GEOLOGY AND METAMORPHIC EVOLUTION OF THE
INDIAN HEAD RANGE, A GRENVILLIAN INLIER
IN WEST NEWFOUNDLAND

CENTRE FOR NEWFOUNDLAND STUDIES

TOTAL OF 10 PAGES ONLY

MAY BE XEROXED

(Without Author’s Permission)

GEE-WOONG SUNG, B.Sc.



ﬂ‘L 'ﬂu-«t. ’I'l-
*;I’ l_‘.‘:i'; I_'.__

L")




National Lib
Bl ™

Acquisitions and

Bibhothégue nationale
du Canada

Direction des acquisitions et

Biblicgraphic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontano
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

335. rue Welington
Ottawa (Ontano)

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité dimpression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont éte
dactylographiées a l'aide d’'un
rubdan usé ou si l'université nous
aiait parvenir une photocopie de
qualité inférieure.

La reproduction, méme pariielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.




GEOLOGY AND METRAMORPHIC EVOLUTION OF THE INDIAN HEAD

RANGE, A GRENVILLIAN INLIER IN WEST NEWFOUNDLAND

by

® Gee-Woong Sung, B.Sc.

A thesis submitted to the school of Graduate
Studies in partial fulfilment of the
requirements for the degree of

Master of Science

Department of Earth Sciences
Memorial University of Newfoundland

February 1992

St. John’s Newfoundland




B+l

National Library
of Canada

Acqursitions and
Bibliographic Services Branch

395 Wellingon Sireet

Bibhotheque nationale
du Canada

Directron des acguisiions ¢t
des services bibliographiques

395, rue Webingtorn

Ottawa. Ontano Ottawa {Ontano)
K1A ONA KTAONY
The author has granted an

irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distributa or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliothéque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
these a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d'auteur qui protéege sa
thése. Nila thése ni des extraits
substantiels de celleci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.




ii

ABSTRACT

The Indian Head Range (IHR), which forms an inlier in the
western foreland of the Appalachian orogen in Newfoundland, is
mainly underlain by an upper amphibolite facies to granulite
facies metaplutonic complex. Granulite facies units have
annealed, high strain fabrics and include metanorthosite,
meta-lherzolite, metagabbro and noritic, dioritic, granitic
and pelitic gneiss. They predate a lass deformed, amphibolite
facies, foliated hornblende granodiorite.

The IHR shows two distinct sets of ductile deformation
fabric : (1) a relatively high strain group comprising
gneissic to migmatitic rocks; and (2) a relatively lower
strain group comprising foliated granitoids. Tnis grouping is
compatible with a subdivision made on the basis of grade of
metamorphism, with the higher strain group possessing
granulite facies assemblage and the lower strain group being
characterized by amphibolite facies assemblages. Considering
the relative ages of the units, it appears that two
metamorphic events occurred in the IHR.

Rare aluminous-magnesian mineral assemblages, indicated
by the phases sapphirine and kornerupine, occur in the pelitic

gneiss, which forms km-scale inclusions in metagabbro and
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screens between metzgabbro and other gneissic plutonites.

Assemblages in the pelitic gneiss are subdivided into
three groups. (1) Quartz-bearing assemblages consist of gqtz-
opx-crd-sil-bio-pla-ilm/mt * spl % krn * gnt * gdr * (crn).
Sapphirine-bearing assemblages are subdivided into an Al-rich
assemblage (2) spr-krn-opx-crd-sil-bio-pla-ilm/mt t spl ¢ rt,
and an Al-poor assemblage (3) spr-opx-bio-pla-ilm/mt % spl *
rt. The sub-assemblage spr~qtz has not been observed. Reaction
textures suggest the following metamorphic history. In quartz-
bearing rocks, an early crd-spl-high Al opx (8.5-9.5 wt$% A1,0;)
assemblage implies T = 900 °C and P ® 6-8 kbars. Subsequent
breakdown of cordierite (crd = opx-sil-gtz) and the reaction
opx-sil = gnt-qtz imply T = 800 °C and P = 8-10 kbars. In
quartz-free rocks, the reaction crd-spl = spr-opx took place
under similar P-T conditions. Kornerupine replacement Dby the
reaction krn = spr-crd-low Al opx (5~7 wt% Al,0;) implies much
lower pressures (5-6 kbars; at similar T (750 - 800 °C),
indicating a quasi-isothermal synmetamorphic decompression
event from 8-10 to 5-6 kbars.

Maximum P-T estimates for garnet-bearing assemblages
using a variety of geothermobarometers are in the range 8 * 1
kbar and 780 - 880 °C, consistent with estimates from
petrogenetic grids.

The P-T path inferred on the basis of petrogenetic grids
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shows an initial period of cooling under isobaric (or possibly

slightly increasing P) conditions from 900 to 800 °C, followed
by nearly isothermal decompression from 8-10 to 5-6 kbars. One
possible speculation is that such uplift may be attributed to
tectonic transport Juring the Grenvillian orogeny.

The metamorphic conditions obtained from the IHR indicate
a relatively higher P and T than results from the Long Range
Inlier and the Disappointment Hill Complex, other Grenville
basement inliers in western Newfoundland. However, there is a
consistent increase in P and T gradually from northeast to
southwestern throughcut the Long Range Inlier, as pointed out
by Cwen and Erdmer (1989), and the data for the IHR fit this

pattern.
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CHAPTER 1

INTRODUCTION

1-1 PURPOSE

The study is concerned with the bedrock geology of the Indian
Head Range in western Newfoundland, and with the estimation of
the metamorphic conditions and metamorphic history of the

principal lithologies.

The Indian Head Range is an inlier of Precambrian
crystalline rocks in western Newfoundland, and is one of
several such bodies which form a prominent chain of massifs
along the western margin of the Appalachian Orogen (Hatcher
1983) (Fig. 1). The inliers are generally considered to be the
southern extension of the Grenville Province, which 1is
situated along the southeastern margin of the exposed Canadian
Shield. Several Grenvillian basement inliers occur in
western Newfoundland and they form a topographic high known as
the Long Range Mountains. The largest of these inliers, the
Long Range Inlier (Fig. 1) exposes a high grade plutono-
metamorphic complex that has recently been shown to have a

prolonged and complex geological history (Owen 19%%1), and it
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Figure 1. Map shows distribution of Grenville basement inliers in the
Appalachian orogen (after Hatcher, 1983).
Dashed line: northwest limit of the Appalachian orogen.
IHR: Indian Head Range, SMC: Steel Mountain Complex
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is the aim of this study to provirde comparable data for the

Indian Head Range.

Recently, several studies of the Precambrian inliers in
the Appalachian orogen have shed light on the metamorphic and
deformational effects of the Grenvillian and earlier orogenic
events, and also on the later effects of the Appalachian
orogeny. Presumed Grenvillian basement has recently been
identified in several areas of the southwestern Long Range

Mountains in Newfoundland (e.g. the Disappointment Hill

complex within the Steel Mountain terrane, see van Berkel

1987, Currie 1987) and, also in northern Cape Breton Island,

Nova Scotia (Barr et al,. 1987). These studies have

demonstrated that each inlier is individually distinct in

terms of 1lithology, age, structural history and grade of

metamorphism.

This thesis

is subdivided in the following manner.

Chapter 1 gives an overview of the regional setting and

general geology of the Indian Head Range. Description and

discussion of the lithological and structural character of the

map units are presented in detail in chapters 2 and 3.

Chapter 4 is concerned with metamorphism of the study area.
Special attertion is paid to the sapphirine and kornerupine-

bearing assemblages from aluminous magnesian pelitic gneisses,
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which preserve evidence of the mineral reactions that took
place during the metamorphic evolution of the area, and these
are described and discussed in detail. Metamorphic conditions
are constrained through use of available petrogenetic grids on
the basis of the interpretation of the mineral reactions. In
Chapter 5, independent estimates of pressure and temperature
are wmade by geothermobarometry utilizing the analyzed
compositions of coexisting minerals, and the results are
compared with the estimates made from the petrogenetic grid.
In Chapter 6, an attempt is made to integrate the geology and

metamorphic conditions to infer a synmetamorphic P-T path for

the Indian Head Range. Finally, comparisons with adjacent

inliers, including the Long Range Inlier and the

Disappointment Hill complex, are made.

1-2 APPROACH EMPLOYED

The study area was mapped at a 1:12,500 scale during the
summer of 1990, with an additional short field season in 1991
to check critical outcrops. Most mapping was done by foot
traverse. About 400 representative samples from different rock
types were collected and 200 thin sections were made for
petrographic study, mineral analysis with the electron

microprobe and geothermobarometric calculations. About 40 hand
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specimens and 30 thin sections were stained for K-feldspar
with sodium cobaltinitrite following the method recommended by
Bailey and Stevens (1960) and Norman (1974) in order to aid
lithological classification. Quantitative P-T estimates of
metamorphic conditions are based on various published
geothermobarometers in the computer program P-T Calc of Mengel

(1987).

1-3 REGIONAL BETTING

The Indian Head Range, which is considered a part of the Long
Range Mountains of western Newfoundland, is situated along the
western margin of the Appalachian orogen, and is interpreted
as an inlier of Grenvillian crystalline basement rocks
reworked during the Appalachian orogen.

In terms of its structural relationships with the
surrounding younger Paleozoic rocks, the inlier occupies the
core of an anticline that developed in the hanging-wall of a
west-directed Acadian thrust, and the eastern margin of the
inlier is marked by an east-directed back thrust (Cawood and
Williams, 1988) as shown in the simplified cross-section in

Fig. 2.

The interpretation that the inlier is a part of the
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Figure 2. Simplified geological map of part of western Newfoundland (after Cawood and Williams
1988) showing that basement rocks in the IHR were involved in Paleozoic thrusting.
Unexposed faults shown in cross-section were inferred from seismic data.
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Grenville basement is based on the general lithological,
deformational and metamorphic similarities with rocks of the
Grenville Province in southern Labrador and with other inliers
in the western margin of the Appalachian orogen (see Fig. 1).
A Crenvillian age is supported by available K/Ar and Ar/Ar
radiometric age dates of 825-900 Ma from rocks of the Indian
Head Range (Lowden 1961, Lowden et al. 1963, Dallmeyer 1978).
However, it is not clear which units in the area were dated
and, in any case, it is likely that these are minimum ages,

dating the time of cooling through the closure temperature of

argon loss from the host minerals. This interpretation is

reinforced by the recently reported U/Pb zircon ages of =
1,500 Ma from granitoid rccks of the adjacent inlier, the
Disappointment Hill complex (Owen and Currie 1991). Owen
(1991) has also provided data indicating a 1550 Ma age from
quartzfeldspathic gneiss of presumed igneous origin in the
Lony Range Inlier. Thus the available absolute age data for
the study area are insufficient to constrain the geological

history in terms of timing.

Therefore, for more detailed comparison with other
inliers and with the Grenville Province itself, absolute age
determinations are indispensable. U/Pb geochronological work
is in progress for five of the units outlined in this study,

in collaboration with Dr G.R. Dunning of Memorial University.




The results will be published separately.

1-4 LOCATION, PREVIOUS WORK AND GENERAL GEOLOGY

1-4-1 Location

The Indian Head Range is located approximately 6 km east of
Stephenville, western Newfoundland and is bounded by latitudes
48°30’ and 48°39’' N, and longitudes 55°24’ and 55°32’ W. The
range forms a ridge rising to approximately 600 m running
inland in a NNE direction from St. George’s Bay (Fig 3). A
prominent valley occupied by Long Gull Pond divides the range
into northern and southern portions. Indian Head, a promontory
from which the range takes its name, extends about 2 km into
St. George’s Bay (Fig. 4). This thesis is concerned with the

southern portion of the range, south of Long Gull Pond.

1-4-2 Previous work

There has been very little previous mapping and few reported
geological studies in the Indian Head Range. Several mining
companies conducted prospecting programmes for magnetite

deposits prior to 1941. The Geological Survey of Newfoundland

mapped the area and investigated the economic potential for




Figure 3. Topography of the southern part of the Indian Head
Range looking towards St. Georges Bay from middle

of the range.

Figure 4. Topography of the Indian Head area looking east

from the western side of Port Harmon.
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renewed iron mining in 1942, but the work was not published
until after World War II (Heyl and Ronan 1954). Clifford and
Baird (1962) also briefly noted the relationship between the
Indian Head Range and the younger Paleozoic rocks. Colman-
Sadd (1969) undertook an M.Sc. study on the genesis of the
iron deposits (the Indian Head Mine, the Upper Drill Brook
Mine, the Cliff Mine and the Skindles Mine) and the petrology

of the country rocks in the area. Apart from the collection of

samples for K/Ar and Ar/Ar age determination noted previously,

there has been no further geological study since that date.

The Indian Head Range consists principally of granulite facies
rocks, and as with several other o:anulite facies terranes of
the Grenville Province, it is dominated by the "anorthosite
suite" (anorthosite and associated gabbroic/noritic gneiss and
pyroxene-bearing granitoids), and contains volumetrically
minor amounts of other rock types, in this case, pelitic
gneiss. Even though the study area is relatively small, the
range of lithological and metamorphic features of each unit in
the Indian Head Range is similar to those of much larger
granulite facies terranes associated with anorthosite suites
elsewhere in terms of both mineral assemblages and metamorphic

and deformational characters.
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The geology of the southern part of the Indian Head Range

is summarized in the geoclogical sketch map (Fig. 5) and is
shown in more detail on the accompanying 1: 12,500 scale map
(in the pocket at the back of the thesis). Map units which are
described in this study are defined on the basis of both their

lithologic and structural character.

The study area consists of a variety of orthogneisses,
including anorthosite, noritic gneiss, metagabbro, dioritic
gneiss and meta-granitoids of two types: variably foliated
biotite granite and foliated hornblende granodiorite. Minor
areas of paragneiss (mostly metapelite) are exposed between
the metagabbro and variably foliated bictite granite in the
middle part of the study area and as lenses within the
metagabbro. Lherzolite is exposed as a large (decimetric)
scale boudin in the dioritic gneiss.

Paleozoic sedimentary cover rocks are locally exposed at
the contact with the metagabbro and variably foliated biotite
granite in the eastern part of the study area. The
uncomformable relationship between the Palevzoic sedimentary
rocks and older high grade metamorphosed rocks has been

described by others (see Cawood and Williams 1988).

The Indian Head Range forms 2 large (10’s of km) scale

elongate dome, of which the longer axis trends northeast, with




Figure 5. Simpltfied geological map of the soutiiem part
of the Indian Head Range.
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the anorthosite body located near its center (Heyl and Ronan
1954) . The dome is an Acadian (?) feature which is interpreted
to have developed as the crystalline basement rocks became
involved in west-directed thrustina. Imbrication of basement
horses is interpreted to have caused the formation of a ramp
anticline, which was later cut by easterly-directed back-
thrusts that locally elevated the basement rocks into the
level of the surrounding cover (Cawood and Williams 1988)
(Figure 2). Outcrop scale effects of this Acadian deformation
are manifest as widespread brittle fractures. In outcrop it
can clearly be observed that the brittle fractures cut older
ductile deformation fabrics in the Precambrian units. This
ductile deformation is expressed as gneissosity, migmatitic
layering and foliation. Although 1locally folded, the
predominant trend of the ductile fabrics is also NNE,
subparallel to the long axis of the dome, but it is not clear
whether the fabric orientations in the basement controlled the
orientation of superimposed structures during the Acadian(?)
thrusting.

Two types of ductile deformation fabric can be
distinquished. Gneissosity and migmatitic layering, developed
mainly in mafic gneisses, are associated with granulite facies
mineral assemblages and evidence of high strain is widespread.

Foliated fabrics, on the other hand, occurring principally in

the foliated hornblende granodiorite unit, formed under
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relatively lower strain and are characterized by amphibolite
facies mineral assemblages. The most prominent deformational
features in the study area are two high strain zones up to 200
m wide formed in various types of mafic gneiss, lherzolite and
granitoid rocks adjacent to the anorthosite, that are
interpreted as major shear zones. One is particularly well
exposed along the coast line east of the anorthosite body,
where it strikes NNE-SSW. The other shear zone, on the

northwestern side of the anorthosite, strikes NE-SW.

In terms of relative age relationships as determined from
field observations, the metagabbro, noritic gneiss and
anorthosite are younger than the pelitic gneiss: enclaves of
the latter occur locally in the metagabbro and noritic gneiss.
The noritic gneiss is older than the metagabbro because
xenoliths of the noritic gneiss are observed within the weakly
deformed metagabbro. The relative age relationship between the
variably foliated biotite granite and the mafic gneisses
(including anorthosite) is obscured by deformation. However,
a boudin (2-3 m length) of granitic composition, which is
considered to be a deformed dike, is included in the dioritic
gneiss. This relationship suggests that the mafic gneisses may
be older than the variably foliated biotite granite. The

foliated hornblende granodiorite is distinguished from other

units in being significantly less deformed and also by its
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amphibolite facies mineral assemblages. Contact relationships
establigsh that this unit is younger than the metagabbro,
noritic gneiss and variably foliated biotite granite. Small
undeformed medium- to very coarse~grained pegmatitic dikes and
sills of alkali feldspar granite composition (not shown in
Fig. 5) are ubiquitous throughout the area and younger than
all the other intrusive units except the Paleozoic mafic
dikes. The latter are in part tentatively correlated with the
Long Range dyke swarm, and are thus interpreted to have been
emplaced about 615 Ma (Kamo et al. 1989). However, some bodies
may be much younger (Jurassic ?) and associated with the

opening of the present Atlantic.

The Indian Head Range has several small scale iron
deposits noted above. Some of them were exploited commercially
earlier this century. The Upper Drill Brook Mine and Skindles
Mine, which are located north and east of Gull Pond, occur at
the edge of the pelitic gneiss (unit 1). The Cliff Mine, which
is located immediately to the north of Gull Pond, and the
Indian Head Mine, which is located approximately 50 m east of
the Newfoundland & Labrador Board Mill occur within the

noritic gneiss (unit 2), near the contact with the variably

foliated biotite granite (unit 7).




CHAPTER 2

DESCRIPTION OF LITHOLOGIC UNITS

This chapter includes field and hand sample descriptions of
the map units, and chemical compositions for major mineral
phases in all units except the pelitic gneiss. The mineral
chemistry of the pelitic gneiss unit is discussed in detail in

Chapter 4.

This unit is exposed as several bodies in the study area, the
largest of which occurs between the noritic gneiss and the
variably foljated biotite granite in the northern central part
of the area (Fig. 5). Several small inclusions and lenses of

biotite psammite (1-2 cm in width) in the metagabbro and

noritic gneiss are also assigned to this unit.

This unit comprises heterogeneous 1leucocratic to
mesocratic pelitic (locally) to quartzofeldspathic gneisses.
The unit is commonly pale green or pale grey in outcrop
and variable from porphyroblastic to granoblastic in texture.

Segregations (from a few cm to tens cm of wide) into leucosome




Figure 6.

Figure 7.

Field photograph of sapphirine and the kornerupine-
bearing pelitic gneiss showing concentration of

kornerupine (brown) and sapphirine (blue color) in
folded pelitic layer. Lens cap is 5 cm in diameter.

Sample# : SA-B-1.

Field photograph of the sapphirine-bearing pelitic
gneiss showing sapphirine aggregates (blue)

associated with leucosomes. Brown mineral defining

foliation is orthopyroxene. Sample# : SA-C.
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and melanosome are generally developed, in particular, in
quartzofeldspathic gneiss. The melanosomes consist mainly of

orthopyroxene, biotite, plagioclase and rarely (in pelitic

layers), sapphirine and coarse kornerupine (Fig. 6). Biotite

is generally developed with sapphirine as fine-grained
aggregates in the melanosomes. The leucosomes consist of
quartz (in quartz-bearing rocks), fine-grained plagioclase,
orthopyroxene and cordierite. Garnetiferous biotite-bearing
gneiss is observed in a few outcrops. Fine-grained garnet,
orthopyroxene and biotite show well developed layerings.
Sapphirine- and /or kornerupine-bearing assemblages occur
in well-defined layers in som2 gneissic rocks (Fig. 6),
presumably reflecting an (original sedimentary ?) layering of
appropriate composition. Elsewhere, however, sapphirine forms
nodules ranging from 2 to 5 cm in width and lacking preferred
orientation. The origin of these features is not certain, but

they appear to have been enhanced by leucosome segregations

(Fig. 7).

The major minerals of this unit are gquartz, plagioclase
(An ,,), antiperthite, cordierite, sillimanite, biotite and
orthopyroxene. Fresh plagioclase occurs locally, but cloudy,
saussuritized grains are ubiguitous. Distorted twin lamellae

of plagioclase are also observed. Green spinel, which is
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exsolved from Fe-Ti oxide, is found in sapphirine-bearing
samples and is generally accompanied by accessory prismatic
and fibrous sillimanite. Sillimanite is also present as rhombs
and needles, and as coronas around composite
magnetite/ilmenite grains. Cordierite occurs as relatively
coarse grains which are associated with sillimanite and
orthopyroxene. Sillimanite and orthopyroxene locally occur as
symplectic intergrowths around cordierite. Sapphirine in sonme

specimens consists entirely of intimately intergrown fine

grains (Fig. 8), whereas in others there are isolated larger

crystals (0.5 - 1 cm). The sapphirine is generally associated
with orthopyroxene, kornerupine, magnetite/ilmenite and spinel
either as corona phases or in symplectic intergrowth.
Kornerupine occurs as porphyroblastic grains (Fig. 9) and is
partially replaced by symplectites of sapphirine and
orthopyroxene. Quartz does not develop in contact with
sapphirine, but does occur with orthopyroxene, kornerupine and

spinel.

It is difficult to determine the protolith of these rocks
due to the lack of many primary features and whole rock
chemical data. However, the presence of compositional layering
in some outcrops, together with aluminous mineral assemblages
including sapphirine, kornerupine, sillimanite and cordierite

is consistent with a sedimentary origin.




Figure 9,

Photomicrograph showing aggregate of fine grained

sapphirine (center and bottom left of

photomicrograph) in biotite-rich pelitic gneiss.

Width of photomicrograph : 5.4 mm. Crossed
pelarized light. Sample# : S-22.

0: orthopyruxene, B: biotite, Sa: sapphirine.

Photomicrograph showing porphyroblast of
kornerupine enclosed by fine-grained sillimanite
and orthopyroxene. Width of photomicrograph : 2.9
mm. Crossed polarized light. K: kornerupine.

Sample# : SA-B-1.
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Age relatijons

Contacts between the pelitic gneiss and adjacent units have

not been seen. However, several exposures in the noritic

gneiss and metagabbro have the form of thin lenses, which are

considered to be inclusions in these units, implying that the

pelitic gneiss predated the noritic gneiss and metagabbro.

2-2 Unit 2: Norjtic Gneiss

Noritic gneiss is mainly distributed around the anorthosite
body in the southern part of the study area and is associated
with metagabbro (unit 3) in the middle and northern part of

the study area as shown in Fig. 5.

The unit is a strongly deformed meta-norite with
gneissose fabric (Figs. 10 and 11). This dark to buff coloured
rock shows compositional layering with layers of ultramafic
composition ranging in width from a few mm to 20-30 cm
alternating with 1leucocratic layers of anorthositic
composition (Fig. 11). The ultramafic layers consist of
elongate and subrounded deep-brown orthopyroxene, composite
ilmenite/magnetite grains, and (locally) fine-grained pinkish

brown garnet and biotite. Where magnetite/ilmenite and




Figure 10.

Field photograph showing outcrop of strongly

deformed noritic gneiss.
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orthopyroxene are abundant, the rock has a light-brown
weathering surface with well developed layering. The
leucocratic bands consist of fine- to medium-grained
plagioclase and fine-grained orthopyroxene, biotite and
composite ilmenite/magnetite. The plagioclase occurs as both
dark grey crystals up to a few mm across and as milky grey,

finer grains. The milky grains appear to be recrystallized.

Plagioclase porphyroblasts have a wide range of
composition (An ,4), commonly exhibit bent twin lamellae, and
are set in a fine-grained granoblastic matrix apparently
resulting from high strain deformation. The fine-grained
plagioclase shows a similar variable range of composition (An
we) - Retrograde hornblende and biotite are locally developed
around relatively coarse orthopyroxene grains. Orthopyroxene
is bronzite (En ;) in composition and shows reddish brown to
deep green pleochroism (Fig. 12). Where present, garnet
(almandine: 50-57, pyrope: 43-50) occurs principally as
poikiloblastic weakly zoned <crystals associated with
orthopyroxene and biotite, and contains abundant biotite

inclusions.

Amphibolite, consisting essentially of green hornblende

and plagioclase, occurs locally in this unit as irregqularly




Figure 11.

Figure 12.

Photograph of representative hand specimen of
noritic gneiss showing well-developed gneissic
texture. Brown bands consist of orthopyroxene and
light colored bands consist principally of
recrystallized fine grained plagioclase. Scale in

cm. Sample# : S-63B.

Photomicrograph showing representative texture of
noritic gneiss. Elongated coarse-grained

orthopyroxene with typical brown-green pleochroism
in the central part of the photomicrograph and
fine-grained biotite in plagioclase rich-layers in
the lower part of the photomicrograph. Width of

photomicrograph : 8.8 mm. Plane polarized light.

Sample# : S-63B.
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shaped enclaves up to 20-30 cm in size. These have subangular
forms in areas of relatively low strain. The foliation of the
amphibolite is parallel to that of the surrounding noritic

gneiss.

Age relations

In the contact zone between the anorthosite and the neritic
gneiss, intercalations of one into the other are common. They
are interpreted to be the result of deformation. Igneous
cross-cutting relationships have not been observed, and so the

age relations between the two units has not been established.

2-3 Unit 3: Metagabbro

This unit mainly occupies the eastern part of the study area,
with small bodies also being exposed in northwestern margin of

the study area.

This unit differs from the noritic gneiss (unit 2) in
being massive, having a fine grain size (1-3 mm) and
containing abundant clinopyroxene. It represents a
recrystallized and relatively homogeneous leucocratic gabbroic

rock (Fig. 13). However, locally, fine compositional layering

(up to few mm in width) consisting mainly c¢f orthopyroxene and




Figure 13. Field photograph showing an outcrop of the

Figure

14.

metagabbro. Note: red weathering along fracture

surfaces.

Photomicrograph showing granoblastic~polygonal

texture of the metagabbro. Note : abundance of 120°

triple point grain boundaries and recrystallized

orthopyroxene, clinopyroxene and plagioclase. Width
of photomicrograph : 5.4 mm. Crossed polarized
light.

0: orthopyroxene, C: clinopyroxene, Pl:

plagioclase. Sample# : S-7.
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clinopyroxene is recognized on weathered surfaces. The unit

is locally strongly fractured and stained red by oxidation

along superimposed (presumably Paleozoic) fracture surfaces.

Microscopically, the metagabbro has a granoblastic-
polygonal texture due to recrystallization, which appears to
have eliminated any original igneous textures (Fig. 14). The
dominant mineral assemblage is orthopyroxene + clinopyroxene
+ plagioclase with the ratio clinopyroxene/ (clinopyroxene +
orthopyroxene) being about 0.4. Pl.gioclase, which is present
as homogeneous equant grains, ranges in composition from An ,,
u- Orthopyroxene occurs as xenoblastic grains and is
hypersthene (Epn ) in composition with pink to green
pleochroism. Clinopyroxene occurs as both isolated crystals
and as grains coexisting with orthopyroxene. Clinopyroxene
ranges from Wo,, En,; Fs,; to Wo, Eny, Fs, in composition. The
pyroxenes are locally partly replaced by Ca-rich amphibole,
but are usually fresh. Biotite and magnetite/ilmenite are
common minor phases. The biotite contains a relatively high Ti
content ( TiO, : up to 4.5 wt.§%). Locally the apparently
retrograde assemblage hornblende + garnet 1s developed.
However, although two-pyroxene and hornblende + garnet

assemblages occur, neither two-pyroxene-garnet nor
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Figure 15. Field photograph showing a xenolith of noritic
gneiss in metagabbro. The xenolith is rimmed by a

selvedge composed of fine grained orthopyroxene.
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clinopyroxene-garnet occurrences are observed in this unit.
Quartz (2-3 %) is relatively rare, but is common in samples
from the contact zone with the granitoids, where it occurs as

small anhedral crystals along plagioclase grain boundaries.

Age_relations

The boundary between the noritic gneiss and metagabbro is
gradational in the field so that the relative age relationship
is obscure. However, xenoliths of the noritic gneiss within
the undeformed metagabbro were observed at one locality (Fig.

15), implying that the unit postdates the noritic gneiss.

2-4 Unit 4: Anorthosite

The anorthosite body forms the southwestern tip of the Indian
Head Range. The best exposures are in the quarry which is

located at the end of Indian Head (Fig. 16).

Coarse (up to 10-15 cm) to medium-grained, white to deep
grey plagioclase of approximately An 4, composition accounts
for more than 90 percent by the volume of this unit. Although

the rocks generally exhibit a massive texture in outcrop, they

also show evidence of significant ductile deformation, with
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Figure 16. Field photograph showing the quarry in the
anorthosite body 1looking east from Indian Head

Park.
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primary deep purple-grey plagioclase crystals up to 15 cm in

size surrounded by haloes of smaller secondary milky white

grains (Fig. 17). Accessory phases include apitite, rutile,

magnetite and ilmenite. Secondary epidote and chlorite are
common on fracture surfaces. The grain size of the plagioclase
gradually becomes reduces and homogeneous toward the boundary
of the unit where it grades into the noritic gneiss. Locally,
in the marginal parts of this unit where orthopyroxene is
relatively abundant, the rocks show narrow compositional
banding (1-3 cm) defined by strongly deformed orthopyroxene
similar to that in the noritic gneiss. In the contact 2zone
between the anorthosite and the noritic gneiss (Unit 2)
intercalations of one into the other are common. The
anorthosite locally preserves a weak compositional layering
considered to be igneous in origin, which is between 30-50 cm
in width and consists mainly of concentrations of undeformed
orthopyroxene phenocrysts. The orthopyroxenes occur as
crystals ranging from a few mm to giant crystals with
dimensions in excess of 30 cm (Fig. 19). These megacrysts of
orthopyroxene have sub-round to irregular shape and occur
singly or in aggregates in this unit. Locally, the

orthopyroxenes are rimmed by green hornblendes.

Oon the microscopic scale, deformed igneous plagioclase

porphyroclasts with peripheral plagioclase neoblasts in mortar




Figure 17. Photograph of hand specimen of anorthosite showing

grey subrounded plagioclase megacrysts in

recrystallized fine grained milky plagioclase.

Sample# : S-61.

Figure 18. Photomicrograph of thin section of specimen shown
in Fig.17, snowing plagioclase phenocryst with bent
lamellar twinning and undulose extinction,
surrounded by subgrains of recrystallized
plagioclase with mortar texture. Width of

photomicrograph : 5.4 mm. Crossed polarized light.
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texture are typical (Fig. 18). Twinned, bent and broken

porphyroclasts of plagioclase of An ,, composition are common.
In some sections from relatively highly deformed areas,
granoblastic texture dominates. The plagioclase neoblasts have
a similar composition to porphyroclasts and are generally
saussuritized along grain boundaries or cracks. Orthopyroxene
(En ) is the dominant mafic mineral. The composition of
orthopyroxene in the unit is quite similar to that of
metagabbro unit, but considerably more Fe rich than that in
the noritic gneiss. The orthopyroxene megacrysts are
internally recrystallized, and the crystals may contain
inclusions of plagioclase as blebs and lamellae which are
considered to be formed by exsolution. Thus, texturally, the
orthopyroxene megacrysts (Fig. 19) in the anorthosite appear
to belong to category 1 of Emslie (1975), characteristic of
crystallization within the mantle and at deep crustal level.
Minor  biotite and hornblende are observed around
orthopyroxene. Magnetite and/or ilmenite are locally

intergrown with orthopyroxene.

Age relatjons

Anorthosite dikes with coarse grained pegmatitic orthopyroxene

and plagioclase are observed in the anorthosite body and in
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Figure 19. Field photograph showing orthopyroxene megacrysts

up to 7 cm diameter in the anorthosite.
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the surrounding noritic dgneiss. They imply that the
anorthosite is younger than the noritic gneiss. A variety of
granitoid dikes ranging from alkali feldspar granite to
granite also intrude the anorthosite body. Based on
composition, these granitoid dikes appear to be related to the
variably foliated biotite granite (Unit 7) which is
distributed in the eastern and northern part of the study
area. Anorthosite dikes have not been observed within the
variably foliated biotite granite, so these observations may
imply that the arnorthosite is older than the variably foliated

biotite granite.

2-5 t 5; Dioriti neiss

This unit principally occurs adjacent to the anorthosite body
(Unit 4) between the noritic gneiss and the variably foliated
biotite granite in the southern part of the area, and it
comprises a conspicuous part of the high strain zone in the

study area.

The unit exhibits continuous melanocratic and leucocratic
layering ranging from a few mm to tens of cm in width (Figs.
20 and 21). The melanocratic layers consist of amphibole,

orthopyroxene, clinopyroxene and plagioclase, and the

leucocratic layers contain principally fine-grained




43

Figure 20. Field photograph of the dioritic gneiss showing

subhorizontal high strain layering.




Figure 21.

Figure 22,

Photograph showing hand specimen of the dioritic
gneiss from outcrop in Fig. 20. Note strongly
developed banding defined by variable concentration

of felsic and mafic phases. Sample# : S-64B.

Photomicrograph showing recrystallized

granoblastic-polygonal texture of melanocratic part

in the dioritic gneiss. Note retrograde amphibole
formed from orthopyroxene and cl inopyroxene. Width
of photomicrograph<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>