering trend for the clastic
sedimentary rocks. It is apparent that metagreywackes have low CIA values slightly
above and overlapping the volcanic field, whereas metapelites have values greater
than the greywackes. The range of CIA-values for the clastic sediments (CIA = 54-
69) and the average value of 62 are lower than data for the average shaie (CIA =
72-75) and deep-sea mud (CIA = 69). This corroborates textural and the trace
element evidence that these clastic sediments from the study area are generally
immature and contain significant amounts of volcanic materials. The expected higher
CIA values of metapelites relative to me.agreywacke indicate either a higher
proportion of seccndary weathering products or in-situ alteration before diagenesis

and lithificaiion.
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Fig. 3.8. AL,0,-(CaO + Na,0)-K,0 temary plot for all lithologies of the White

River property. Note the potassium enrichment in rocks from the Anomalous
Zone and the weathering trend from metavolcanic rocks, metagreywackes to

metapelites.




3.6 Provenance and Tectonic Setting

Recently, petrographical and geochemical characteristics of sediments
deposited in different plate-tectonic environments have been d:termined. The basic
concept is that away from the continent in an ocean basin, the distribution of
continental debris is reduced. Deposition in an ocean-island arc, continental-island
arc, active continental margin or passive continental margin would be reflected in
the mineralogical composition of the sediments. This concept has been used for the
Palaeozoic oceanic sediments of Australia and for some other lncalities, and
chemical parameters from known geological settings have been identified for the
discrimination of greywackes deposited in several tectonic settings (e.g. Bhatia,
1983; Bhatia & Crook, 1986). These authors have found that the (Fe,0,* + MgO)
content along with the constituents that have a continental source, like K,O/Na,O or
Al,0,/Si0, ratios, are very useful for characterizing the various tectonic settings of
sedimentation. Trace elements, such as La, Sc, V, Ti, Zr and Th are also found to
be usefui. However, this concept is not entirely applicable to Archean sediments, as
K,O was not as abundant in Archean continental crust compared to continental crust
in Proterozoic and Phanerozoic time. Instead, Na,0 was predominant over K,O in
Archean continental crust (e.g. tonalitic gneisses). Also, during the late Archean, the
BIF supplied considerable debris to sediments, which was recycled into greywickes
of about 2.6 Ga. Therefore, both the K,0/Na,O ratio and the (Fe, O, + MgO) content
are to some extent misleading for discrimination purposes in the Archean (Naqvi et
al., 1988). In the clastic metasediments from the study area, Na,O is predominant

and the relatively low K,O abundance is indicated by a K,0/Na,0 weight ratio <1i.
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Although a number of small BIF occurrences are, indeed, present in the study area
and elsewhere in the Hemlo-Heron Bay greenstone belt, the good positive
correlation between Fe,0,* and MgO (close to the Fe,0,-MgO mantle distribution;
Fig. 3.2a) for the clastic metasediments indicates that no significant part of the
Fe.O,* content was contributed by BIF.

Sc, V, and Co are well known to be derived from simatic sources, while Th
and Zr are from sialic sources. Proportions of these elements are used to distinguish
various tectonic settings (Bhatia & Crook, 1986; Naqvi et al., 1988). Figure 3.9
shows triangular plots of Th-Co-Zr/10 and Th-Sc-Zr/10. Like most Archean samples,
the clastic sediments from the study area exhibit a wide spread for these
geochemical discriminants, but essentially plot within or around the continental
island arc or ocean island arc fields. Distinct from most Archean sediments, these
clastic sedimentary rocks from the study area are intermediate to felsic in
composition with enrichments of highly charged elements such as Th and Zr. The
data points in these plots show a shift towards the Th-Zr join. All geochemical
discnminants indicate that these clastic sediments were mainly derived from
predominantly intermediate volcanic rocks admixed with minor amounts of mafic

and ultramafic materials and variable proportions of continental weathering products.




CHAPTER 4  MINERAL CHEMISTRY

4.1 Introduction

At the White River property, the following minerals have been observed in
the supracrustal rocks: quartz, feldspars, amphiboles, gamets, micas, chlorite, epidote,
clinopyroxene, sillimanite, andalusite, kyanite, staurolite, cordierite, prehnite,
pumpellyite, titanite, tourmaline, apatite, calcite, monazite, and some oxide minerals
and sulfide minerals. To elucidate the details of complex polymetamorphism in this
Archean greenstone belt and to follow the metamorphic reactions in various types of
lithologies, chemical analyses of all major mineral phases were carried out by
electron microprobe. Most attention was focused on the compositional variations

within the rock-forming mineral groups.

4.2 Feldspar

4.2-1 Plagioclase

Petrologists have long been aware of the increase in anorthite content in
plagioclase from metamorphic rocks accompanying an increase in metamorphic
grade (Goldsmith, 1982, and references herein). Over most of the study area,
plagioclase is oligoclase, in units 1, 4, 5, and 6, it is andesine, except for bytownite
(An,,) in intercalated metasedimentary rocks of lithological unit 1 (Fig. 2.3,
Appendix II: Table la). Albite is also a frequent constituent in the study area but is
generally either confined to veins and veinlets or locally present as a turbid (cloudy)

fine-grained replacement of original plagioclase grains. Therefore, albite appears to
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be a later alteration product.

In the lowest mafic volcanic rocks of unit 1, plagioclase is one of the
predominant constituents, next only to calcic amphibole, and generally occurs as
large porphyroblasts (up to 2 mm in diameter) exhibiting a zonation with an
oligoclase core and an andesine margin. Plagioclase is also present as a major phase
in all other metamorphosed mafic volcanic rocks, but differs distinctly from its
counterpart of unit 1 by the lack of chemical zonation.

Interestingly, the actinolitic homblende-chlorite schists of unit 4 (ultramafic
layer) contain an unusual feldspar assemblage [andesine (An,) + bytownite (An,,) +
K-feldspar] (Plate Ma). This assemblage is similar to that described by Spear (1977)
and Grove et al. (1983), who attributed it to equilibrium phase relationships within
the NaAlSi,0, and CaAl,Si,0, binary series [i.e. albite and andesine coexisting at a
low temperature (greenschist facies) and andesine and bytownite at a higher
temperature (amphibolite facies)].

Plagioclase from metasedimentary rocks of units 5 and 6 is generally
andesine and compositionally homogenzous. Zoned grains with an oligoclase core
and an andesine margin are also locally common (Appendix II: Table ia); the
oligoclase core commonly being partly replaced by very fine-grained ser.cite.
Plagioclase from other metasedimentary rocks (units 2, 8 and 9) is oligoclase and
generally homogeneous, with the exception of that in the local shear zone of unit 8,

which has a "cloudy” albitic nm.

4.2-2 K-feldspar

K-feldspar is relauvely less abundant compared to plagioclase, but it is still

.0



PLATE 1[I

Photomicrograph of three-feldspar assemblage (clear andesine and turbid

bytownite; K-feldspar is 0.5 mm outside the ficld of view) in amphibolites near

the Hemlo Fault Zone: scale bar is 0.5 mm.

Photomicrograph of plagioclase and microcline overgrowth in intermediate to

felsic metavolcanic rocks of unit 3; scale bar is 0.5 mm.

Photomicrograph of zonation in calcic amphibole (a colourless core and a green
margin with a sharp boundary) in amphibolites of unit 9; scale bar is 0.5 mm.

D: Photomicrograph of a zoned gamet porphyroblast (an inclusion-rich core and an
inclusion-poor margin): note that the inclusion trail in the margin is concordant
with the schistosity (as defined by alignment of biotite and cummingtonite),

whereas the inclusion trail in the core is not; scale bar is 0.5 mm.

E: Fibrous uvarovite afte: civorute in Cr-rich calc-silicates of the Cadi Fracture

Zone: scale bar is 0.5 mm.

F: Photomicrograph illustrating twinning and compositional zonation in Cr-rich
gamet; scale bar is 0.5 mm.
G: Photomicrograph of margarite replacing andalusite along fractures from the Local

Shear Zone; note that the elongation and c-axis of andalusite porphyroblasts are
parallel to the rock schistosity (as defined by biotite); scale bar is 0.5 mm.
H: Photomicrograph illustrating lamellar intergrowth of prehnite (whit , and biotite

in amphibolites of unit 4; scale bar is 0.5 mm.







very common and is present in most rock-types of the study area. It occurs as one
of the major phases in sillimanite- and/or kyanite-bearing quartz biotite schists of
units 5 and 6 and intermediate to felsic metavolcanic rocks of units 3 and 7 (Plate
IIb). One of the most interesting features in chemical composition of K-feldspar
from the s.udy area is that barium is commonly present as a minor constituent,
particularly K-feldspar from intermediate to felsic metavolcanic rocks (up to 4.1 wt.
% BaO corresponding tc 8.4 mol. % celsian content). K-feldspar is also present in
cross-cutting veins but is generally barium free, with the exception of vein K-
feldspar in the Cadi Fracture Zone Cr-rich calc-silicates of the Playter Harbour
Group (about 2 wt. % BaO). However, barium is generally at or below detection
limit in K-feldspar from most metasedimentary rocks (Appendix I: Table 1b).

An X.ray powder diffraction of K-feldspar with well-developed cross hatch-
twinning from cross-cutting veins gives the following diagnostic diffraction angles
for Cu-Ka radiation (quartz as intemnal standard): 26(060) = 41.77°, 26(204) =
50.55°, 26(131) = 29.35° and 26(131) = 30.18°. Thus, it plots near "maximum
microcline” on Wright's (1968) diagram, and its triclinic obliquity 12.5{d(131)-

d(131)) (cf. Goldsmith & Laves (1954) is 0.94.

4.3 Amphibole
4.3-1 Introduction
Amphibole-group minerals are ubiquitous at the study area (Fig. 2.3). They
occur in mafic and ultramafic metavolcanic rocks, in which they make up to 90 vol.
% of the rock. They are also present in intermediate to felsic metavolcanic rocks

and some of the (Mg-Fe)-rich metasedimentary rocks and BIF at the study area. All
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amphiboles from the study area fall into two subgroups: (1) Mg-Fe-Mn amphibole,
and (2) calcic amphibole, according to the classification and nomenclature of Leake

(1978).

4.3-2 Mg-Fe-Mn Amphibole

Mg-Fe-Mn amphiboles, including cummingtonite, anthophyllite, and minor
gedrite, are of restricted occurrences. Among these three Mg-Fe-Mn amphiboles,
cummingtonite is the most common species and occurs in thin layers of (Mg, Fe)-
rich metasedimentary rocks and BIF of units § and 6 and in mafic metavolcanic
rocks of unit 4. Orthoamphiboles (anthophyllite and gedrite) are confined to thin

layers of (Mg, Fe)-rich metasedimentary rocks and some BIF of units 5 and 6.

4.3-2a Orthoamphibole

Orthoamphiboles (anthophyllite and gedrite) are optically distinguished from
other amphibole by their parallel extinction. Gedrite is generally distinguished from
anthophyllite by its distinct pleochroism. However, the optical operties were less
useful for gedrite and anthophyllite than quantitative electron-microprobe analyses.
Three anthophyllite analyses are given in Table 2a (Appendix II) with Mg/(Mg +
Fe) from 0.59 to 0.62, and showing no significant variation. Anthophyllite from the
study area is also characterized the low CaO and MnO contents. The chemical
composition of gedrite (Appendix [I: Table 2a) is characterized by higher Mg/(Mg +
Fe), ALLO, and Na,0 values but low SiO, compared to anthophyllite.

Deer et al. (1963) presented an end-memb 'r formula for gedrite of

Mg,ALAISi,0,,(OH),, but Robinson et al. (1971) emphasized the importance of Na



as actinolite (or actinolitic homblende) is transformed into homblende. This
transformation involves a large increase in Al and a smaller increase in (Na + K) as
well as a decrease in Mg, due to the tschemmakitic substitution, according to the
following generalized equations (cf. Grapes & Graham, 1978):
albite + tremolite-actinolite = edenite + quartz (4-1)
tremolite-actinolite + chlorite + epidote + quartz
= tschermakite + H,0 (4-2)

chlorite + epidote + quartz = tschermakite + anorthite (4-3)

Figure 4.1 depicts the vanation in chemical composition of calcic amphibole
in a plot of VAl versus (Al"' + Fe’* + Ti) (Laird & Albee, 1981). Calcic amphibole
from low to medium pressure terrains, such as the Haast River (Cooper, 1972) and
the Sudbury Igneous Complex (Fleet et al., 1987) is considerably lower in (“'Al +
Fe' + Ti) content than that from the Dalradian (Graham, 1974) but higher in these
cations than calcic amphibole from the low-pressure Abukuma terrain (Shido, 1958;
Shido & Miyashiro, 1959). On this diagram, calcic amphibole from the study area
shows a well-defined positive trend regardless of host rock composition towards the
ideal composition of Na,,Ca (Mg Fe), Al ,Al;Si0,(OH), This indicates the coupled
substitution of (Mg, + Si, = Na,, + YAl + VAl) with evolution of chemical
composition during prograde metamorphism of low to medium pressure facies series,
rather than a simple pargasitic (Graham, 1974) or tschermakitic (Laird, 1980)
substitution.

Compositions of calcic amphibole are also reponicd on a plot of (Fe* + Fe™)

sersus VAl (Fleet et al., 1987) (Figs. 4.2 and 4.3). This plot along with the VAl

versus (YAl + Fe” + Ti) plot of Laird and Albee (1981) permits comparison of

1




Cummingtonite with calcic amphibole (mainly homblende) is probably the
most common two-phase amphibole assemblage in metamorphic rocks because it is
stable over a wide range of bulk compositién. At the White River property, the
cummingtonite-calcic amphibole assemblage is exclusively cummingtonite-
homblende, which occurs in BIF and Fe-rich pillow margins and offers a wide
variety of textural features. Commonly, the two amphiboles are relatively coarse-
grained and occur in sharp contact with each other. In many cases, neither mineral
shows evidence for chemical and optical inhomogeneity, but occasionally, complex
intergrowths do occur. Very fine (10 pm) to coarse (1 mun) lamellar cummingtonite
may occur within a homblende host or vise versa, and, in the same thin section,
large single grains of each mineral occur in mutual contact. A homblende rim to
cummingtonite grains and patches of homblende within cummingtonite are also
observed.

In chemical comporition, cummingtonite from the study area is characterized
by higher SiO, and lower AlLO, contents than other amphiboles with which it
coe:ists. Other constituents, such as Ca, Mn, and Na are generally low in abundance
and show no significant variation. In contrast to orthoamphiboles, cummingtonite
shows a wide range of variation in chemical composition, particularly a Mg/(Mg +
Fe) ratio from 0.472 to 0.628. This ratio in cummingtonite directly correlates with
the Mg/(Mg + Fe) ratio of its host rock, in which it commonly is the major (Mg,

Fe)-bearing mineral (Appendix II: Table 2a).

4.3-3 Calcic Amphibole

Calcic amphiboles are one of most common mineral phases in the study area



(Fig. 2.3). It is the predominant phase in mafic to ultramafic metavolcanic rocks and
BIF. It is subordinate to felsic minerals in intermediate to felsic metavolcanic rocks
but it is of high abundance in some clastic metasedimentary rocks. Electron-
microprobe analyses for calcic amphiboles were calculated on .he basis of 23
oxygens and the ferric/ferrous iron ratio was estimated by using the "mid point” in
the method of Papike et al. (1974). All analys s in Tables 2b, 2c and 2d of
Appendix II satisfy Leake's (1978) criteria for calcic amphibole, having (Ca + Na)

in M(4) site > 1.34 and Na in M(4) < 0.67.

4.3-3a Calcic amphibole in ultramafic metavolcanic rocks

Calcic amphibole in ultramafic metavolcanic rocks of unit 2 of the Playter
Hartour Group is tremolite. The tremolite coexists with talc, chlorite, and, iocally
phlogopite, and is characterized by low contents of Al and alkalies and a Mg/(Mg +
Fe) catio > 0.88.

Calcic amphibole in ultramafic metavolcanic rocks of unit 4 of the Heron
Bay Group is actinolitic homblende and coexists with the three-phase feldspar
assemblage (noted above, and locally quantz + phlogupite + chlorite as well).
Adimnolitic hombiende is characterized by a narrow range of variation in chemical

composition particularly a Mg/(Mg + Fe) rauo fr.m 0.66 to 0.75.

4.3-3b Calcic amphibole in mafic metavolcanic rocks
Calcic amphibole 1n high-iron tholeiitic basalts (metamorphosed to coarse-

griungd amphibolites of units 1 and 4) is mainly tschermakitic/pargasitic hornblende.

It 1s generally hcmogeneous in chemical composition. However, wemolite [Mg/(Mg
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+ Fe) > 0.86] is also present as thin rims of coarse-grained tschermakitic homblende
or as fibrous crystals associated with epidote in vesicles or veins in the lowest unit
(unit 1) of the Playter Harbour Group, and appears to represent a later
crystallization. In the amphibolites of unit 4, actinolite is also locally present
(mainly adjacent to the Hemlo Shear Zone) and is mostly observed as a lamellar
intergrowth with tschermakitic/pargasitic homblende. In general, this type of texture
for actinolite and homblende would be interpreted as representing equilibrium
crystallization, and hence cvidence in favour of a miscibility gap (Graham, 1974).
Borh calcic amphiboles from two-phase calcic amphibole assemblages are
conspicuously enriched in total iron content compared to their counterparts in single-
phase calcic amphibole assemblages from the same lithologic unit.

Calcic amphibole from mafic metavolcanic layers of lithologic units 2 and Y
are generaily medium- to coarse-grained and, locally, display a distinct core and
margin; the core comprising a colourless to pale-green actinolite or actinolitic
homblende and the margin consisting of blue-green to brown-green homblende
(Plate IIc). Electron-microprobe spot analyses reveal that each individual grain of
zoned calcic amphibole becomes progressively niore tschermakitic outwards, both
within the core and the margin. This compositional relation is interrupted by an
abrapt change in all major components at the optical boundary between the core and
the margin. Graham (1974) suggested that the progressive increase in tschermakite
content of both the core and the margin may represent a prograde growth zoning. |

shall retum te this obse ition in an attempt to constrain metamorphic history of

these calcic amphibole-bearing rocks in Chapter 5.




Many authors have discussed the stability of calcic amphibole in prograde
metamorphism of mafic metamorphic rocks (metabasites). Wisemen (1934) showed
that in diabasic intrusions (epidiorites) of the Grampian Highlands of Scotland,
actinolite is stable in the chlorite and biotite zones, whereas homblende is stable in
the gamet zone and in higher-grade zones. Eskola (1939) suggested that the Al,O,
contents in calcic amphiboles are related to metamorphic grade. The most extensive
studies on the stability of calcic amphiboles in mafic metamorphic rocks were made
by Graham (1974) and Laird and Albee (1981), who dealt with the mineraiogy of
the Dalradizn and Yermont metamorphic terrains, respectively. They demonstrated
that the change in colour of calcic amphibole from light green in greenschist facies
to dark blue-green to brown-green in epidote amphibolite facies and amphibolite
facies respectively is due to an increase in atomic substitution of Al, V'Al, Ti, Fe,
Na, K and the ratio of Fe/Mg, with a concomitant decrease in Si, Mg and Ca.
These observations from world-wide localities were further supported by the
hydrothermal experiments of Liou et al. (1974), Moody et al. (1983), and Spear
(1981).

Chemical compositions of calcic amphiboles in mafic to ultramafic
metavolcanic rocks from the study area are given in Table 2b (App>ndix II}.
Notable variations are the increase of VAl with increase in Y'Al, Fe and (Na + K),
and decrease of Mg with decrease in Al and Y'Al. These variations are consistent
with the two common substitutions:

edenitic substitution: Na, + VAl = Si

tschermakitic substitetion: VAl ., + YAl = Mg,,..,, + Si
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Fig. 4.1. Comparisons of ('Al + Fe** + Ti) versus ™Al in calcic amphiboles of
mafic and ultramafic metavolcanic rocks of the White River property, with

data for reference metamorphic terrains of Laird & Albee (1981).
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as actinolite (or actinolitic homblende) is transformed into hornblende. This
transformation involves a large increase in Al and a smaller increase in (Na + K) as
well as a decrease in Mg, due to the tschermakitic substitution, according to the
following generalized equations (cf. Grapes & Graham, 1978):
albite + tremolite-actinolite = edenite + quartz (4-1)
tremolite-actinotite + chlorite + epidote + quanz
= tschermmakite + H,O (4-2)

chlorite + epidote + quartz = tschermakite + anorthite (4-3)

Figure 4.1 depicts the variation in chemical composition of calcic amphibole
in a plot of VAl versus (Al"' + Fe' + Ti) (Laird & Albee, 1981). Calcic amphibole
from low to medium pressure terrains, such as the Haast River (Cooper, 1972) and
the Sudbury Igneous Complex (Fleet et al., 1987) is considerably lower in (YAl +
Fe™ + Ti) content than that from the Dalradian (Graham, 1974) but higher in these
cations than calcic amphibole from the low-pressiire Abukuma terrain (Shido, 1958;
Shido & Miyashiro, 1959). On this diagram, calcic amphibole from the study area
shows a well-defined positive trend regardless of host rock composition towards the
ideal composition of Na,,Ca(Mg.Fe), Al Al Si,0,,(OH), This indicates the coupled
substitution of (Mg, + Si, = Na,, + YAl + MAl) with evolution of chemical
composition during prograde metamorphism of low to medium pressure facies series,
rather than a simple pargasitic (Graham, 1974) or tschermakitic (Laird, 1980)
substitution.

Composiiions of calcic amphibole are also reponicd on a plot of (Fe** + Fe’)

versus VAl (Fleet et al., 1987) (Figs. 4.2 and 4.3). This plot along with the MAl

versus (YAl + Fe* + Ti) plot of Laird and Albee (1981) permits comparison of
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octahedral (M) site (M = Mg, Fe*, YAi, Fe* and Ti) and tetrahedral (T) site (T =
Si and Al) substitutions (Fleet et al., 1987) and gives direct insight into the
chemical variation in calcic amphiboles with metamorphic grade and host rock
composition.

On Figure 4.2, a number of important features in calcic amphibole
composition can be recognized immediately: (1) an increase in both (Fe* + Fe*)
and ™Al with metamorphic grade, (2) discrimination in both (Fe™ + Fe™) and ™Al
with bulk chemistry and (3), most interestingly, parallel trends defined by calcic
amphiboles from rock-types with lir ted variation in bulk chemistry as indicated by
constant distribution coefficients (Kp). The first one is obvious and well-studied by
many authors (Wisemen, 1934; Graham, 1974; Laird & Albee, 1981) and no further
consideration needs to be given to it. However, the latter two features are newly
resolved features of amphibole chemistry (Fleet et al., 1987) and will be discussed
in detail in the following sections.

Studies on the evolution in chemistry and associated mineral assemblage of
calcic amphibole in mafic volcanic rocks of metamorphic terrains are generally
restricted to rocks of a limited range of bulk rock composition. Spear (1982)
demonstrated systematic variation in calcic amphibole corresponding to carbonate-
bearing and carbonate-free assembiages in Vermont. Amphibolites from the study
area can be classified into three precursor types: (1) komatiite (2) komatiitic basalt
and (3) tholeiitic basalt based on a Jenson Cation Plot (Fig 7.2 of Chapier 7: cf.
Jenson, 1976).

On Figure 4.2, it is apparent that three well-defined trends exist

corresponding to the three rock types of limited whole-rock chemistry. Moreover,




calcic amphibole from komatiite is depleted in both Fe and MAl compared to that of
komatiitic basalt, which, in tum, is depleted in these cations relative to high-iron
tholeiitic basalt.

Calcic amphibole in metabasites from the Sudbury Igneous Complex exhibits
similar features in this type of plot (Fleet et al., 1987), where the low or low-
medium pressure regional metamorphism varies from greenschist-amphibolite
transitional facies to middle amphibolite facies. Calcic amphibole from different
localities of the Sudbury Igneous Complex (with different whole-rock compositions)
shows well-defined trends (both core to margin and grain to grain) on this plot, and
again the trends are invariably parallel or subparallel to one another.

The complex variation of VAl and Fe**/Mg in calcic amphiboles with
metamorphic grade und whole-rock chemistry have been discussed above.
Czamanske and Wones (1973) postulated that high VAl contents balance high iron
contents in amphibole to maintain a good fit between the tetrahedral and octahedral
structural units. Thus, spatial accommodation of ™Al and Fe may explain the good
linear correlation between Fe and ™Al in calcic amphiboles from the study area and

other metamorphic terrains.

4.3-3c Calcic amphibole in other lithologies

Calcic amphibole is one of the major constituents in intermediate to felsic
metavolcanic rocks of units 3 and 7 of the Heron Bay Group. Chemically, calcic
amphibole is, with few exceptions, actinolite or actinolitic homblende. No detailed
study of these calcic amphiboles was carried out due to the lake of sensitivity of

their chemical compositions towards change in metamorphic gr