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ABSTRACT
The Gamitagama Lake Complex is a plug-shaped elliptical body of 

about 7x10 km in dimension, situated 40 km south of Wawa in Northern 

Ontario. Emplacement of the complex deformed and cross-folded the 

metavolcanic-metasedimentary rocks of the Shebandowan Greenstone 

Belt of the Superior Province. A contact metamorphic aureole of 
hornblende-hornfels facies occurs in the surrounding country rock 

and most of the xenoliths in the pluton are of pyroxene-hornfels 

facies metamorphism.

Four concentric intrusive phases can be recognized by 

differences in mode, degree of differentiatiation, and pattern of 

emplacement. They are: an olivine-bearing inner gabbroic series

occuring at the core; a middle, less basic, outer gabbroic rock 
series; and an outer group of dioritic rocks composed of hornblende 

gabbro, diorite, quartz diorite, quartz monzodiorite and tonalité. 

The additional phases consist of leucocratic granodiorite and 
granite within the larger dioritic zone, and a discordant quartz- 

monzonite vertical dike cutting the dioritic and granitic rocks. In 

the olivine-bearing inner gabbroic series olivine gabbronorite and 

gabbronorite dominate, and troctolite, norite and andesine 

anorthosite are subordinate. In the outer gabbroic rocks 

gabbronorite and amphibole gabbronorite occur with lesser amounts of 

norite and pyroxene diorite. Late, minor fine-grained gabbroic 

rocks with porphyritic amphibole and phlogopite intrude the inner 

and outer gabbroic series.

IV
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Field relations, pétrographie and geochemical studies suggest 

that mineral fractionation occured near the surface and at depth in 

the magma source. In the inner gabbroic series olivine + 
plagioclase + titaniferous magnetite + clinopyroxene + 

orthopyroxene, and in the outer gabbroic series plagioclase + 
orthopyroxene + clinopyroxene + titaniferous magnetite fractionated 

out of the respective parent magmas at pressures less than 2 Kb to 

give calc-alkalic differentiation trends within each series.
The most basic phases of each discrete intrusive event are 

successively less basic in composition to indicate that 

fractionation was occuring in the source magma chamber at deeper 

levels. The late fine grained gabbroic intrusions in the complex 
have amphibole and phlogopite phenocrysts, which points to the 

original magma in the source chamber also following a calc-alkaline 
trend by fractionating amphibole and phlogopite at more than 10 Kb 

pressure (=35 km depth). The magma chamber differentiated from 

basic through intermediate to acidic in composition. Quartz 
monzonite owes its origin to a separate magma.

The metavolcanic-metasedimentary sequence in the surrounding 

areas of the complex represent an eugeosyncline-island arc-like 

series. These rocks in turn, are surrounded by a pre-existing 
granitic-metamorphic crust so that it is possible a 35 km thick 

crust existed at the time of Gamitagama Lake intrusion, and the 

tectonic regime in the Late Archean (2662 Ma) was not significantly 

different then that of the present day.

V
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CHAPTER 1

INTRODUCTION

The Gamitagama Lake Complex is located in the 
Townships of Asselin, Tiernan, Stone and Barager, in 
the district of Algoma, about 4 0 km south of Wawa, 
Northern Ontario (Figure 1.1). It is elliptical in 
plan and underlies about 71 km^ surface area in the 
Lake Superior Provincial Park. The access to the 
complex is by Highway 17 which passes through satel
litic intrusions on the west side of the main intru
sion. The old roads from Highway 17 leading inside 
the complex were built for logging haulage and 
mineral exploration purposes (Figure 1.2). In addi
tion, there are roads leading from the Highway to 
Mijinemungshing Lake in the north and Old Woman Lake 
in the south of the complex. The northeastern and 
southeastern boundaries of the complex can be reached 
by boat through these lakes. Streams in the area are 
very small with many rapids and canoe travel is 
difficult.
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1.1 PHYSIOGRAPHY

The present landscape of the area is a result of 
stream erosion and superimposed glacial effects. The 
preglacial landscape was affected by glacial erosion 
which enlarged the already existing valleys. The 
glacial deposits of sand and gravel in the valleys are 
in sharp contrast to the thin soil covering outcrops 
at higher elevations. Eskers are present in the area, 
particularly north of Gamitagama Lake.

This area is one of the most rugged in Ontario 
(Figure 1.2). The highest elevation is approximately 
5 95 m, occurring between Gamitagama and Old Woman 
Lakes, with maximum relief of 250 m. Crests of many 
hills have an elevation of 525 m and most probably 
represent erosion surfaces of the last ice age. Most 
of the bedrock topography is controlled by post-Pre- 
cambrian Faults. The area is characterized by 
forested hills and bluffs and cold, clear lakes and 
swamps nestled in the valleys. The lakes are drained 
by fast flowing streams, which usually occupy fault 
line valleys. In the southeastern parts of the 
complex many of the cliff faces and steep hills are 
being reduced by frost shattering, producing talus 
accumulation at their bases.
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1.2 PREVIOUS WORK

The earliest work in the surrounding area is 
reported back in the 19th century. Bell (1899) out
lined the metavolcanic-metasedimentary belt in which 
the complex is located.

From 1900 to 1940 all geological and prospecting 
work was controlled by the Algoma Central Railway. 
After the creation of the Lake Superior Provincial 
Park, limited prospecting was allowed. During 1954 to 
1955 the southern portion of the complex was staked 
for copper and nickel by Renner brothers and Falcon- 
bridge Nickel Mines Limited. The latter, after 
acquiring Renner property, carried out selective 
magnetic, electromagnetic, and geological surveys.
The company put down 16 diamond drillholes with a 
total length of 7,580 feet. In 1959 the property was 
optioned by Empire Explorations Limited who, in 1960 
carried out geological and electromaghetic surveys of 
the entire property. The Company also put down 16 
diamond drillholes with an aggregate length of 4,265 
feet. The plans, logs, cross-sections and sketches 
along with the results of the geophysical surveys of 
both (Falconbridge and Empire) exploration companies
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have been deposited with Ontario Geological Survey's 
resident geologist in Sault Ste. Marie.

Couto Gold Mines Limited has claims in the center 
of the complex. The Company drilled 28 holes with an 
aggregate length of 3,249 feet in the years 1956 to 
1961.

Ontario Geological Survey and Geological Survey 
of Canada published an aeromagnetic map of the area in 
1963 (Map 2190 G; Figure 1.3).

Algoma Central Railway issued a series of maps of
the area in 1964 which are as follows:

Geological Map ACR 1964a
Pleistocene Geological Map ACR 1964b
Photo-interpretation map ACR 1964c
Photo-mosaic ACR 1964d

Ayres et al. (1969) mapped the complex in detail. 
According to him the complex is calc-alkaline in 
nature and intruded the metavolcanic and metasediment- 
ary sequences in the pre-Keweenawan time. It is 
tudely zoned outwards from an eccentric olivine gabbro 
and norite core through gabbro and norite, pyroxene 
diorite, biotite-hornblende diorite, tonalité, and 
trondhjemite to granodiorite, with quartz monxonite. 
Ayres mapped five units in the field which from oldest 
to youngest are: pyroxene gabbro and diorite;
andesine anorthosite; biotite-hornblende diorite.
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tonalité, syendiorite, and trondhjemite; leucocratic
grano diorite and quartz monzonite; and syenite and
monzonite. Except for the last unit, contacts between
rock types are generally gradational. The work on the
complex was still in progress in 1966, at the time
Ayres was writing his report. His suggestions about
the origin of the complex are:

"The pyroxene-gabbro and diorite core 
appears to have formed by differentiation of 
a pipe-like body of tholeiitic magma. The 
biotite-hornblende diorite unit appears to 
be a hybrid unit formed by addition of a 
more sodic, hydrous, and siliceous magma.
The leucocratic granodiorite and quartz 
monzonite represents a separate magma that 
was intruded into the partly consolidated 
biotite-hornblende diorite unit after con
solidation of the pyroxene gabbro core".
The Ontario Geological Survey compilation maps 

2220 and 2196, issued in 1970, include the complex and 
surrounding areas. According to both maps, the 
complex is Middle to Late Precambrian (Proterozoic) in 
age and may be intrusive equivalent of Keweenawan 
lavas or older. However, in both maps, it is indi
cated that the ages are comparative and uncertain.

Goodwin et al. (1972), while describing the 
different types of intrusive bodies in the supra- 
crustal rocks of the Superior Province, classified the 
complex as gabbroic in nature. They noted that it
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contained only minor ultramafic and anorthositic 
phases, but included an equal amount of diorite 
compared to gabbro, indicting that the original magma 
was calc-alkaline in nature.

1.3 PRESENT STUDY

The present study was undertaken to describe the 
petrography and geochemistry of the various rock types 
present in the Gamitagama Lake Igneous Complex, and to 
establish their mutual relationships. This informa
tion should indicate the mode and relative time of 
emplacement of the rock types and should serve to 
define the processes involved in producing the varia
tion in the rock suites. Comparisons are made between 
this complex and other similar, well described 
complexes, particularly the gabbroic complexes of the 
Peninsular Ranges in Southern Calfornia. These show 
the similarities and differences in the evolution of 
the Archean Crust of Northern Ontario and the Mesozoic 
crust of California. Such comparisons may be used to 
elucidate the tectonic environments in which the 
igneous activity took place.

For this purpose approximately 4 weeks were spent 
in the field. Traverses were made systematically and
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representative samples were collected of all rock 
types in the area. Mineralogy and mineral paragenesis 
were established by optical examination of 80 thin 
sections. Selected rock samples were analyzed for 
major (74 samples) and trace elements (60 samples).
The results and conclusions of all the above work are 
summarized in this report.
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CHAPTER 2

GEOLOGICAL SETTING

The Gamitagama Lake complex outcrops in a typical 
Archean Greenstone Belt, the Shebandowan (Wawa) Belt 
of the Superior Province. The sequence of geological 
events has been described by Ayres, (1969). His work 
shows that there are four groups of rock units in the 
area: pre-Keweenawan, Keweenawan, Paleozoic, and
Cenozoic, which are separated by major breaks in the 
sequence of events (Table 2.1; Figure 2.1, back 
pocket). Turek et al (1978), in a study of radio- 
metric ages, showed that the pre-Keweenawan rocks are 
Archean in age and generally confirmed the age rela
tionships proposed by Ayres (1969).

The oldest rocks in the area, the pre-keweenawan 
metavolcanics, are three distinct formations. These, 
from oldest to youngest, are : the 1600 m thick lower
mafic metavolcanics, the 550 m thick felsic metavol
canics, and the 1465 m thick upper mafic metavol
canics. They occur mostly in the northern parts of 
the map area. The metavolcanics interfinger south- 
westward and possibly eastward with 3,100 m thick 
metasediments.
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TABLE 2.1

CENOZOIC:

TABLE OF FORMATIONS
(Modified after Ayres, L.D., 1969)

Pleistocene :
orlft, sand and gr vol.

PALEOZOIC:
Lower and Middle Cambrian 
Jacobsville Sandstone.

Unconformity

Fault Contact

PRECAMBRIAN
KEWEENAWAN:

Upper-Middle to Upper Keweenawan:
Alkalic syenite.

Intrusive Contact
Diabase and granophyre.

Intrusive Contact?
Middle Keweenawan:

Basalt, conglomerate, and rhyolite.
Unconformity

ARCHEAN-
Unmetamorphosed Ultramafic dikes.
'Leucocratic Quartz Monzonite.

Intrusive Contact
Leucocratic Granodiorite and Granite - Quartz monzonite, granodiorite,«I (in the complex). and granite stocks.

^ g Intrusive Contact
E -H
g, E Diorite, quartz diorite, monzodiorite, 
j3 S end tonalité. Intrusive Contact

Outer—  Gabbronorite, amphibole gabbro- 
norite, and pyroxene diorite.

Intrusive Contact
Inner—  Olivine gabbronorite, gabbro
norite, and anorthosite.

Intrusive Contact?
Batholithic trondhjemite, granodiorite,- Ryan Migmatite: Metasediment plus 
quartz monzonite, granite, and syenite, batholithic granitic rocks.

Intrusive Contact
Gargantua Harbour Granodiorite.

Intrusive Contact
Rabbit Blanket Lake Trondhjemite. - Mijinemungshing Lake Trondhjemite.

Intrusive Contact 
Upper mafic metavolcanic formation.
Felsic metavolcanic formation. - Metasedimentary formation.
Lower mafic metavolcanic formation.
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The mafic metavolcanics are dominantly massive 
flows and balloon to loaf shaped pillows, while the 
felsic metavolcanics are commonly pyroclastic ashflows 
and tuffs. The metasediments are mostly interbedded 
metagreywacke and metasiltstone, showing graded bed
ding and cross-bedding, with rare pebble and cobble 
conglomerates. Iron formations, containing thickly 
laminated metachert layers, occur in the metavolcanic- 
metasedimentary sequence. Neither the base nor the 
top of this stratified sequence is exposed.

Approximately half of the map area is underlain 
by pre-Keweenawan instrusive rocks. Emplacement of 
the intrusions began during volcanism and continued 
until late in the tectonic cycle. The only definitely 
established pre-tectonic intrusions are the 
Mijinemungshing Lake and the Rabbit Blanket Lake 
trondhjemitic plutons, bordering the metavolcanic- 
metasedimentary sequence in the northeast and north 
respectively. These plutons, and the metavolcanic- 
nietasedimentary sequence were isoclinally folded and 
subjected to progressive regional metamorphism.

The composite Southern Batholith, considered to 
be syntectonic to post tectonic in age, is exposed to 
the southwest of the stratified sequence. Within this 
batholith, Ayres (1969) recognized the older Gargantua
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Harbour Granodiorite and younger Ryan Migmatite. The 
migmatite is exposed in the west and comprises equal 
parts of metasediments and granitic rocks. Granitic 
intrusions, coeval with the migmatite,are exposed to 
the east of the granodiorite.

The Gamitagama Lake Complex is a post-orogenic, 
differentiated, gabbroic pluton. The rock types pre
sent in the complex range from troctolite to granite 
in composition. The emplacement of leucocratic grano
diorite and granite in the complex was accompanied by 
the intrusions of eight elliptical stocks of similar 
composition in the surrounding metavolcanic- 
metasedimentary sequence. The last phase of 
Gamitagama Complex involves the intrusion of leuco
cratic quartz monzonite. A sequence of ultramafic 
dykes represent the last event recorded in the pre- 
Keweenawan.

In a study of the radiometric ages of these rocks 
(Turek et al 1980) , a U-Pb zircon age obtained for the 
upper mafic metavolcanic indicates that the volcanic 
tocks and related metasediments are at least 2715 Ma 
o l d . The trondhjemite plutons have been dated as 2645 
Ma old by Rb-Sr and 2 663 Ma by U-Pb. The Gamitagama 
Lake Complex gives a 2640 Ma Rb-Sr age and a 2662 Ma 
U-Pb age. Post-tectonic potassic plutons yield 2565
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Ma Rb-Sr age. For the southern Batholith's migmatite 
the Rb-Sr age is 2560 Ma and corresponding U-Pb age is 
2608 Ma. This does not agree with Ayres (1969) work 
and is a somewhat younger age for migmatite than is 
general for the Superior Province and may be caused by 
younger tectonic uplift of this crustal block.

The pre-Keweenawan rocks are overlain unconform- 
ably by up to 675 m of Middle Keweenawan basalt, con
glomerate, and rhyolite. There are one northeast- 
trending and two northwest-trending sets of diabase 
dykes. Many of the dykes are younger than the Middle 
Keweenawan volcanic rocks. The Jacobsville Sandstone, 
200 m thick, is Lower to Middle Cambrian in age.

The last movement on most of the faults in the 
area is Keweenawan or younger. Cenozoic deposits, 
mostly gravel and sand, are wide spread but are mostly 
thin.
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CHAPTER 3

FIELD RELATIONS

The Gamitagama Lake Complex ranges in composition 
from basic through intermediate to acidic and consists 
of 5 distinct rock groups. Each group consists of 
mineralogically and texturally related rocks and 
occupies a specific area in the complex (Figure 3.1).

Almost all the basic rocks, mostly gabbroic in 
composition, outcrop south of Gamitagama Lake except 
for a small fault-separated part in the north. These 
basic rocks may be divided into two distinct groups, 
an "inner gabbroic series" and an "outer gabbroic 
series".

The rocks of inner gabbroic series occupy about 
25% (19 k m ^ ) of the total area of the complex. Out
crops of outer gabbroic series surround the area 
underlain by these rocks. The boundary between these 
two very similar looking rock series is difficult to 
delineate in the field and is marked with the help of 
petrography, air photos and an aeromagnetic map. 
Fine-grained dikes of the outer gabbroic series 
intrude the inner gabbroic rocks but are rare.
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There are numerous inclusions and roof-pendants of 
metavolcanics scattered throughout the inner gabbroic 
rocks.

The rocks of outer gabbroic series underlie about 
13% (10 km^) of the total area of the complex and form 
a complete annular outcrop around the inner gabbroic 
series. These rocks are bounded in the north, east, 
and west by dioritic rocks and to the south by meta
volcanics. The boundary with the dioritic rocks 
appears gradational as the pyroxenes of the outer 
gabbroic rocks are uralitized near the contact. The 
southern contact with the metavolcanics is sharp but 
at places a 15 to 30 m wide zone of dioritic rocks 
separate the two. Inclusions and roof-pendants of 
metavolcanics occur scattered throughout these rocks. 
Huge xenoliths of the inner gabbroic series (Cu-Ni 
showings in the south and small olivine-bearing out 
crops north of Baillargeon Lake) occur oriented paral
lel to the inner boundary.

A series of criss-crossing faults, restrict'ed to 
the gabbroic rocks, trend approximately east to west, 
northeast to southwest, and north to south (Figure
3.1), The east-west trending faults are the oldest 
while the north-south trending ones are the youngest.
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The intermediate rocks, mostly dioritic in compo
sition, occupy about 47% (35 km^) of the total area of 
the complex. They encircle the outer gabbroic rocks 
to the north, east, and west, forming an incomplete 
annular outcrop. Contact between the dioritic and 
metavolcanic rocks is subvertical and generally sharp. 
The boundary at places is marked by the local develop
ment of intrusion breccia where the dioritic rocks 
intruded the metavolcanic rocks. Inclusions and roof 
pendants of volcanic rocks are abundant in the 
dioritic rocks, but there are very few inclusions and 
roof pendants of the outer gabbroic series present.

The acidic rocks include "granitic rocks" and 
"quartz monzonite" which are two distinct rock groups. 
The former (leucocratic granodiorite and quartz monzo
nite of Ayres, 1969) underlies about 10% (7.5 km^) of 
the total area of the complex. It forms a discontin
uous annular outcrop in the center of dioritic rocks. 
Dikes and apophyses of granitic rocks, about 20 cm to 
150' m in thickness, with sharp margins, occur in the 
dioritic and gabbroic rocks.

The quartz monzonite (syenite and monzonite of 
Ayres 1969) occupies 3% (2 km^) of the total area of 
the complex near its northern boundary. It forms a 
roughly east-west trending, 500 m wide, vertical dike.
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which cross-cuts the dioritic and granitic rocks and 
has an assimilation zone at the contacts. There are 
inclusions of dioritic and metavolcanic rocks in this 
dike, which also show evidence of assimilation.

A contact metamorphic aureole in the meta
volcanic -metasedimen tar y sequence around the complex, 
approximately 300 to 3000 m wide, has been super
imposed on the regional metamorphism (Ayres,1969).
Most roof pendants and inclusions in the plutonic 
rocks of the complex and country rocks immediately 
adjacent to the complex are in the Pyroxene-hornfels 
facies; the remainder of the aureole is in the 
hornblende-hornfels facies.

3.1 THE INNER GABBROIC SERIES

The inner gabbroic series consist of 3 rock types 
recognizable in the field. All these rock types are 
coarser-grained than those of the outer gabbroic 
series and contain plagioclase, olivine and/or 
pyroxene with minor to substantial amounts of 
amphibole and opaque minerals. The rock types show a 
more or less continuous variation in mineralogy and 
because of the gradational nature of this variation.
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only a few rock types are mappable in the field.
These include olivine gabbro, gabbro and anorthosite.

3.1.1 OLIVINE GABBRO

The olivine gabbro outcrops in the areas of the 
lowest relief and underlies 6% (4.5 km^) of the total 
area of the complex around Magnetite Lake (Figure 3.2; 
back pocket). This unit further contains 3 rock types 
which are coarse-grained with variable grain-size and 
colour index. Mineralogical variations are reflected 
in the colour of weathered surfaces of the outcrops. 
Troctolite, colour index about 30, contains plagio
clase and olivine and is light-brown on both fresh and 
weathered surfaces. Layering occurs in a small troct
olite outcrop between two small lakes NE of Magnetite 
Lake. It is comprised of tabular bands, 10 to 50 cm 
thick, alternating with 5 to 10 mm thick laminations. 
The thick bands have a colour index of about 25 and 
consist of plagioclase and olivine with minor opaques. 
The thin laminations, colour index around 45, contain 
plagioclase, olivine, pyroxene and opaques rarely 
exceed 10 meters in length and lense out in the thick 
bands. Both plagioclase and olivine show a strong
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preferred orientation parallel to the lamination boun
dary which has an almost horizontal attitude dipping a 
few degrees toward NNE. The troctolite grades upwards 
into olivine gabbro with the increase in pyroxene 
towards higher elevations in the north and west.

The dark grey olivine gabbro, colour index about 
35, is comprised of plagioclase, olivine, and 
pyroxene. It occurs in rusty, brownish grey outcrops 
west of Picea Lake and rarely may show a rude folia
tion defined by the parallel to subparallel arrange
ment of plagioclase crystals. This foliation dips 30 
NE near the southwestern end of Picea Lake (Figure
3.2).

Southeast of Magnetite Lake the troctolite grades 
into amphibole olivine gabbro by increase in the 
percentage of amphibole (more than 5%). The amphibole 
olivine gabbro is made up of plagioclase, olivine. 
Pyroxene and amphibole, with a colour index of about 
60. The rock is massive dark-grey when fresh, and 
^ark greyish-green when weathered. The amphibole 
commonly forms rounded poikilitic crystals up to 1 cm 
ih diameter.
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3.1.2. GABBRO

The olivine gabbro grades upwards into gabbro 
with the disappearance of olivine and further increase 
in elevation in the north and west. Across Picea 
Lake, towards the east, olivine gabbro abruptly 
changes into anorthositic gabbro. This is probably 
due to a north-south trending fault which passes 
through the lake. In fact, the original systematic 
distribution of lithologies appears to be disturbed by 
the movements along those criss-crossing faults 
(Figure 3.2).

The gabbro underlies about 8% (6.5 km^) of the 
total area of the complex. It is coarse-grained and 
has a colour index varying from 10 in minor 
leucocratic sections to 40 in typical rock. The light 
grey to grey coloured rock consists of plagioclase, 
pyroxenes and opaques and weathers to rusty 
^eddish-grey on the surface.

Symmetric banding due to variations in the pro
portions of felsic and mafic constituents has been 
boted in a few outcrops near Picea Lake. These bands 
vary from 2 to 35 cm in thickness and are defined by 
concentrations of pyroxene and plagioclase in adjacent
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bands. In some bands pyroxene or plagioclase exceed 
90% and these are layered internally on a mm and cm 
scale. The contacts of those bands are sharp and 
there is no gradation in mineral proportions between 
them. The dip of the banding varies in different out
crops. Near the southeastern end of Picea Lake the 
banding dips toward southeast at about 3 5°, while near 
the northeastern end the dip is almost 25° to the 
east. At a number of places for instance, on the 
logging haulage road about 300 m east of the anortho
site body, the gabbro contains bent, twisted, and 
broken layers of pyroxene rich rock with a colour 
index of about 95 (Photo 3.1). Ayres (1969) reported 
an almost imperceptible, approximately horizontal, 
layering caused by slight differences in both pyroxene 
content and grain size in several outcrops.

The gabbro is well foliated at many localities 
because of parallel to subparallel arrangements of 
tabular plagioclase and prismatic pyroxene crystals. 
The foliation has a highly variable attitude in dif
ferent outcrops. Neither the banding nor the folia
tion show any systematic pattern of regional variation 
(Figure 3.2).

In many outcrops, particularly northwest of Picea 
bake, the gabbro is spotted due to concentrations of
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Photo 3.1. Gabbronorite of the Inner Gabbroic Series, about
300m east of anorthosite body, containing bent, twisted 
and broken layers of pyroxene rich rock.

Photo 3.2. Spotted gabbronorite, about 200m northwest of
Picea Lake. The pyroxene is concentrated in spherical 
aggregates as much as 1 cm in diameter and 1-3 cm apart.
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pyroxene in spherical aggregates as much as 1 cm in
diameter and 1 to 3 cm apart (Photo 3.2). Ayres
(1969) reported these spherical aggregates of mafic 
minerals to be up to 2.5 cm in diameter and 2 to 15 cm 
apart.

3.1.3 ANORTHOSITE

The anorthositic gabbro in the north and east of 
Picea Lake grades outwards (away from olivine gabbro 
and gabbro) into anorthosite.

The anorthosite occupies about 1% (< 1 km^) of 
the total area of the complex. It underlies a small 
fault-bounded area to the north and occurs as a few
small outcrops to the east of Picea Lake.

The rock is coarse-grained, greyish-white when 
fresh and weathers to a light rusty-brown colour. It 
consists of plagioclase, pyroxene and/or opaques and 
has a colour index between 1 to 5. In the fault- 
bounded body, the amount of pyroxene decreases toward 
northeast. The rock shows a weak foliation when 
pyroxene is present. This foliation dips at about 7 5° 
towards NW (Figure 3.2).

The anorthosite outcrops east of Picea Lake have 
a colour index of about 5. A weakly developed
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Photo 3.3: Irregular anorthositic dikes, about 1-15 cm in 
width, in the gabbronorite.

Photo 3.4: Anorthositic dikes brecciating the host 
gabbronorite.
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foliation, which is occasionally difficult to make 
out, appears to have a variable attitude, dipping from 
56° northwest to 7 5° southeast.

Anorthosite dikes ranging from 1 mm to 15 cm in 
thickness occur in the gabbro, sometimes brecciating 
the host rock (Photo 3.3 & 3.4). Mostly they are 
local in extent, but a few can be traced for up to 100 
m. They are fine to medium-grained and consist of 
almost 100% of plagioclase.

3.2 THE OUTER GABBROIC SERIES

The outer gabbroic series consists of two recog
nizable rock types in the field. These rocks are 
generally medium but may be coarse-grained and contain 
plagioclase and pyroxene, with variable, and sometimes 
substantial proportions of amphibole, brown mica and 
opaques. The rock types show a more or less contin
uous variation in mineralogy, and because of the grad
ational nature of this variation, only two rock types 
are mappable in the field. These include gabbro and 
amphibole gabbro/pyroxene diorite.
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Photo 3.5: Gabbronorite of the Outer Gabbroic Series showing 
weak asymmetric banding on the south side of a small 
lake near southern boundary of the complex.

Photo 3.6: Gabbronorite, south of Poikkimaki Lake, showing 
minor asymmetric banding in the upper half of the 
photo and band containing irregular, oriented inclusions 
of seggregated pyroxene in the lower half.
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3.2.1 GABBRO

The gabbro underlies about 10% (7 k m ^ ) of the 
total area of the complex, and mainly occupies the 
southern and eastern marginal areas. It is medium- 
grained, greyish-brown when fresh and weathers to 
rusty-brown on the surface. The colour index varies 
from 30 to 45 at different outcrops. The commonly 
well foliated rock consists of tabular plagioclase, 
prismatic pyroxene, with minor and variable amounts of 
opaques and amphibole. ■

Weak asymmetric banding, maximum 30 cm in thick
ness, occurs in the south and southeast of Poikkimaki 
Lake (Photos 3.5 & 3.6). In these bands pyroxene is 
concentrated at the base and plagioclase is concen
trated towards the top. The bands consist of about 
60% pyroxene and 35% plagioclase at the base and grade 
upwards to the lighter parts which contain about 70% 
to 80% plagioclase and 20% to 25% pyroxene. The bands 
extend for 10 to 20 m laterally and strike roughly 
parallel to the outer contact with the dioritic and 
metavolcanic rocks. The dip of these bands is towards 
the inner contact and varies from 50° N to 70° NW.

At scattered localities within the gabbro, there 
is well developed foliation due to the parallel align-
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Photo 3,7: The irregular inclusions of seggregated pyroxene in 
the gabbronorite of the Outer Gabbroic Series. The 
inclusions, maximum 2 cm long, are randomly distri
buted in the rock. Location same as of photo 3.6.

Photo 3.8; The irregular inclusion of the Inner Gabbroic 
Series in the gabbronorite of the Outer Gabbroic 
Series. The inclusion is comparatively coarser—grained 
and roughly parallel to the foliation of the host 
rock.
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ment of tabular plagioclase and prismatic pyroxenes 
crystals. The strike of the foliation in most out
crops is approximately parallel to the outer boundary 
with the diorite and it dips at angles varying from 
vertical to 60° towards the inner boundary with the 
inner gabbroic rocks.

At a few places, particularly southeast of 
Poikkimaki Lake, the gabbro contains irregular, seg
gregated oriented mafic inclusions in 3 to 30 cm wide 
bands (Photo 3.6 & 3.7). These inclusions consist of 
angular aggregates of pyroxene and are up to 2 cm in 
length. The attitude of their orientation is similar 
to the nearby banding described above.

Xenoliths or roof pendants of olivine-bearing 
rocks of the inner gabbroic series, each less than 
0.01 km^ in area, crop out north of Baillargeon Lake 
near the boundary between Asselin and Barager Town
ships. Numerous smaller xenoliths of the inner 
gabbroic series are also present in the outcrops near 
the southern boundary and are distinguished from the 
host rock by coarser grain size (Photo 3.8) colour of 
the weathered surfaces, occurrence of sulphide 
mineralization, and thin section studies. These 
xenoliths show a strong tendency to occur with their
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longer dimensions roughly parallel to the outer 
boundary of the host rock (Figure 3.2).

3.2.2 AMPHIBOLE GABBRO/PYROXENE DIORITE

There is an increase in amphibole and brown mica 
in the rocks of this unit and the gabbro grades north
wards into amphibole gabbro. Ayres (1969) delineated 
the pyroxene diorite as a mappable unit. Later pétro
graphie studies of samples collected from this unit 
reveal that the unit is mostly amphibole gabbro except 
for small areas north and south of Gamitagama Lake, 
near its eastern end, where the rock is dominantly 
pyroxene diorite. The pyroxene diorite differs from 
amphibole gabbro in the anorthite content of plagio
clase which is less than 50% in the case of the 
former.

The amphibole gabbro/pyroxene diorite unit under
lies about 4% (about 3 km^) of the total area of the 
complex. This unit occupies a narrow strip (maximum 
400 m wide) in the north and west of the inner 
gabbroic series (Figure 3.2; back pocket). Around an 
unnamed lake, about 1 mile north of Magnetite Lake, 
this strip widens to form an embayment in the inner
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gabbroic series. Some of the outcrops in this embay
ment, particularly on the west of the unnamed lake, 
consist of fine-grained rock which contains euhedral 
to anhedral phenocrysts of amphibole up to 3 x 2 cm in 
dimension. Fine-grained dikes of pyroxene diorite, 5 
to 20 cm in width and local in extent, intrude the 
anorthositic outcrops of the inner gabbroic series 
east of Picea Lake. These dikes contain micro- 
phenocrysts of brown mica up to 1 mm long.

The amphibole gabbro/pyroxene diorite consists of 
plagioclase, pyroxene, amphibole and/or brown mica 
with minor amounts of opaques. In hand specimens the 
pyroxenes are of finer grain-size compared to plagio
clase and amphibole. The colour index at different 
outcrops varies from 35 to 4 5. The brownish-grey rock 
weathers to a dark rusty-grey on the surface.

A well developed foliation is present at a number 
of localities in these rocks. It is defined by a 
parallel to subparallel alignment of mafic minerals 
and has an attitude similar to the above gabbro. In 
outcrops of the western strip the foliation has an 
almost north-south strike and variable, vertical to 
60°, easterly dip. Along the northern side of 
GamitagamaLake the foliation has an approximate NW-SE 
strike and dips 80° to 4 5° towards SW. An average
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strike is roughly parallel to the outer boundary with 
the dioritic rocks and dips towards the inner gabbroic 
rocks.

A xenolith of the inner gabbroic series, about 
0.03 km^ in area, occurs around the NW corner of the 
unnamed lake. This xenolith has its longer dimension 
parallel to outer boundary of the host rock.

3.3 THE DIORITIC ROCKS

The dioritic part of the complex is a heterogen
eous body made up of 4 recognizable rock types. All 
of these rock types contain plagioclase, hornblende, 
and biotite together with variable and sometimes sub
stantial proportions of several other minerals. 
Pyroxene, quartz, and potash feldspar may all be 
present separately or together. The satellitic 
intrusions (on Highway 17), are comprised of quartz 
monzodiorite and tonalité. In the main complex the 
rock types show a continuous gradational variation 
from hornblende gabbro through diorite, quartz 
diorite, and quartz monzodiorite to tonalité.
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3.3.1. DIORITE;

The diorite underlies about 6% (4.5 km^) of the 
total area of the complex. It is exposed in a 600 m 
wide maximum north-south trending strip, stretching 
from the western end of Old Woman Lake to the eastern 
end of Gamitagama Lake (Figure 3.2).

The diorite is a coarse-grained rock with the 
colour index varying from 25 to 50. The colour of the 
rock varies from grey to dark-grey or greenish-grey, on 
both fresh and weathered surfaces. It consists of 
tabular plagioclase, prismatic hornblende, and minor 
biotite. Later pétrographie studies indicated that in 
the southern half of this strip, the plagioclase is 
labradorite in compostion and hence the rock is, in 
fact, hornblende gabbro.

The diorite unit is mostly massive but a weak 
foliation is noted at a few outcrops. This foliation 
has an average north-south strike and 70° to 80° 
westerly dip. Huge metavolcanic xenoliths, some of 
them 100 m x 1500 m in dimension, occur oriented 
parallel or at a slight angle, to the inner boundary 
of the host rock.

A fine-grained equivalent of diorite occurs near 
the southern end of the northern satellitic instrusion
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Photo 3.9: Road-cut in the northern satellitic intrusion on
the Highway 17 showing intrusion breccia. Fine-grained 
equivalent of diorite is intruded by the quartz 
monzodiorite which in turn is brecciated by a number 
of 2-5 0 cm wide dikes of the granodiorite, granite, and 
pegmatite respectively.

g

Photo 3.10: Same intrusion breccia about 8 m north of photo 
3.9.
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on Highway 17. It is a massive, dark-grey rock which 
consists of plagioclase and hornblende and has a 
colour index of about 40. The outcrop is brecciated 
by the later intrusive rocks (Photo 3.9 & 3.10). No 
metavolcanic or gabbroic inclusions were observed in 
this rock.

3.3.2. QUARTZ DIORITE

The diorite, with increase in quartz grades into 
quartz diorite around the eastern end of Gamitagama 
Lake. The quartz diorite is a major rock type in the 
dioritic rocks. It underlies about 37% (28 km^) of 
the total area of the complex. A narrow area south of 
Gamitagama Lake is fault-separated from the main 
northern body and extends southwest, then south in the 
form of a strip (maximum 500 m wide) forming the 
western margin of the main complex. It also occupies 
the area north of Old Woman Lake, forming the eastern 
margin of the complex (Figure 3.2).

The quartz diorite is a coarse-grained rock, with 
a colour index which varies from 25 to 35. It is grey 
to greenish-grey on both fresh and weathered surfaces 
and consists of plagioclase, hornblende, biotite, and 
quartz. The rock is mostly massive, but shows a weak
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Photo 3.11: The quartz diorite with abundant metavolcanic
inclusions near the contact with metavolcanics on the 
gravel road leading to microwave tower from the 
Highway 17. The inclusions are oriented with their 
longer dimension parallel to the contact and dip 
subvertically away from the contact.
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foliation at a few localities near the outer boundary 
with the metavolcanics. This foliation, in Asselin 
Township, has a strike roughly parallel to the north
eastern boundary and dips towards the inner contact 
with the outer gabbroic rocks.

Rare inclusions of the outer gabbroic series are 
present in the quartz diorite. A huge xenolith of the 
series, about 400 x 150 m in dimensions, occurs south 
of the quartz monzonite dike near the northern 
boundary of the complex. The longer dimension of the 
xenolith is roughly parallel to the outer boundary 
with the metavolcanics. Metvolcanic inclusions or 
xenoliths have a very strong orientation with their 
longer dimensions parallel to the outer boundary of
the host rock (Photo 3.11; Figure 3.2).

3.3.3 QUARTZ MONZODIORITE

There is an increase in the amount of quartz and
alkali feldspar about 1 km north of Old Woman Lake, 
near the eastern margin of the complex, and quartz 
diorite grades in to quartz monzodiorite. This rock 
also occupies most of the southern satellitic 
intrusion on Highway 17. In the southern most outcrop 
of this intrusion, quartz monzodiorite intrudes and
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brecciates a small area of fine-grained rock which is 
equivalent to diorite in composition. This intrusion 
breccia is in turn brecciated by a number of small 
dikes, 2 to 50 cm in width (Photos 3.9, 3.10). These 
dikes have the composition of grandiorite, granite and 
pegmatite in decreasing age respectively.

The quartz monzodiorite is a medium-grained (in 
the northern satellitic intrusion) to coarse-grained 
rock (eastern margin of complex). It consists of 
plagioclase, hornblende, biotite, alkali-feldspar and 
quartz. The coarse-grained rock is massive and 
contains only a few metavolcanic inclusions. The 
medium-grained rock shows a weak foliation due to a 
sub-parallel arrangement of plagioclase, hornblende 
and biotite grains. This foliation has an average 
N20°E strike and dips at about 80° to the east. The 
metavolcanic and "fine-grained diorite" inclusions are 
oriented with their longer dimension parallel to the 
above foliation in this rock but very rarely do they 
show a random orientation.

3.3.4 TONALITE

The quartz diorite, with the further increase in 
quartz, grades into tonalité near the southern most 
end of Mijinemungshing Lake. The tonalité also

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

occurs in the southern satellitic intrusion on the 
Highway 17. The total area underlain by this rock is 
less than 1% of the total area of the complex.

The tonalité south of Mijinemungshing Lake is a 
coarse-grained, massive rock with the colour index 
varying from 15 to 30. It consists of plagioclase, 
hornblende, biotite, quartz and epidote. The rock is 
light-grey to light-greenish grey on both fresh and 
weathered surfaces. A few volcanic inclusions with 
random orientation occur at a few tonalité outcrops. 
The medium-grained tonalité of the satellitic intru
sion has a colour index of about 30. It consists of 
plagioclase, hornblende, biotite, and quartz. The 
rock is light-grey in colour on both fresh and 
weathered surfaces. It rarely has a foliation which 
strikes approximately parallel to the longer dimension 
of the intrusion and dips between 5 5° SW and vertical 
(Figure 3.2),

The tonalité contains inclusions of quartz 
diorite and metavolcanics. These inclusions are 
angular in shape and do not show any systematic 
orientation (Photo 3.12). Rounded inclusions of a 
darker tonalité (about 1 m across and a little richer 
in hornblende and biotite) occur in the tonalité 
outcrop on the highway (Photo 3.13).
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Photo 3.12: Tonalité of the Southern Satellitic Intrusion 
on the Highway 17 containing angular inclusions of 
metavolcanics and quartz diorite.

Photo 3.13; Tonalité containing rounded inclusions of a darker 
tonalité. Inclusions and the host rock are similar in 
all respects except for the colour index.
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3.3.5 OTHER SATELLITIC INTRUSIONS

Ayres (1969) described the occurence of many 
small satellitic intrusions west of the main intru
sion and Highway 17 (Figure 3.2) as follows :

"These intrusions are highly variable in 
composition and are dominantly intrusion 
breccias composed of mafic metavolcanic and 
metasedimentary country rock, at least four 
mafic Plutonic phases, and several leuco- 
cratic plutonic phases; each plutonic phase, 
except the earliest, intrudes and contains 
rounded inclusions of earlier plutonic 
rocks. In order of decreasing age, the 
identified plutonic phases are: (1) gabbro
and hornblende gabbro, (2) hornblende 
diorite, (3) quartz-bearing diorite,
(4) tonalité and trondhjemite, (5) leuco- 
cratic, calcic granodiorite, granodiorite, 
and quartz monzonite, and (6) pegmatite. 
Pyroxene rich phases are rare".
The first intrusive phase is probably of the

outer gabbroic series while phases 2 to 4 belong to
the dioritic rocks. All the rest of the phases
probably belong to the granitic rocks.

3.4 GRANITIC ROCKS

The granitic rocks of the complex form 
irregularly-shaped, discontinuous bodies which are
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Photo 3.14: Quartz diorite, on gravel road near the contact 
with the granitic rocks about 100 m  NW of microwave 
tower, showing intensive shearing and alteration.

■mm

Photo 3.15: The intensive shearing above(photo 3.14)
changes to fine shear network away from the contact.
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systematically distributed on the north and east sides 
of the complex. These bodies are mainly confined 
within the dioritic rocks but small, rounded to lense- 
shaped and narrow dike like bodies also intrude the 
inner and outer gabbroic rocks. Medium-grained dikes, 
15 cm to 150 m wide with sharp contacts, occur in both 
the dioritic and gabbroic rocks. A narrow zone of the 
gabbroic rocks, about 2 to 5 m wide, adjacent to these 
granitic bodies, shows sericitization and uralitiza- 
tion of plagioclase and pyroxenes respectively. In 
the dioritic rocks a zone of hydrothermal alteration, 
about 2 to 15 m wide, occurs along the contact with 
granitic rocks. This zone consists of a fine network 
of shear-fractures along which plagioclase is strongly 
sericitized and hornblende is altered to chlorite 
(Photo 3.14 & 3.15).

Ayres (1969) described the occurrence of peg
matite dikes, containing crystals of oligoclase up to
2.5 cm long, microcline quartz and minor biotite.
These dikes are associated with and locally form a 
marginal phase of the granitic dikes. He further 
noted that pegmatites are rare in the larger granitic 
bodies and those parts of the complex where granitic 
rocks are not present.
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The granitic rocks consist of two recognizable 
rock types which occupy specific areas in the complex. 
These include granodiorite and granite. The occurence 
of a fault in between, masks the exact relationship 
between the two.

3.4.1 GRANODIORITE

The granodiorite underlies a small outcrop on 
Highway 17, about 800 m south of the boundary between 
Tiernan and Asselin Townships (Figure 3.2). It is 
intrusive and in sharp contact with the dioritic 
rocks. The medium-grained rock has a maximum colour 
index of about 15 and consists of plagioclase, alkali 
feldspars, hornblende, biotite and quartz. The rock 
is foliated due to the parallel to subparallel align
ment of its constituent minerals. This foliation has 
a NE to SW strike and dips 85° NW. The few meta
volcanic inclusions that were observed in this rock do 
not show any specific orientation.

3.4.2 GRANITE

The granite underlies about 10% (7.5 km^) of the 
total area of the complex. It is a medium to coarse
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grained rock which has a colour index of less than 
10. The colour of the rock varies from light-grey to 
pink on both fresh and weathered surfaces. It 
consists of plagioclase, alkali feldspar, quartz and 
biotite with minor hornblende. Rarely, alkali 
feldspar forms up to 0.7 5 cm long phenocrysts.

The granite is a massive to weakly foliated 
rock. In some foliated outcrops in the east and 
northwest of the complex the strike of the foliation 
is parallel to the nearest contact with the dioritic 
rocks. East of boundary between Asselin and Baragar 
townships, this foliation has a north to south strike 
and dips to the west at an average of 8 0°. In the 
north of the complex the foliation has NE to SW trend 
and the dip varies between 7 5° NW to vertical. The 
few metavolcanic inclusions present in the granite 
have a random orientation.

3.5. QUARTZ MONZONITE

The quartz monzonite, which forms an up to 500 m 
wide dike near the northern margin of the complex, is 
in sharp contact with the granitic and dioritic rocks. 
The white to pink coloured rock weathers to light-grey 
and greyish brick-red in colour respectively. In hand
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specimens it consists of alkali feldspars, plagio
clase, amphibole, biotite and quartz. The colour 
index of the rock seldom exceeds 10.

The quartz monzonite is a coarse-grained rock and 
occasionally contains phenocrysts of microcline.
These phenocrysts, when present, make up 10 to 15% of 
the rock. It is mostly a massive rock except near the 
margins where it shows a weak foliation developed due 
to the planar orientation of its constituent minerals. 
This vertical flow foliation strikes parallel to the 
contacts of the dike.

The assimilation zone around the inclusions and 
at the contacts of the rock is 1 to 3 cm wide. This 
zone is fine-grained and light grey to light greenish- 
gray in colour. Feldspar, quartz and minor muscovite 
were recognized in this zone.

3.6 CONCLUSION

The field observations and relations suggest the 
following sequence of events, which is similar to, but 
not identical with that deduced by Ayres (1969).

Basic magma intruded the metavolcanic-metasedi- 
mentary sequence, further deforming and cross-folding 
the already deformed and cross-folded country rock
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near the complex. Crystallization and fractionation 
of this magma resulted in the formation of the inner 
gabbroic rocks.

The xenoliths and inclusions of the inner gab
broic series in the outer gabbroic series and fine
grained dikes of the latter in the former suggest that 
the two series were formed from two separate intru
sions of basic magma. Moreover, the inner gabbroic 
rocks were already consolidated, cool and behaved 
rigidly at the time of the second intrusion, giving 
rise to most of the block faulting in the inner 
gabbroic rocks.

The rare inclusions of the outer gabbroic series 
in the dioritic rocks indicate that the latter 
intruded after the consolidation of the former. In 
addition, the block faulting in the inner gabbroic 
rocks may have been extended in the outer gabbroic 
rocks by this intrusive episode.

The sharp contacts and apophyses of granitic 
rocks in the dioritic and gabbroic rocks indicate that 
the granitic rocks were formed by the consolidation of 
a separate magma which intruded the already existing 
intrusive rocks.

Intrusion of monzonitic magma in the dioritic and 
granitic rocks is indicated by its cross-cutting rela
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tionship and reaction zones at the dike contacts.
This conclusion is further supported by the presence 
of dioritic and metavolcanic inclusions in the quartz 
monzonite.
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CHAPTER 4

PETROGRAPHY

Detailed examination of thin sections was under
taken to: (1) further distinguish the rock types in 
the field mappable units on the basis of their minera
logy, mode, and texture, (2) determine possible para- 
gentic trends in each rock group and genetic relation
ship of various groups, and (3) detect mineralogical 
differences that are undetectable in hand specimens. 
For this purpose 20 specimens of the inner gabbroic 
rocks, 18 specimens of the outer gabbroic rocks, 17 
specimens of the dioritic rocks, 8 samples of the 
granitic rocks and 4 samples of quartz monzonite were 
used for detailed studies of modal analysis.
Anorthite % in plagioclase were determined by measure
ments on flat stage using the Carlsbad-albite method 
for basic and intermediate rocks and the Michel Levy's 
method for the acidic rocks.

The field units are further classified and 
properly named following the lUGS classification of 
Streckeisen (1976 Appendix A). The pétrographie 
studies indicate that there is no true gabbro in the
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Table 4.1: Classification of rock types encountered in 
the Gamitagama lake Complex.

1. INNER GABBROIC SERIES
i. OLIVINE GABBRO

a. Troctolite
b. Olivine Gabbronorite
c. Amphibole Olivine Gabbronorite

ii. GABBRO
a. Gabbronorite
b. Norite

iii. ANORTHOSITE
a. Andesine Anorthosite

2. OUTER GABBROIC SERIES

i. GABBRO
a. Norite
b. Gabbronorite

ii. AMPHIBOLE GABBRO-PYROXENE DIORITE
a. Amphibole Gabbronorite
b. Pyroxene Diorite

3. DIORITIC ROCKS
i. DIORITE

a. Hornblende Gabbro
b. Diorite

ii. QUARTZ DIORITE 
iii. QUARTZ MONZODIORITE 
iv. TONALITE

4. GRANITIC ROCKS
i. GRANODIORITE 

ii. GRANITE

5. QUARTZ MONZONITE
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complex and the rocks classified in the field under 
this name are norite and/or gabbronorite (Table 4.1),

4.1 INNER GABBROIC ROCKS

The modal mineral compositions of the inner 
gabbroic rocks are presented in Table 4.2. The modal 
compositions, are plotted after Streckeisen (1976) in 
Figure 4.1.

4.1.1 OLIVINE GABBRO

4.1.1.1 TROCTOLITE;

The troctolite is a coarse-grained, hypidio- 
morphic granular rock with a maximum 2.5x1.5 mm in 
grain size. It consists of about 70 to 73% plagio
clase, 20 to 24% olivine, 3 to 4% clinopyroxene, less 
than 1% orthopyroxene, and minor, variable amounts of 
opaques and amphibole. It has a heterogeneous distri
bution of its constituent minerals and the rock is
banded in part. The bands are defined by variation of
mineral proportions and mineral species present and 
range in thickness from 11 to 51 cm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

o>

o.

a.

VOat
■p rH

o Gat(0 03•Hu ato 44p at Ü4J atc •H p•H u X
o tocn c:C o 0o p X■H • X+J w X tnQt Q) to at GO •H 4J o X •H

A U •H •H ndO 0) U at 03 P
U W O c o 0
cu c •H X oÜ o > X ÜrH •H Sh •H p tort 0 XJ iH at o
u p X o X G 030) p 0) to •H < atc XI +J o at M •H•H to •H rH 0 at p
e u I—1 0) o C c too c X o at •H Td1—1 M 4J •H •H p X 03 Gto QJ Ü > X X •H at 3nd C o •H 04 X p 00 C p rH to o G XS H Eh o Ü s < X)rH1—1 * ♦ ► ■ 4 * at•H— Cm
0)
3Cn•H

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



57

Thick bands, within this banding, contain about 75 to 
80% plagioclase, 19 to 24% olivine and minor opaques. 
The thin laminations which alternate with the thick 
bands consist of 55 to 60% plagioclase, 15 to 20% 
olivine, 10 to 15% clinopyroxene, 4 to 5% ortho
pyroxene, 0 to 5% amphibole, and minor variable 
amounts of opaques.

Unzoned plagioclase (An-y2 - 7 4 ) forms euhedral to 
subhedral tabular crystals most of which are 2x1 mm in 
dimensions. Twinning is common on the albite and 
Carlsbad-albite laws but rare on the pericline law. 
Inclusion of prismatic apatite maximum 0.1x0.3 mm are 
rare. Alteration of plagioclase to saussurite in 
places, maximum 0.2 mm in diameter, is common.

The olivine, about 1x0.7 mm in maximum dimension, 
forms isolated subhedral to anhedral grains. Some of 
the grains have a strongly embayed outline indicating 
magmatic resorption. Inclusions of lath-shaped 
plagioclase, maximum 0.1x0.2 mm in dimension, occur 
enclosed in olivine. Many of the olivine crystals are 
partially to completely enclosed by 0.1 mm wide reac
tion rims of clinopyroxene. In some cases multiple 
rims of consecutively occurring clinopyroxene, 
orthopyroxene, and hornblende enclose or partially
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Photo 4.1a: Troctolite showing olivine partially rimed by 
clinopoyroxene, orthopyroxene, and amphibole (dark), 
Plane light, field of view 1.5X1 mm

Photo 4.1b; Same as above, crossed nicols.
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surround olivine grains (Photo 4.1a & 4.1b). In other 
cases one or more of these rims may be absent. Appar
ently, reaction of olivine with the magma was not 
complete upon final consolidation of the rock or 
further reaction between olivine and interstitial 
liquid was stopped by the surrounding rims. Olivine 
is generally fresh except for thin margins along 
internal fractures filled with opaque material and an 
iddingsite-like mineral.

Subhedral to anhedral titaniferous magnetite, 
about 1 mm in diameter, occupies the interstices 
between plagioclase and olivine and is commonly 
enclosed by amphibole reaction rims.

Anhedral clinopyroxene, maximum 0.5x0.2 mm, 
occupies interstitial positions and forms reaction 
rims around olivine. It has a neutral body colour and 
may be enclosed in partial to complete amphibole 
reaction rims. Neutral to pink pleochroic ortho
pyroxene is mostly restricted to 0.1 mm wide reaction 
rims around olivine. Interstitial anhedral grains are 
rare but when present are optically similar to the 
orthopyroxene of reaction rims. Amphibole, pleochroic 
from light yellowish-brown to dark reddish-brown, 
forms partial to complete reaction rims around both
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orthopyroxene and clinopyroxene. Occassional flakes 
of phlogopite, about 0.1x0.2 mm in dimension are 
associated with the amphibole.

4.1.1.2 OLIVINE GABBRONORITE:

The transition from troctolite to olivine 
gabbronorite is gradual and marked by decrease in 
modal olivine and plagioclase and relative increase in 
pyroxenes (Figure 4.1).

The olivine gabbronorite is a coarse-grained, 
hypidiomorphic granular rock and has a heterogeneous 
mineral distribution. It has a maximum 3x2 mm grain 
size and consists of 50 to 60% plagioclase, 10 to 21% 
olivine, 3 to 10% clinopyroxene, 4 to 17% ortho
pyroxene, 0 to 12% opaques, 0 to 8% symplectic corona 
and variable minor amounts of amphibole and mica.

Subhedral to anhedral plagioclase crystals 
(Ang2-7o) reach a maximum of 3x2 mm in grain size. 
Twinning is common on the albite and Carlsbad-albite 
laws but is rare on the pericline law. A weak normal 
zoning, cores slightly more calcic than rims, is 
present in a few grains. Inclusions of subhedral 
opaque minerals, about 0.1 mm in diameter, are rare 
but when present occur near the crystal boundaries.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

Protoclastic texture is indicated by bends and kinks 
in the twin lamellae. Alteration of plagioclase to 
saussurite occurs in rare patches which are maximum 
0.1 mm in diameter.

Anhedral olivine, maximum 2x1.5 mm in dimension, 
commonly has an irregular embayed outlines showing 
effects of magmatic resorption. Aggregates of sub
hedral to anhedral olivine, about 0.5 mm in diameter, 
and pyroxenes may reach to 3 mm in diameter. Inclu
sions of 0.05x0.1 mm plagioclase laths ( An-y2 - 7 4 ) and 
0.2x0.1 mm anhedral opaque minerals are found in a few 
olivine crystals (Photo 4.2). Alteration to 
iddingsite-like secondary opaque mineral along inter
nal cracks is common.

Symplectic coronas have developed along boundar
ies between olivine and plagioclase (Photo 4.3). The 
coronas typically are 0.1 to 0.2 mm wide and comprise 
two to three zones. The observed assemblage is 
olivine + orthophyroxene + amphibole + (intergrowth of 
amphibole and plagioclase/spinel) + plagioclase. The 
zone nearest to olivine consists of bladed grains of 
orthopyroxene with their longer dimension parallel to 
olivine margin. The next zone is a band of fine
grained, bluish-green amphibole oriented perpendicular 
to orthopyroxene. Occasionally, when orthopyroxene

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I
Photo 4.2; Olivine gabbronorite showing olivine with

inclusions of plagioclase (white) and magnetite. 
Note the early separation of abundant titaniferrous 
magnetite. Plane light, field of view 1.5X1 mm.

Photo 4.3: Olivine gabbronorite showing olivine with corona 
of orthopyroxene + amphibole + (amphibole+plagioclase) 
+ plagioclase. Olivine inside the corona is partially 
replced by orthopyroxene and trellis-like magnetite. 
Plane light, field of view 0.75X0.5 mm.
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is absent, the margin of amphibole in contact with 
olivine is marked by a thin bleached zone showing no 
colour or pleochroism. The outer zone of the corona 
is symplectite and consists of wormy intergrowth of 
green amphibole, and plagioclase or in a few cases, 
spinel. Several examples were observed where olivine 
in the corona cores is partially or completely 
replaced by orthopyroxene or tremolite-actinolite con
taining a trellis-like intergrowth of magnetite.

Subhedral to anhedral clinopyroxene, about 2x1 
mm in maximum dimension, has neutral to faint brownish 
body colour. It shows simple twinning parallel to 
(100) and rare multiple, parallel to (001) twinning 
(Photo 4.4). Larger crystals of clinopyroxene poiki- 
litically enclose plagioglase laths (0.3x0.2 mm), 
anhedral olivine (0.3x0.1 mm), and opaque crystals 
(0.1 mm). Thin plates and larger blebs of orthopyrox
ene are exsolved from the clinopyroxene parallel to 
(100) and (001) respectively. The multiple twinning 
differs from exsolution in the regularity and extinc
tion of lamellae. In the former case, the twin lamel
lae in the same crystal are variable in width and have 
different extinction positions. In the latter, the 
exsolving plates are regularly spaced and show an even
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Photo 4.4: Olivine gabbronorite showing clinopyroxene with 
plagioclase, d i v i n e ,  and titaniferrous magnetite 
inclusions. Note the multiple twinning in the 
clinopyroxene. Crossed nicols, field of view 1.5X1 
mm.

Photo 4.5: Olivine gabbronorite showing orthopyroxene with 
olivine, clinopyroxene (near left bottom), and 
plagioclase inclusions. Crossed nicols, field of 
view 1.5X1 mm.
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extinction. Reaction rims of amphibole around 
clinopyroxene are less than 0.2 mm wide.

Besides occuring as reaction rims around olivine 
and clinopyroxene, orthopyroxene forms discrete, 
rarely subhedral to anhedral crystals less than 3x2 mm 
in dimension. It is moderately pleochroic, from 
neutral to pink, and poikilitically encloses subhedral 
plagioclase (0.2x0.1 mm), anhedral olivine (0.2x0.3 
mm) and subhedral to anhedral titaniferous magnetite 
less than 0.1 mm in diameter (Photo 4.5). Smaller 
orthopyroxene grains occupy the interstitial 
positions. Partial to complete, maximum 0.2 mm wide, 
reaction rims of amphibole around orthopyroxene are 
often present.

Euhedral to subhedral prismatic apatite, maximum 
0.5x1 mm in dimension, occur together with plagioclase 
and mafic minerals. Smaller prismatic crystals, about 
0.1x0.4 mm, occupy interstitial positions and often 
occur enclosed in opaques.

Anhedral titaniferous magnetite*, about 0.1 mm in 
diameter, occupy interstitial positions between 
plagioclase and mafic minerals. Amphibole, pleochroic

*Determined by XRD and XRP
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from light yellowish-brown to dark reddish-brown, 
forms partial to complete reaction rims around mafic 
minerals and magnetite. Phlogopite flakes, about 
0.2x0.1 mm in dimension, and pleochroic from light 
brownish-yellow to dark brownish-red, are occasionally 
associated with amphibole or form partial reaction 
rims around titaniferous magnetite.

Plagioclase and clinopyroxene exhibit a distinct 
clouded appearance extending from the crystal cores to 
about 0.05 to 0.1 mm inside from margins. The cloud
ing, under high power objective, appears to be caused 
by minute inclusions of oxide or mafic silicates, 
probably exsolved or diffused into the crystals while 
temperature was high but below solvus. The clear 
outer edges of crystals indicated that these margins 
are late additions to the primary crystals.

4.1.1.3 AMPHIBOLE OLIVINE GABBRONORITE;

The transition of olivine gabbronorite and 
troctolite to amphibole olivine gabbronorite occurs by 
decrease in modal plagioclase and increase in modal 
amphibole.

The amphibole olivine gabbronorite is a coarse 
grained (maximum 10x8 mm) hypidiomorphic granular
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rock, and has a heterogeneous mineral distribution.
The plagioclase crystals occur in clumps surrounded by 
mafic aggregates showing synneusis texture.
It consists of 36 to 41% plagioclase, 14 to 27% 
olivine, 2 to 13% clinopyroxene, 3 to 15% ortho
pyroxene , 21 to 24% amphibole, and variable, minor 
amounts of phlogopite and magnetite.

Plagioclase (Ang2-66^ occurs as anhedral to 
subhedral tabular crystals which are about 3x2 mm in 
maximum dimension. Twinning on the albite and 
Carlsbad-albite laws is common, but is rare on the 
pericline law. Weak, normal zoning is present in a 
few grains. Alteration to saussurite and occasionally 
to carbonate occurs in small irregular patches, about 
1 mm in diameter, inside the plagioclase crystals.

Anhedral olivine crystals, maximum 1.5x1 mm, are 
generally enclosed in the amphibole and show strong 
effects of magmatic resorption. A thin, about 0.05 mm 
wide, orthopyroxene rim commonly separates the rare 
subhedral olivine and enclosing amphibole. Inclusions 
of plagioclase laths ( An«y2-74 ) / about 0.1x0.05 mm in 
dimensions, occur enclosed in olivine. Alteration to 
serpentine and secondary magnetite is common along 
internal cracks.
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Clinopyroxene, maximum 2.5x2 mm in size, forms 
anhedral to subhedral crystals and is neutral to 
slightly brownish in colour. It poikilitically 
encloses 0.2x0.1 mm plagioclase laths and about 0.1 mm 
in diameter anhedral olivine crystals. Amphibole 
forms partial to complete, reaction rims around 
clinopyroxene about 0.1 mm wide.

Orthopyroxene, about 2.75x2.5 mm in dimension, 
forms anhedral crystals. It is pleochroic from 
neutral to pink and poikilitically encloses about 
0.3x0.2 mm plagioclase laths, 0.2 mm in diameter 
anhedral olivine and 0.3x0.15 mm large subhedral 
clinopyroxene crystals. Smaller grains of anhedral 
orthopyroxene occupy the interstitial positions.
Exsolution of clinopyroxene in very thin lamellae 
parallel to (100) is restricted to a few larger 
crystals. The reaction rims of amphibole around 
hypersthene are variable, maximum 0.5 mm, in width.

Anhedral titaniferous magnetite, maximum about 
05.X0.2 mm, occupy interstitial positions. Amphibole 
and phlogopite form reaction rims around it.

Amphibole, pleochroic from light yellowish-brown 
to dark reddish-brown, has an interstitial habit apart 
from its reaction rims around olivine and pyroxens. 
These interstitial grains become large at places and
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join each other to poikilitically enclose plagioclase, 
olivine, and pyroxene crystals. Such amphiboles 
sometimes reach up to 1 cm in diameter.

Anhedral phlogopite flakes, maximum 1.5x1 mm, are 
pleochroic from light-yellow to dark brownish-red and 
occur associated with amphibole.

4.1.2 GABBRO

The gabbro unit is further divided into two rock 
types, gabbronorite and norite, on the basis of modal 
proportions of the constituent pyroxenes (Table 4.1 
and 2; Figure 4.1).

4.1.2.1 GABBRONORITE;

The transition from olivine gabbronorite to 
gabbronorite is marked by gradual decrease of modal 
olivine to less than 5% and by the occurrence of 
clinopyroxene as the major primary phase. In addi
tion, orthopyroxene changes habit from anhedral, 
interstitial crystals to subhedral, prismatic 
crystals.

The gabbronorite is a heterogeneous, coarse 
grained, hypidiomorphic granular rock with maximum

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

grain size of 7x5 mm. Occasionally it shows an 
orthogonal mosaic texture containing randomly oriented 
subhedral plagioclase laths. It consists of 54 to 71% 
plagioclase, 16 to 21% clinopyroxene, 11 to 22% ortho
pyroxene, 2 to 11% opaque minerals, with variable, 
minor amounts of amphibole, phlogopite and apatite.

Plagioclase (Ang^.g^) forms, about 3x2 mm in 
size, euhedral to subhedral interlocking crystals. 
Twinning is common on the albite law, less common on 
the Carlsbad-albite law and uncommon on the pericline 
law. Weak normal zoning (less than 5% An) is observed 
in a few plagioclase crystals. Protoclastic texture 
is rare and indicated by bends and kinks in the 
lamellae. Alteration to saussurite and occasionally 
to carbonate in small patches, about 0.2 mm in 
diameter, is rare.

Euhedral to subhedral clinopyroxene, maximum 
about 4x3 mm in maximum dimension, is neutral to pale- 
brown. Simple twinning parallel to (100) is common in 
clinopyroxene. Exsolution of orthopyroxene, in the 
form of thin plates parallel to (100) is present in 
most of the clinopyroxene crystals (Photo 4.6a &
4.6b). Reaction rims of amphibole, less than 1 mm 
wide, are rare.
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Orthopyroxene, up to 7x5 mm in dimension, shows 
characteristic neutral to pink pleochroism. It forms 
subhedral to anhedral prismatic crystals. Inclusions 
of subhedral to anhedral opaque grains, about 0 . 1  mm 
in diameter, are often present near the crystal boun
daries in orthopyroxene. A few crystals of ortho
pyroxene contain regularly oriented, rectangular 
opaque plates arranged parallel to (001). Exsolution 
of very thin clinopyroxene lamellae occur parallel to 
(100). Amphibole occasionally forms reaction rims 
around orthopyroxene. Alteration to tremolite- 
actinolite amphibole is often present, in traces, at 
orthopyroxene crystal boundaries.

Apatite is of two generations. Large subhedral 
to anhedral crystals, about 1.5x1 mm in size, occur 
together with the major mineral phases. Smaller pris
matic crystals of 0.05x0.3 mm occupy interstitial 
position and occasionally occur enclosed in opaques.

Opaque minerals, up to 1x0.5 mm, mainly titani
ferous magnetite with some chalcopyrite, occur 
interstitially. Reaction rims of amphibole, which is 
pleochroic from light yellowish-brown to dark reddish- 
brown, occur around titaneferous magnetite. Phlogo
pite flakes, up to 0.5x0.2 mm, are pleochroic from 
light-yellow to dark brownish-red and often occur
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Photo 4.6a: Gabbronorite showing clinopyroxene which
ophitically encloses plagioclase crystals. Plane 
light, field of veiw 3X2 mm.

K 8

Photo 4.6b: Clinopyroxene showing exsolved plates of
orthopyroxene parallel to (100). Crossed nicols, 
same as above.
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associated with amphibole. It may form partial to 
complete, less than 0 . 1  mm wide reaction rims directly 
around titaniferous magnetite.

Plagioclase and clinopyroxene of the gabbro
norite, like those of the olivine gabbronorite, also 
exhibit clouded appearance caused by minute accicular 
inclusions of oxides or mafic silicates. These inclu
sions (Photo 4.7) appear to be oriented parallel to 
(1 0 0 ) and (0 0 1 ) directions of host plagioclase and 
clinopyroxene. The clear outer edges of the host 
crystals indicate that these margins are a late addi
tion to the primary crystals.

In the layered gabbronorite the felsic layers 
consist of about 90% plagioclase, 5% pyroxenes, and 
traces of titaniferous magnetite. The mafic layers 
contain about 60% clinopyroxene, 30% orthopyroxene, 5% 
titaniferous magnetite, and 5% plagioclase. The two 
pyroxenes occur in variable proportions with their 
longer dimensions parallel to felsic layers. Both 
plagioclase and pyroxenes have similar characteristics 
and grain size to those described above in the 
unlayered rock.
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Photo 4.7: Gabbronorite showing clinopyroxene with
accicular inclusions of oxide or mafic silicates 
oriented parallel to (1 0 0 ) and (0 0 1 ) directions. 
Plane light, field of view 0.75X0.5 mm.

Photo 4.8: Norite showing orthopyroxene with very thin 
lamellae of clinopyroxene exsolved parallel to 
(100). Crossed nicols. Field of view 3X2 mm.
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4.1.2.2 NORITE;

The transition from gabbronorite to norite is 
marked by the increase in modal orthopyroxene and 
gradual decrease in clinopyroxene to less than 5% 
(Figure 4.1; Table 4.2).

The norite is a heterogeneous, coarse grained, 
hypidiomorphic granular rock with a maximum grain size 
of 5x3 mm. It rarely shows subophitic texture in 
which clinopyroxene partially encloses plagioclase 
laths. The norite consists of 6 6  to 81% plagioclase,
1 to 5% clinopyroxene, 10 to 26% orthopyroxene, and 4 
to 8 % opaque minerals with minor variable amounts of 
amphibole, phlogopite and apatite.

Plagioclase (An^g.g^) forms euhedral to subhedral 
crystals, about 3x2 mm in maximum dimensions. It 
occurs as a a mosaic texture of interlocking 
crystals. Twinning is common on the albite law, less 
common on the Carlsbad albite law, and uncommon on the 
pericline law. Weak normal zoning, with cores 
slightly more calcic than margins, was observed in a 
few crystals. Inclusions of prismatic apatite, about 
0.3x0.2 mm, and subhedral to anhedral titaniferous 
magnetite, about 0 . 2  mm in diameter, are occasionally
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present. Alteration to saussurite and carbonate 
occurs in small irregular patches, about 1x1.5 mm in 
dimension.

Orthopyroxene, which shows a neutral to pink 
pleochronism, forms euhedral to subhedral rectangular 
crystals about 5x2 mm in dimensions. Subhedral to 
anhedral opaque inclusions, about 0 . 2  mm in diameter, 
most often occur near the margins of the orthopyroxene 
crystals. Inclusions of anhedral clinopyroxene, less 
than 0.2 mm in diameter, are rare. Exsolution of 
clinopyroxene in very thin lamellae parallel to (1 0 0 ) 
of orthopyroxene occur in many crystals (Figure 4.8). 
Protoclastic texture is indicated by bends and kinks 
in crystals showing wavy extinction.

Clinopyroxene, neutral in colour and about 3x1.5 
mm in maximum dimension, occurs in subhedral to 
anhedral crystals. Inclusions of minute, regularly 
oriented, rectangular opaque plates occur parallel to 
(001). Exsolution of thin orthopyroxene plates 
parallel to (1 0 0 ) is almost always present but broad 
plates parallel to (001) are rare. Partial to 
complete reaction rims of amphibole around 
clinopyroxene, less than 0 . 1  mm wide, are rare.

Titaniferous magnetite forms about 1x0.75 mm 
large, subhedral to anhedral crystals which occupy
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interstitial positions. Amphibole, pleochroic fron 
light yellowish-brown to dark reddish-brown, forms 
reaction rims around titaniferous magnetite 
individually or together with light-yellow to dark 
brownish-red pleochroic phlogopite.

Small prismatic apatite crystals, about 0.4x0.05 
mm in dimension, occupy interstitial positions 
together with titaniferous magnetite. Occasionally 
these apatite crystals occur enclosed in titaniferous 
magnetite.

In the layered norite felsic layers contain about 
91% plagioclase, 9% hypersthene and minor amounts of 
titaniferous magnetite and clinopyroxene. The plagio
clase forms interlocking mosaic texture in these 
bands (Photo 4.9a). Euhedral orthopyroxene occurs 
tightly packed with plagioclase and has a random 
orientation. Subhedral to anhedral titaniferous 
magnetite occupies interstitial positions.

The mafic layers consist of about 81% orthopy
roxene, 8 % plagioclase, 1 0 % titaniferous magnetite, 
and 2% clinopyroxene. Subhedral orthopyroxene and 
clinopyroxenes are linked into chains parallel to 
layering. Magnetite has an interstitial habit with 
longer dimension parallel to the layering.
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The contact between the layers is sharp or nearly 
so and no gradation from one layer to an other layer 
was observed.

4.1.3 ANORTHOSITE

4.1.3.1 ANDESINE ANORTHOSITE;

The transition from norite to andesine anortho- 
site occurs by the disappearance of clinopyroxene, 
gradual decrease in orthopyroxene to less than 1 0 % and 
by decrease in the An% of plagioclase to less than 50.

The andesine anorthosite is a coarse grained, 
hypidiomorphic granular rock with a maximum grain size 
of about 3x2 mm. It has a heterogeneous distribution 
of its constituent minerals. The rock consists of 83 
to 8 8 % plagioclase, 0 to 7% orthopyroxene, 5 to 6 % 
titaniferous magnetite, and variable, minor amounts of 
amphibole and phologopite.

Subhedral plagioclase (An^g to 4 g) occurs in 
interlocking crystals, maximum 3x2 mm, and producing 
an orthogonal mosaic texture (Photo 4.9b). Twinning 
on the albite law is common but is rare on the 
Carlsbad-albite and percline laws. Plagioclase rarely 
shows slight (about 2% An) normal zoning. Inclusions
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Photo 4.9a; Andesine anorthosite showing oriented tabular 

crystals of plagioclase. Crossed nicols, field of 
view 3X2 mm.

Photo 4.9b: Andesine anorthosite showing orthogonal mosaic 
texture of plagioclase. Crossed nicols, field of 
view 3X2 mm.
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of regularly oriented fine acicular opaques or mafic 
silicates occur oriented parallel to (1 0 0 ) and (0 0 1 ) 
planes of plagioclase crystals. Alteration to 
saussurite and carbonate patches, about 0 . 1  mm in 
diameter, are occasionally present.

Orthopyroxene, maximum 1x0.5 mm, pleochroic from 
neutral to pink, forms subhedral to auhedral crystals 
which have random orientation. Exsolution of very 
fine lamellae of clinopyroxene parallel to (1 0 0 ) is 
common. Alteration to tremolite-actinolite is rare 
and restricted to crystal boundaries.

Apatite, about 0.3x0.05 mm in dimensions, forms 
prismatic crystals and is often associated with and 
included in subhedral to anhedral titaniferous magne
tite. The latter occupies the interstitial positions 
between plagioclase and orthopyroxene crystals. 
Amphibole, pleochroic from light yellowish-brown to 
dark-brown, forms reaction rims around magnetite. It 
also occurs in 0 .2 x 0 . 1  mm anhedral crystals separately 
or together with light-yellow to dark brownish-red 
pleochroic phlogopite. Separate reaction rims less 
than 0 . 1  mm wide of phlogopite around magnetite are 
r a r e .

The samples W155 and W156 (Table 4.2) are of 
coarse grained, hypidiomorphic granular rocks of the
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inner gabbroic series and were collected from the 
drill cores of Cu-Ni showings near the southern 
boundary of the complex.

The core sample W15 5 in hand specimen contains 2 
to 3 cm wide segregated sulphide layers. The modal 
mineral composition of the rock consists of about 50% 
plagioclase, 30% olivine, 11% clinopyroxene, 5% ortho
pyroxene, 6 % sulphides and minor variable amounts of 
titaniferous magnetite, amphibole, and mica.

Olivine, 2x1.5 mm in maximum dimension, forms 
euhedral to anhedral crystals and occurs enclosed in 
plagioclase. A thin, less than 0.1 mm wide, ortho
pyroxene rim around olivine usually separates it from 
enclosing plagioclase (Photo 4.10a & 4.10b). Olivine 
is generally fresh except for thin margins along 
internal fractures, filled with opaque material and 
iddingsite-like mineral.

Plagioclase (An-yg) forms subhedral to auhedral 
crystals maximum 3x2 mm in maximum dimension. It 
shows twinning on the albite and Carlsbad-albite laws 
and often enclose olivine crystals. Alteration to 
saussurite is rare.

Both clinopyroxene and orthopyroxene form
0.75x0.5 mm anhedral crystals, and occupy interstitial 
positions between plagioclase and olivine. Anhedral
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Photo 4.10a: Core sample W155 showing euhedral to subhedral 
olivine crystals enclosed in plagioclase. Thin rims 
of orthopyroxene separate olivine crystals from 
plagioclase. Plane light, field of view 3X2 mm.

Photo 4.10b: Same as above, crossed nicols.
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titaniferous magnetite (maximum 0 . 2  mm in diameter) is 
commonly associated with the pyroxenes. Amphibole, 
pleochroic from light yellowish-brown to dark 
reddish-brown form partial to complete reaction rims 
around titaniferous magnetite and pyroxenes. Anhedral 
phologopite, pleochroic from light brownish-yellow to 
dark brownish-red also occurs associated with 
amphibole.

Sulphides occupy interstitial positions between 
plagioclase and olivine and form layers parallel to 
the longer dimensions of these silicates. Pyroxenes 
and titaniferous magnetite were not observed sharing 
interstitial positions with the sulphides.

The sample W157 is also from the same drill 
core. It consists of 64% plagioclase, 20% clino
pyroxene, 10% orthopyroxene, 3% sulphides and 2% 
titaniferous magnetite. Sulphides occupy interstial 
positions individually or together, with titaniferous 
magnetite. The rock, in modal mineralogy and 
pétrographie characteriestics, is similar to the 
previously described gabbronorite.
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4.1.4 PARAGENESIS:

One of the most interesting textural features of 
the inner gabbroic rocks is the numerous well 
developed reaction relations between the mafic phases. 
The entire discontinuous reaction series of Bowen is 
represented by these reaction rims. The reaction 
relationships indicate a strong fractionation and 
disequilibrium between crystals and the melt. 
Relatively rapid cooling or a quick deposition of the 
crystals, away from the melt, may have prevented the 
completion of large scale reaction of the entire 
crystals and the liquid.

To summarize, the following reaction 
relationships were observed in the inner gabbroic 
series :

1. Olivine commonly has single or multiple 
reaction rims of clinopyroxene, orthopyroxene 
and amphibole.

2. Clinopyroxene encloses olivine and occurs 
enclosed in orthopyroxene and/or amphibole 
reaction rims.

3. Orthopyroxene encloses olivine, clinopyroxene 
and magnetite and itself occurs enclosed in 
amphibole reaction rims.
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4. Amphibole partially or completely rims 
titaniferous magnetite.

5. Phologpite partially rims or occurs 
associated with amphibole.

On the basis of pétrographie interpretation, the 
following order and stages of crystallization are 
inferred :

(a) Early magmatic— crystallization of olivine 
and plagioclase, sulphides, apatite and 
titaniferous magnetite.

(b) Intermediate magmatic reaction and crystal
lization of clinopyroxene and orthopyroxene; 
continuation of plagioclase crystallization.

(c) Late magmatic reaction of hornblende and
phlogopite; exsolution of clinopyroxene and 
orthopyroxene.

Jackson (1967) suggested three types of changes 
which separate the compositionally bounded horizons of 
differentiated intrusive rocks. These include the 
changes in mineral phases, changes in mineral ratios 
and changes in mineral form or habit. Table 4.3 
presents such changes in rocks of the inner gabbroic 
series. The changes in phases and ratios of phases 
from troctolite upward towards higher elevations 
(Figure 4.2) are:
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Figure 4-2: Crystallization medals for the gabbroic rocks.

A. Inner gabbroic series. B . Outer gabbroic Series. 
Order of mineral fractionation is from top to bottom, or 
from left to right. Stages of frectionation are 
represented by successive rock types (after Irvine,
1974) .
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(a) appearance of pyroxenes in troctolite.
(b) increase in the pyroxenes and decrease in 

olivine in the olivine gabbronorite.
(c) disappearance of olivine and further increase 

in clinopyroxene in the gabbronorite.
(d) decrease in clinopyroxene, relative increase 

in orthopyroxene and finally disappearance of 
clinopyroxene in norite;

(e) gradual decrease in orthopyroxene and its 
disappearance in andesine anorthosite.

Changes in the form of mineral phases in these 
rocks are best illustrated by the pyroxenes. The 
clinopyroxene has an anhedral to subhedral outline in 
the olivine gabbronorite which changes from subhedral 
to euhedral in the gabbronorite. The clinopyroxene 
again becomes subhedral in the norite. The ortho
pyroxene is anhedral in the olivine gabbronorite, 
anhedral to subhedral in the gabbronorite, euhedral in 
norite and again changes to subhedral in the andesine 
anorthosite. Apart from these changes, An% in plagio
clase continuously decreases with each rock type from 
troctolite to andesine anorthosite.

The mineralogical banding observed in the field 
due to variations in the contents of mafic and felsic 
components, is horizontal or dips at a few degrees

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



89

to the NE, in the olivine gabbro unit. This unit 
occupies the largest and probably the most stable of 
the fault separated blocks in the area underlain by 
the inner gabbroic rocks (Figure 3.2). The banding 
and foliations in the other blocks have variable 
attitudes probably due to different types and amounts 
of movement along fault planes.The original (before 
block-faulting) horizontal layering and igneous 
lamination due to alignment of the mafic minerals in 
the inner gabbroic rocks indicate that they are 
cumulates. In addition clumping of mafic minerals 
into chains and rounded aggregates, and lack of zoning 
and presence of interlocking mosaic textures of the 
plagioclase in these rocks also suggest a cumulate 
origin.

The order of crystallization, above discussed, 
changes in mineral phases, ratios, and forms and their 
banding and laminations confirm that the inner 
gabbroic rocks were formed by the in situ 
differentiation of the parental basaltic magma.

Since the inner gabbroic rocks, in general are 
cumulates, an attempt has been made to relate them by 
fractional crystallization modal. On the basis of 
terminology modified after Jackson (1967; 1971), Wager 
(1967), and Wager et al (1960), the inner gabbroic
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rocks, are divided into adcumulates, mesocumulates and 
orthocumulates.

The troctolite (Table 4,3; Figure 4.2) has an 
interlocking mosaic texture of subhedral plagioclase 
and olivine is embayed indicating post-cumulation 
growth and resorption respectively. The titaniferous 
magnetite in this rock is also a cumulus phase. 
Olivine, in the thin lamination of banded troctolite, 
has reaction rims which are intercumulus phases. The 
rock çontains less than 5% intercumulus material and 
is classifed as adcumulate.

In the olivine gabbronorite and amphibole olivine 
gabbronorite, the early formed rocks have plagioclase 
and olivine as cumulus phases. Intercumulus phases- 
clinopyroxene, orthopyroxene and amphibole form reac
tion rims and enclose the cumulus phases. In the late 
formed rocks clinopyroxene also becomes a cumulus 
phase. Intercumulus phases poikilitically enclose the 
cumulus phases. Both rock types contain more than 5% 
intercumulus material and are considered orthocumu
lates .

The average gabbronorite and norite have cumulus 
plagioclase, clinopyroxene, orthopyroxene, and 
titaniferous magnetite. The first two phases contain 
regularly oriented, acicular, opaque, or mafic
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silicate inclusions which are usually not present near 
the crystal margins. The absence of these inclusions 
and presence of mosaic texture of plagioclase indicate 
an adcumulus growth of cumulus phases. Amphibole in 
minor amounts occurs as intercumulus phase. The 
gabbronorite and norite are interpreted as adcumu
lates .

In the andesine anorthosite plagioclase, ortho
pyroxene and titaniferous magnetite are cumulus 
phases. The plagioclase shows characteristic mosaic 
adjustment. Presence of titaniferous magnetite indi
cates that anorthosite is not a flotation cumulate.
The reaction rims of amphibole and phologopite and the 
absence of protoclastic texture suggests that the 
process of filter pressing was not involved. Plagio
clase has the same characteristics as in the gabbro
norite and norite, and shows interlocking mosaic 
texture which indicates adcumulus growth. The rock is 
classified as an adcumulate.

4.2 OUTER GABBROIC ROCKS

The outer gabbroic rocks, like the inner gabbroic 
rocks, also show a systematic variation when their 
modal mineral compositions (Table 4.4) are projected
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u ĵ: c .e BB XI •H a Ü0 u E  *Ha Q u <  s

Ul o  o  in

oI tn 
> I I <N Ul

O'
n OfOf xf e 
3 «H »H«'b f-

•g2
*o
Ofc
Buon
Of
C

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



93

on a triangular plot with plagioclase, orthopyroxene, 
and clinopyroxene at the apices (Figure 4.3).

In the outer gabbroic rocks there is a general 
increase in clinopyroxene, amphibole, and phlogopite 
and the gradation is towards successively less basic 
rocks.

4.2.1 GABBRO

The gabbro unit, in outer gabbroic series, con
sists of two rock types, norite and gabbronorite 
(Table 4.1).

4.2.1.1 NORITE;

The norite is a coarse-grained, maximum 2x1 mm in 
dimensions, hypidiomorphic-granular rock. It is 
characterized by a heterogeneous distribution of its 
constituent minerals and consists of 50 to 60% plagio
clase, 25 to 30% orthopyroxene, 3 to 5% clinopyroxene, 
1 to 6 % titaniferous magnetite, and variable, minor 
amounts of amphibole, phlogopite and apatite.

Plagioclase (Ango-g^) forms euhedral to subhedral 
lath-shaped to tabular crystals reaching a maximum 2 x 1  

mm in dimension. Twinning is common on the albite and
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Figure 4.3 Modal mineral proportions in rocks of the 
Outer Gabbroic Series.

( A ) Norite
( V ) Gabbronorite
( O ) Amphibole Gabbronorite
( □ ) Pyroxene Diorite
Field boundaries according to Streckeisen (1976)
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Carlsbad-albite laws but uncommon on the pericline 
law. A slight normal zoning, An 4 g_Ans^, is noted in a 
number of plagioclase crystals. Inclusions of other 
minerals were not observed but fine sericitization of 
plagioclase, in patches about 0 . 2  mm in diameter, is 
present.

Orthopyroxene forms euhedral to subhedral pris
matic crystals, maximum 1.5x1 mm in dimensions, and 
shows neutral to pink pleochroism. Twinning parallel 
to (1 0 0 ), which was not observed in the orthopyroxene 
of inner gabbroic rocks, is present in a number of 
orthopyroxene crystals. Very thin, straight plates of 
clinopyroxene exsolve parallel to (1 0 0 ) plane of 
orthopyroxene. Amphibole rarely forms partial to 
complete reaction rims around orthopyroxene.

Clinopyroxene, neutral in colour, forms anhedral 
crystals up to 1.5x0.75 mm in dimensions. Twinning 
parallel to (1 0 0 ) is present in a few crystals. 
Clinopyroxene poikilitically encloses about 0.2 mm 
anhedral crystals of orthopyroxene. Subophitic to 
ophitic texture results rarely when clinopyroxene, 
partially to completely, encloses plagioclase 
crystals. Amphibole, occasionally forms less than 0.1 
mm wide reaction rims around clinopyroxene.
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Prismatic apatite, about 0.3x0.1 mm, is commonly 
associated with titaniferous magnetite in the inter
stices between major mineral phases. The latter forms 
anhedral crystals of about 0.5 mm in diameter. Light 
yellowish-brown to dark reddish-brown, pleochroic 
amphibole forms partial to complete reaction rims, 
less than 0 . 1  mm wide, around titaniferous magenetite 
and pyroxenes.

Fine-grained equivalent of norite (W.154,
Table 4.4; a core sample from southern Cu-Ni showings. 
Figure 3.2) is a holocrystalline, aphanitic rock and 
consists of about 50% plagioclase, 25% orthopyroxene, 
20% sulphides, 5% titanferous magnetite, and about 2% 
phlogopite. It has a maximum grain size of 0.3x0.2 mm 
and contains large, complete to broken xenocrysts of 
plagioclase and orthopyroxene of the inner gabbroic 
rocks up to 3x2 mm.

Plagioclase (An^ 2 ) forms subhedral to anhedral 
tabular crystals of about 0.5x0.3 mm in dimension. It 
shows twinning on the albite and Carlsbad-albite laws 
and is generally fresh except for a slight 
sericitization along fractures.

Orthopyroxene forms anhedral crystals up to 
0 .2 x 0 . 1  mm in maximum dimensions, and is interstitial
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Photo 4.11: Fine-grained equivalent of norite showing

central core of 1 0 0 % sulphides and peripheral area 
where sulphides enclose plagioclase and orthopyroxene 
crystals. Crossed nicols, field of view 3X2 mm.

Photo 4.12: Fine-grained equivalent of norite showing
plagioclase xenocrysts with irregular recrystallized 
areas which are free from twinning, have similar 
optical orientation and are joined in a network. 
Crossed nicols, field of view 1.5X1 mm.
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to plagioclase in habit. It is pleochroic from 
neutral to pink and does not show any twinning or 
exsolution.

The sulphides form rounded (globular in hand 
specimen) aggregates. These aggregates have inner 
cores of 1 0 0 % sulphides which grade outwards to 
peripheral areas in which sulphides enclose 
plagioclase and orthopyroxene crystals (Photo 4.11). 
The margins of these peripheral areas near sulphide 
aggregates, which contain only interstitial sulphides, 
may join to form a network enclosing irregular areas 
of host rock.

Titaniferous magnetite forms minute (less than 
0 . 1  mm) anhedral crystals which occupy interstitial 
places. Phlogopite, pleochroic from light-yellow to 
dark brownish-red, forms partial to complete reaction 
rims, less than 0 . 1  mm wide, around titanferous 
magnetite and sulphides.

The coarse-grained plagioclase and orthopyroxene 
xenocrysts are in sharp contrast to fine grained 
plagioclase and orthopyroxene of the host rock. The 
plagioclase of xenocrysts, about 3x2 mm in maximum 
dimension, have twinning on the albite and Carlsbad- 
albite laws. It is in various stages of recrystal
lization which is taking place in triangular to
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Photo 4.13: Fine-grained equivalent of norite showing
xenocrysts of plagioclase with sulphides inclusions 
Crossed nicols, field of view 3X2 mm.

i*

Photo 4.14: Fine-grained equivalent of norite showing 
sulphide inclusions in orthopyroxene xenocrysts. 
Orthopyroxene crystals in bottom left corner 
represent the actual grain size of the rock. Plane 
light, field of veiw 3X2 mm.
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rounded or rectangular areas less than 0 . 1  mm 
(Photo 4.12). The recrystallized areas are free from 
twinning, have similar optical orientation and often 
join to form a networ)c in the host plagioclase. 
Orthopyroxene xenocrysts, 2.5x1 mm in maximum 
dimension, have typical neutral to pin)c pleochroism.
Exsolution of clinopyroxene in very thin lamellae 
parallel to (1 0 0 ), occurs in the orthopyroxene.

Both plagioclase and orthopyroxene have irregular 
sulphide inclusions less than 0 . 1  mm in diameter 
(Photo 4.13 and 4.14). Longer dimensions of these 
inclusions are at right angle to each other which 
suggest that the sulphide liquid was squeezed into the 
xenocryts along cleavage.

4.2.1.2 GABBRONORITE;

The norite grades into the gabbronorite with 
increase in modal clinopyroxene.

The gabbronorite is a coarse grained, maximum 2x1 
mm in grain size, hypidiomorphic-granular rock and its 
constituent minerals are heterogeneously distributed. 
It consists of 52 to 6 8 % plagioclase, 14 to 25% 
orthopyroxene, 1 0  to 16% clinopyroxene, 0 to 6 %
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titaniferous magnetite, 1 to 3% amphibole, and minor, 
variable amounts of phlogopite and apatite.

Plagioclase (Ang2-5o) forms euhedral to sub
hedral, tabular crystals which reach a maximum 2 x 1 mm 
in dimensions. It is twinned on the albite and 
Carlsbad-albite laws. Weak normal zoning (Angg to 
An^g), often occurs in a number of plagioclase 
crystals.Alteration to saussurite is rare in irregular 
patches of maximum 0 .2 x0 . 1  mm in diameter.

Orthopyroxene forms euhedral to subhedral pris
matic crystals which are 1x0.75 mm in maximum dimen
sions. Twinning parallel to (100) is present in a few 
crystals. Exsolution of clinopyroxene in very thin 
lamellae occurs parallel to (1 0 0 ) plane of the ortho
pyroxene. Amphibole forms partial to complete reac
tion rims around orthopyroxene.

Clinopyroxene, neutral to pale brown in colour 
forms subhedral to anhedral crystals 1.5x1 mm in 
maximum dimensions. Twinning parallel to (100) occurs 
in a few crystals. Ophitic to sub-ophitic textures 
result when clinopyroxene partially to completely 
encloses 0.05x0.2 mm plagioclase crystals. Amphibole 
forms partial to complete reaction rims around 
clinopyroxene.
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Prismatic apatite, 0.3x0.1 mm, occupies intersti
tial positions together with anhedral to subhedral 
titaniferous magnetite. The latter is about 0.4 mm in 
diameter and contains partial to complete reaction 
rims of amphibole.

Anhedral amphibole, occurs as reaction rims (less 
than 0 . 1  mm wide) around other minerals, and occupies 
interstitial positions together with apatite and 
titaniferous magnetite. It shows light yellowish- 
brown to dark reddish-brown pleochroism and forms up 
to 0.2x0.1 mm crystals. Rarely minute phlogopite 
flakes, less than 0 . 1  mm in diameter, are associated 
with amphibole.

4.2.2 AMPHIBOLE GABBRO-PYROXENE DIORITE

The amphibole gabbro-pyroxene diorite unit 
consists of two rock types - amphibole gabbronorite 
and pyroxene diorite.

4.2.2.1 AMPHIBOLE GABBRONORITE ;

The gabbronorite grades into the amphibole 
gabbronorite with increase in the amphibole and 
phlogopite to more than 5%.
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gabbronorite with increase in the amphibole and 
phlogopite to more than 5%.

The amphibole gabbronorite is a coarse-grained 
(maximum 3x2 mm) , hypidiomorphic-granular roc)c. The 
distribution of minerals making up this rock is 
heterogenous. It consists of 56 to 6 8 % plagioclase, 6 

to 17% orthopyroxene, 8 to 19% clinopyroxene, 5 to 18% 
amphibole, and 1 to 16% titaniferous magnetite, with 
minor amounts of phlogopite and apatite.

Euhedral to subhedral plagioclase (Angg to 5 2 ) 
forms tabular crystals (maximum 2 x1 mm in dimensions). 
Twinning on the albite law is common and is less 
common on the Carlsbad-albide and pericline laws. 
Normal to discontinuous zoning (generally less than 
10% A n ) , mostly restricted to larger subhedral 
plagioclase crystals, is particularly common in rocks 
containing abundant amphibole. Protoclastic texture 
is indicated by some of the subhedral plagioclase 
crystals having bends and kinks in twin lamellae. 
Alteration to saussurite and carbonate is rare, but 
when present occurs in small patches of about 0 . 2  mm 
in diameter.

Euhedral to subhedral orthopyroxene, about 1.5x1 
mm in dimensions, occurs in prismatic crystals.
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Inclusions of anhedral plagioclase (maximum 0.3x0.2 
mm), and titanfierous magnetite (less than 0 . 1  mm in 
diameter), occur poikilitically enclosed in a few 
larger orthopyroxene crystals. Amphibole commonly 
forms partial to complete reaction rims around 
orthopyroxene. In the absence of these reaction rims, 
the margins of orthopyroxene crystals are altered to 
colourless, fibrous actinolite-tremolite amphibole 
(less than 0 . 1  mm in width).

Pale brown, euhedral to subhedral clinopyroxene 
forms stubby to prismatic crystals up to 1.5x1 mm in 
dimensions. Simple twinning parallel to (10 0) and 
malacolite parting parallel to (0 0 1 ) are present in 
most clinopyroxene crystalsi Amphibole commonly 
forms reaction rims (0 . 1  to 0 . 2  mm in width) around 
clinopyroxene. In addition, optically similar 
amphibole commonly forms thin zones and patches along 
clinopyroxene cleavage, parting and fractures 
(Photo 4.15). This occurrence suggests interstitial 
liquid was squeezed into fractures and zones of 
weakness in the clinopyroxene, causing the development 
of reaction relations similar to those rimming margins 
of grains.

Subhedral to anhedral amphibole (maximum 3x2 m m ) , 
is pleochroic from light yellowish-brown to dark
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Photo 4.15: Amphibole gabbronorite showing clinopyroxene 

with reaction rims of amphibole along margins and 
minute zones and patches along cleavege, parting, and 
fractures. Plane light, field of view 1.5X1 mm.

Photo 4.16; Amphibole gabbronorite showing amphibole which 
poikilitically encloses plagioclase, clinopyroxene 
and titaniferrous magnetite. Plane light, field of 
view 1.5X1 mm.
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reddish-green. It forms discrete crystals and 
reaction rims around other ferromagnesians. Twinning 
parallel to (100) is present in a few crystals. It 
often poikilitically encloses plagioclase, 
orthopyroxene, and clinopyroxene crystals (all 
anhedral and less than 0.4x0.3 mm; Photo 4.16).

Prismatic apatite, 0.3x0.1 mm, occupies the 
interstitial positions together with subhedral to 
anhedral titaniferous magnetite which is 0.5x0.2 mm in 
maximum dimension. Phologopite, pleochroic from 
light-yellow to dark brownish-red, forms partial to 
complete reaction rims, less than 0 . 1  mm wide, around 
magnetite and also occur associated with amphibole.

4.2.2.2 PYROXENE DIORITEt

With decrease in An% of plagioclase to below 50 
and increase in amphibole and/or phologopite relative 
to pyroxenes, the amphibole gabbronorite grades into 
pyroxene diorite.

The pyroxene diorite is a medium to coarse
grained, (maximum 3x2 mm) hypidiomorphic granular 
rock, and has a heterogeneous distribution of its 
constituent minerals. It consists of 50 to 65% 
plagioclase, 7 to 14% orthopyroxene, 15 to 20%
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clinopyroxene, 1 to 4 % amphibole, 1 to 15% phlogopite, 
and 2 to 6 % titaniferous magnetite with minor apatite.

Euhedral to subhedral plagioclase (An^2 ^ g ) 
forms tabular crystals. Twinning is most common on 
the albite law but uncommon on the Carlsbad-albite and 
pericline laws. Normal discontinuous zoning 
(generally less than 8 % An) is mostly restricted to 
larger subhedral crystals. Alteration of plagioclase 
to saussurite and carbonate is rare, but when present 
occurs in small patches of about 0 . 2  mm in diameter.

Orthopyroxene, about 1.5x1 mm, forms euhedral to 
subhedral prismatic crystals. Exsolution of clino
pyroxene in very thin lamellae parallel to (1 0 0 ) is 
rare. Alteration to fine grained fibrous tremolite- 
actinolite and then to green amphibole, is restricted 
to crystal margins of orthopyroxene and was observed 
in only one specimen.

Euhedral to subhedral clinopyroxene, about 1.5x1 
mm in maximum dimension, occasionally occurs linked 
into chains and clumps. Twinning parallel to (100) is 
uncommon. Reaction rims and reaction alteration to 
amphibole, similar to that noted in the amphibole 
gabbronorite, often occurs around and inside most of 
the clinopyroxene crystals. Partial reaction rims of 
phlogopite around clinopyroxene are rare.
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Amphibole, pleochroic from light yellowish-brown 
to dark reddish-green, forms subhedral to anhedral 
crystals up to 3x2 mm in dimensions. Occasionally it 
shows simple twinning parallel to (100). Anhedral 
inclusions of plagioclase, clinopyroxene and subhedral 
to anhedral inclusions of titaniferous magnetite, all 
less than 0.5x0.3 mm in size, often occur enclosed in 
larger amphibole crystals. Phlogopite forms partial 
reaction rims, less than 0 . 1  mm wide around amphibole.

Phologopite (maximum 1x1 m m ) , forms anhedral to 
rarely subhedral crystals. It is pleochroic from 
light brownish-yellow to dark brownish-red and 
contains minute oriented inclusions of oxide or mafic 
silicate. Small irregular titanferous magnetite 
inclusions, less than 0 . 1  mm in diameter, also occur 
enclosed in phlogopite.

Prismatic apatite, about 0.4x0.1 mm and subhedral 
to anhedral titaniferous magnetite, about 0.75x0.5 mm, 
occupy the interstitial positions. Occasionally 
apatite crystals are enclosed in titaniferous 
magnetite.

Fine-grained equivalents W113A and W145 are 
porphyritic-aphinitic rocks. The former consists of 
about 45% plagioclase, 14% orthopyroxene, 21%
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Photo 4,17a; Fine-grained pyroxene diorite showing subhedral 
phenocryst of amphibole. Plane light, field of view 
3X2 mm.

¥

Photo 4.17b: Same sample as above. Amphibole shows recrystal-^ 
lization to plagioclase 4- clinopyroxene + orthopyroxene 
+ magnetite. Plane light, field of viewl.5X1 mm.
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clinopyroxene, 1 0 % amphibole and 8 % titaniferous 
magnetite.

Plagioclase (An^^g to g g ) forms anhedral to 
subhedral crystals G.3x0.2 mm in maximum dimension. 
Twinning is present only on the albite law.
Plagioclase is generally fresh without any inclusions 
or alterations.

Both orthopyroxene and clinopyroxene form 
anhedral crystals, less than 0 .2 x 0 . 1  mm in size which 
do not contain any twinning or inclusions. Amphibole 
forms up to 3x2 mm (in hand specimen up to 3x2 cm) 
subhedral to anhedral crystals (Photo 4.17a). It is 
pleochroic from light yellowish-brown to dark 
reddish-green and occasionally shows twinning parallel 
to 100. Most of phenocrysts show recrystallization to 
plagioclase, orthopyroxene, clinopyroxene and 
magnetite all less than 0.1 mm in diameter (Photo 
4.17b).

Titaniferous magnetite forms anhedral crystals 
less than 0.1 mm in diameter. Apatite forms minute, 
prismatic crystals and occupies interstitial positions 
together with titaniferous magnetite.

Fine-grain equivalent W145 consists of about 51% 
plagioclase, 12% orthopyroxene, 19% clinopyroxene, 9%
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Photo 4.18: Subhedral phenocryst of phlogopite in pyroxene

diorite. Phlogopite often shows recrystallization to 
plagioclase, magnetite, orthopyroxene, and 
clinopyroxene. Plane light, field of view 3X2 mm.
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phlogopite, and 8 % titaniferous magnetite with minor 
amounts of apatite.

Plagioclase (An^2) forms subhedral to anhedral 
crystals up to 0.5x0.4 mm in maximum dimension. 
Twinning is common on the albite and Carlsbad-albite 
laws.It contains minute anhedral inclusions of titani
ferous magnetite and apatite. Occasionally anhedral 
pyroxenes also occur as inclusions.

Pyroxenes form anhedral crystals less than 0.1 mm 
in diameter. Orthopyroxene is neutral to pink 
pleochroic, while clinopyroxene shows light-green to 
light-brown pleochroism. Both pyroxenes contain 
minute titaniferous magnetite as inclusions.

Phlogopite forms up to 1x0.5 mm subhedral micro- 
phenocrysts and contains plagioclase + titaniferous 
magnetite + orthopyroxene + clinopyroxene and apatite 
as inclusions all less than 0.1 mm in diameter (Photo 
4.18). Minute prismatic crystals of apatite also 
occur in interstitial positions together with anhedral 
titaniferous magnetite.

4.2.3 PARAGENESIS

The reaction relationships and textural observa
tions in the outer gabbroic rocks (Table 4.5) are 
summarized as below;
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(1) Orthopyroxene and clinopyroxene 
subophitically enclose plagioclase.

(2) Clinopyroxene rims and encloses 
orthopyroxene.

(3) Amphibole forms reaction rims around 
pyroxenes and titaniferous magnetite. It 
often poikilitically encloses plagioclase, 
clinopyroxene and/or orthopyroxene and 
titaniferous magnetite.

(4) Phlogopite forms partial reaction rims 
around pyroxenes, amphibole, and 
titaniferous magnetite.

On the basis of pétrographie interpretations 
(Figure 4.2), the following order and stages of 
crystallization are concluded;

(a) Early magmatic —  crystallization of plagio
clase, orthopyroxene apatite and titani
ferous magnetite.

(b) Intermediate magmatic —  reaction and cryst
allization of clinopyroxene and amphibole, 
continuation of plagioclase, orthopyroxene 
and titaniferous magnetite crystallization.

(c) Late magmatic —  reaction and crystalliza
tion of phlogopite, exsolution in ortho
pyroxene .
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The earliest formed rock, norite has subhedral to 
euhedral orthopyroxene and anhedral to subhedral 
clinopyroxene. The changes in phases, phase ratios 
and phase forms are marked by;

(i) Increase in the clinopyroxene compared to 
orthopyroxene in the gabbronorite; 
clinopyroxene becomes euhedral.

(ii) Appearance of amphibole as a primary phase 
and its increase in the amphibole 
gabbronorite with a general increase in 
clinopyroxene; amphibole shows anhedral to 
subhedral outlines.

(iii) Appearance of phlogopite as a primary phase 
in pyroxene diorite along with a general 
increase in clinopyroxene.

Apart from these changes, plagioclase is most 
calcic in the norite and varies successively with each 
rock type to least calcic in the pyroxene diorite.

The banding due to variations in the felsic and 
mafic components, and the clumping of mafic minerals 
into chains and aggregates observed in the field 
suggest a cumulate origin for the outer gabbroic rock 
series. The order of crystallization discussed above, 
changes in mineral phases, ratios and forms, and 
occurrence of a fine-grained equivalent of the
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earliest rock (norite) all suggest an in situ 
differentiation of the parent magma.

The outer gabbroic rocks are like the inner 
gabbroic rocks are interpretted by a fractional 
crystallization model. The norite, in the outer 
gabbroic rocks, has euhedral to subhedral plagioclase 
and orthopyroxene and subhedral to anhedral 
titaniferous magnetite. All three minerals represent 
cumulus phases. Intercumulus clinopyroxene, which 
rims and encloses orthopyroxene, is less than 5%. The 
norite is classified as an adcumulate rock.

The average gabbronorite contains euhedral to 
subhedral plagioclase, orthopyroxene, clinopyroxene 
and subhedral to anhedral titaniferous magnetite as 
cumulus phases. Anhedral amphibole which rims the 
mafic cumulus phases is less than 5%. It is concluded 
that the rock is an adcumulate.

The average amphibole gabbronorite contains 
euhedral to subhedral plagioclase, orthopyroxene, 
clinopyroxene and subhedral to anhedral titaniferous 
magnetite as cumulus phases in the early stages. 
Anhedral amphibole and phlogopite which rim the mafic 
cumulate phase are the intercumulus phases. During 
the late stages amphibole also becomes a cumulus phase
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and shows a subhedral outline. The intercumulus 
phases exceed 5% and the rock varies from a 
mesocumulate to an orthocumulate.

In the pyroxene diorite, euhedral to anhedral 
plagioclase, orthopyroxene, clinopyroxene and 
subhedral to anhedral titaniferous magnetite are the 
cumulus phases. Anhedral amphibole poikilitically 
encloses the cumulus phases and rarely rims the mafic 
cumulus phases together with phologopite. In a few 
cases amphibole with subhedral outlines also becomes 
cumulus phase, while in others only the cumulus phases 
are observed without any intercumulus phases. The 
rock shows a wide range in the cumulus and inter
cumulus phases, and hence varies from an orthocumulate 
to an adcumulate.

Fine-grained porphyritic rocks represent separate 
and comparatively homogeneous intrusions. Pétro
graphie relations indicate that amphibole phenocrysts 
represent the first crystalline phase in specimen 
W113A. Plagioclase, orthopyroxene, clinopyroxene and 
titaniferous magnetite followed one another after 
amphibole respectively. In specimen W14 5, phlogopite 
is the earliest mineral and plagioclase, ortho
pyroxene, clinopyroxene and titaniferous magnetite 
followed one another respectively.
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4.4 DIORITIC ROCKS

The modal mineral compositions and modal plot of 
the dioritic rocks are presented in Table 4.6 and 
Figure 4.4 respectively. The modal plot reveals a 
systematic gradational trend from the hornblende 
gabbro through diorite and quartz diorite to quartz 
monzodiorite and tonalité. In general, all the 
dioritic rocks show the effects of deformation and 
recrystallization which become more pronounced near 
the granitic intrusions. These effects include 
tectonic deformation and recrystallization of 
plagioclase, and uralitization and recrystallization 
of clinopyroxene.

4.2.1 DIORITE

The diorite unit includes two rock types namely 
hornblende gabbro and diorite. The former grades into 
the latter with decrease in modal clinopyroxene and 
An% of plagioclase to below 50.
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4.3.1.1 HORNBLENDE GABBRO;

The hornblende gabbro is a coarse grained, micro- 
porphyritic granular rock with maximum grain size of 
4x3 mm. It has a heterogeneous distribution of its 
constituent minerals.

The hornblende gabbro consists of 51 to 57% 
plagioclase, 6 to 10% clinopyroxene, 18 to 25% amphi
bole, 5 to 8 % biotite, and minor variable amounts of 
quartz, potash feldspars, magnetite, apatite and 
sphene (Table 4.6).

Plagioclase (Ang^_^g) occurs in euhedral to 
subhedral tabular crystals, 3x2 mm in maximum 
dimensions. Twinning is common on the albite and 
Carlsbad-albite laws but rare on the pericline law. 
Patchy normal to oscillatory zoning (less than 10% An) 
is mostly present in larger microphenocrysts. Inclu
sions of prismatic apatite, 0.2x0.05 mm, occur in a 
few plagioclase crystals. Alteration to saussurite is 
common in small areas of about 0 . 2  mm in diameter. 
Tectonic deformation and recrystallization of plagio
clase is rare.

Clinopyroxene, maximum 3x2 mm in dimension, forms 
euhedral to subhedral stubby crystals. Inclusions of
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Photo 4.19a; Hornblende gabbro showing clinopyroxene rimed 
by amphibole. Clinopyroxene is partially replaced by 
uralite. Plane light, field of view 3X2 mm.

y

Photo 4.19b: Same as above, crossed nicols.
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subhedral plagioclase, less than 0 . 2  mm in diameter, 
occur in a few crystals. Hornblende forms reaction 
rims less than 0 . 2  mm wide around clinopyroxene 
(Photo 4-19 a & 4.19b). Most of the clinopyroxene 
crystals are in advanced stages of alteration to fine 
grained, fla)cy uralite which is a pleochroic pale- 
yellow to yellowish-green tremolite-actinolite 
amphibole.

Hornblende, 3x3 mm in maximum dimensions, forms 
euhedral to anhedral prismatic crystals. It ranges in 
colour from darlc-brown to dar)c-green and is readily 
distinguished from the reddish-brown variety in the 
gabbroic rocks. Simple twinning parallel to (100) is 
present in a few crystals. Hornblende poikilitically 
encloses subhedral plagioclase (0.5x0.3 mm), subhedral 
clinopyroxene (0.5x0.4 mm), and prismatic crystals of 
apatite (0.1x0.05 mm). Occasionally plagioclase 
(0.5x0.3 mm) and subhedral to anhedral magnetite 
(0 .2 x 0 . 2  mm), individually or together, occur as 
inclusions in hornblende. Alteration to biotite on 
crystal margins is rare.

Biotite, 2x1 mm in maximum dimension, is pleo
chroic from yellowish-brown to dark-brown. It occurs 
in tabular to lamellar aggregates and usually occupies 
the area round anhedral magnetite (0.3x0.2 mm).
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Inclusions of minute prismatic apatite are common. 
Alteration of biotite to chlorite is rare and 
restricted to the crystal margins.

Anhedral microcline and quartz, both less than 
0.3x0.2 mm, individually occupy the interstitial 
positions between major mineral phases. Prismatic 
apatite occurs as inclusions in both minerals.
Euhedral to subhedral sphene, 0.2x0.1 mm in size, is 
sometimes associated with quartz and microcline in the 
interstices.

4.3.1.2 DIORITE;

The diorite is a coarse grained (maximum 5x3 mm)/ 
hypidiomorphic granular to microporphyritic roclc. It 
has a hetergeneous distribution of its constituent 
minerals.

The diorite consists of 50 to 70% plagioclase, 22 
to 35% amphibole, 3 to 11% biotite, 0 to 7% magnetite, 
1 to 2 % quartz and minor, variable amounts of potash 
feldspar, apatite, chlorite, epidote and sphene 
(Table 4.6).

Euhedral to subhedral plagioclase (An^g.^g) forms 
tabular crystals 3.5x3 mm in maximum dimensions.
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Twinning is common on the albite and Carlsbad-albite 
laws and is uncommon on the pericline law. Normal 
zoning (plagioclase Angg-An^g) has a patchy habit. 
Inclusions of prismatic apatite (0.1x0.05 mm) occur in 
plagioclase. Saussuritization is common in small 
patches of 0.5x0.3 mm in the altered specimen.
Tectonic deformation and recrystallization of 
plagioclase often occurs along shear planes.

Clinopyroxene, less than 0.5 mm in diameter, 
forms the cores of a few hornblende crystals.
Commonly, clinopyroxene cores have been altered to 
uralite which is a neutral to yellowish-brown pleo
chroic tremolite-actinolite amphibole.

Hornblende forms euhedral to anhedral prismatic 
crystals (maximum 3x2»m m ) . Twinning parallel to (100) 
is often present in a number of grains. It 
poilcilitically encloses subhedral plagioclase (0.5x0. 3 
mm), anhedral clinopyroxene (0.3 mm in diameter) and 
prismatic apatite (0.1x0.05 mm). Alteration to 
chlorite and epidote in minute areas, less than 0 . 1  mm 
in diameter, is commonly restricted to crystal 
margins.

Biotite (maximum 2x1 mm), forms lamellar aggre
gates. It is pleochroic from light-brown to darlc- 
brown. Prismatic apatite (0.1x0.05 mm), and rarely
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Photo 4.20; Fine-grained equivalent of diorite showing 

subhedral to anhedral plagioclase, hornblende, 
quartz, aggregates of biotite, and magnetite. 
Crossed nicols, field of veiw 1.5X1 mm.

* ' #  %

Photo 4.21: Quartz monzodiorite showing flaky tremolite- 
actinolite amphibole which now represents the 
original clinopyroxene. Crossed nicols, field of 
view 1.5X1 mm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12 7

minute subhedral zircon with dark pleochroic haloes, 
occur as inclusion in biotite. Biotite is often 
partially to completely altered to chlorite in speci
mens collected near the granitic rocks. Minute, 
anhedral epidote is commonly associated with chlorite 
as an alteration product.

Subhedral to anhedral magnetite, 0.5x0.3 mm in 
maximum dimension, occupies the interstitial positions 
together with quartz, microcline and apatite. Occa
sionally, it encloses the prismatic apatite.

Anhedral quartz and microcline, both less than 
1 x 0 . 2  mm in dimension, individually occupy the inter
stitial positions. Prismatic apatite occurs as inclu
sions in both minerals. Subhedral to anhedral sphene 
(maximum 0.5x0.2 mm), is occasionally associated with 
the quartz and microcline.

The fine grained equivalent of diorite (W132, 
Table 4.6) consists of 51% plagioclase, 33% horn
blende, 11% biotite, 3.5% magnetite and minor, 
variable amounts of apatite, quartz and sphene 
(Photo 4.20).

The plagioclase (An^g) forms subhedral to 
anhedral, zoned (Angg_^g) equant crystals about 1 x1 mm 
in maximum dimension. Subhedral to anhedral horn
blende, forms crystals 0.75x0.5 mm maximum dimensions.
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some of which appear like recrystallized pyroxenes in 
colour and form. Biotite forms anhedral (0.3x0.2 mm) 
flakes and occurs in small (2 x1 mm) aggregates. 
Anhedral quartz and magnetite, both less than 0.2 mm 
in diameter, individually or together occupy 
interstices between plagioclase, hornblende, and 
biotite.

4.3.2 QUARTZ DIORITE

The diorite grades into quartz diorite with an 
increase in quartz to more than 5% (Figure 4.4).

The quartz diorite is coarse grained, micro
porphyritic, granular to hypidiomorphic granular 
rock. It has a heterogeneous distribution of its 
constituent minerals.

The quartz diorite consists of 56 to 64% plagio
clase, 15 to 24% amphiboles, 7 to 13% biotite, 5 to 7% 
quartz, 0 to 3% magnetite and variable, minor amounts 
of potash feldspar, apatite, sphene and chlorite 
(Table 4.6).

Plagioclase (Angg-g^) forms euhedral to subhedral 
rectangular crystals about 5x4 mm in maximum dimen
sions. Twinning is common on the albite, Carlsbad- 
albite, and pericline laws. Patchy normal to oscil
latory, zoning (Angg to Angg) occurs mostly in the
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larger grains. Inclusions of prismatic apatite 
(0.1x0.05 mm) and anhedral magnetite (0.3x0.2 mm) are 
present in a few plagioclase crystals. Tectonic 
deformation and recrystallization of plagioclase is 
observed in samples collected near the granitic 
rocks. Saussuritization of plagioclase in patches up 
to 0.3x0.2 mm occurs near crystal margins.

Hornblende forms subhedral to rarely anhedral 
prismatic crystals (maximum 4x2 mm) and shows 
yellow-green through olive-green to dark-green 
pleochroism. Some of the hornblende crystals have 
0.5x0.3 mm cores of pyroxene which are in advanced 
stages of alteration to uralite. Inclusions of minute 
prismatic apatite, subhedral plagioclase (0.7x0.4 mm), 
magnetite (0 . 2  mm in diameter) and rare anhedral 
clinopyroxene (o.3x0. 2 mm) occur in hornblende. 
Alteration to chlorite and/or epidote is rare and 
restricted to the crystal margins.

Biotite (maximum 1x1 mm) is pleochroic from 
yellowish-brown to dark-brown and forms randomly 
oriented lamellar aggregates. Prismatic apatite and 
rare zircon with pleochroic haloes, occur as inclu
sions in biotite. Alteration to chlorite is rare and 
occurs only in specimens collected near the contact 
with the granitic rocks.
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Magnetite (maximum 0.4x0.2 mm), forms subhedral 
to anhedral grains and occupies the interstitial posi
tions. Occasionally apatite forms inclusions in or 
occurs associated with, the magnetite.

Anhedral quartz, 1 mm in maximum diameter, and 
microcline (maximum 0 .2 x 0 . 1  mm) occupy interstitial 
positions independently or side by side. Both contain 
inclusions of prismatic apatite. Euhedral to anhedral 
sphene (maximum 0 .2 x 0 . 1  mm) is often associated with 
the quartz and microcline in interstices between major 
mineral phases.

4.3.3 QUARTZ MONZODIORITE

The quartz diorite grades into the quartz 
monzodiorite as al)tali-feldspars increase in 
proportion (Table 4.6; Figure 4.4).

The quartz monzodiorite is a coarse-grained 
hypidiomorphic granular roclc. It is 5x2 mm in maximum 
grain size and has a heterogeneous distribution of its 
constituent minerals. It consists of 43 to 63% 
plagioclase, 1 to 3% clinopyroxene, 11 to 17% 
amphibole, 7 to 12% biotite, about 8 to 10% 
microcline, and 7 to 12% quartz with minor and 
variable amounts of magnetite, apatite and sphene.
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Plagioclase (An22-40) forms euhedral to anhedral 
microporphyritic crystals 5x2 mm in maximum dimen
sion. Twinning on the albite and Carlsbad-albite laws 
is common. Strong normal to oscillatory patchy zoning 
(An ^ 2  ^o An^ 2 ) is present in most of the micropheno- 
crysts. Inclusions of prismatic apatite occur in 
plagioclase. Alteration to saussurite and occasion
ally to carbonate, in patches less than 0 . 1  mm in 
size, occurs in the more calcic rims of the zoned 
plagioclase.

Clinopyroxene (maximum 5x2 mm), occurs as sub- 
hedral microphenocrysts. Twinning parallel to (100) 
and normal zoning are present in a few crystals. The 
0 .2 x 0 . 1  mm mafic inclusions inside pyroxene crystals 
have very thin reaction rims of hornblende and are now 
replaced by biotite and epidote. Reaction rims of 
green hornblende around pyroxene are 0.1 to 0.05 mm 
wide. In a few cases the clinopyroxene inside horn
blende reaction rims is completely represented by 
recrystallized flaky tremolite-actinolite amphibole 
(Photo 4.21). Inclusions of euhedral apatite, less 
than 0.05 mm in diameter, are rare.

Hornblende forms subhedral to anhedral prismatic 
crystals 3x2 mm in maximum dimensions. It is 
pleochroic from pale-brown through olive-green to
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dark-green. It rarely shows twinning parallel to 
(1 0 0 ) and often contains anhedral inclusions of 
clinopyroxene (maximum 0.4x0.2 mm) and minute 
magnetite. Alteration to epidote, less than 0.1 mm in 
diameter, is restricted to the crystal margins.

Biotite occurs in randomly oriented lamellar 
aggregates (maximum 1x0.75 mm). It is pleochroic from 
light-yellowish brown to dark-brown. Inclusions of 
apatite and zircon are common. The latter usually has 
dark coloured pleochroic haloes in biotite.
Alteration to chlorite is only present in altered 
rocks.

Microcline forms anhedral crystals (maximum 1x0.5 
mm) and occupies interstices between major mineral 
phases. It often contains minute inclusions of 
prismatic apatite. Quartz forms anhedral strained 
crystals (maximum 1x0.5 mm) and occupies interstices 
together with microcline. Myrmekitic intergrowth of 
oligoclase and quartz, up to a maximum of 0 . 1  mm in 
diameter, occur at the contacts of the two minerals.

Sphene, maximum 0.2x0.1 mm, forms euhedral to 
subhedral crystals and occupies interstitial positions 
together with anhedral secondary magnetite.

Inclusions of previously described fine-grained 
diorite in the quartz monzodiorite form interlocking
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aggregates of hornblende and biotite. Plagioclase in 
these inclusions forms polygonal interlocking small 
crystals (less than 0 . 1  mm) in diameter which have 
boundaries like 'triple junctions' at 1 2 0  degrees. 
These inclusions are stretched into layers and streaks 
in between the hornblende and plagioclase 
microphenocrysts.

4.3.4 TONALITE:

The quartz diorite grades into tonalité with 
further increase in quartz (Figure 4.4).

The tonalité is a coarse-grained, maximum 3x2 mm, 
microporphyritic granular to hypidiomorphic granular 
rock. It consists of 52 to 54% plagioclase, 2 to 8 % 
hornblende, 9 to 10% biotite, 14 to 20% quartz, 1 to 
11% epidote, 1 to 3% microcline and minor, variable 
amounts of apatite, sphene and magnetite.

Plagioclase (An24”28^ forms subhedral to anhedral 
microphenocrysts up to a maximum of 3x2 mm in dimen
sions. Twinning on the albite and Carlsbad-albite 
laws is common, but rare on the pericline law. A 
moderate normal to oscillatory zoning (An^gto A n g g ) is 
present in most of plagioclase crystals. Inclusions 
of prismatic apatite, 0.Ix.05 mm in size, occur in
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plagioclase. Tectonic deformation and recrystalliza
tion is common along the microphenocrysts margins. 
Alteration to saussurite occurs in small patches of 
maximum 0 .2 x 0 . 1  mm in the plagioclase crystals.

Hornblende forms subhedral to anhedral crystals 
approximately 1x0.5 mm in maximum dimensions. It is 
pleochroic from light-green through olive-green to 
dark blueish-green. Twinning parallel to (100) is 
present in a few hornblende crystals. Prismatic 
apatite and anhedral minute magnetite crystals occur 
as inclusions in hornblende. Alteration to chlorite 
and epidote in small areas, less than 0 . 1  mm in 
diameter, is rare and restricted to crystal margins.

Biotite (maximum 0.75x0.5 mm), forms both 
individual flakes and flake aggregates (Photo 4.22).
In aggregates, the flakes have random orientation. 
Inclusions of prismatic crystals of apatite and zircon 
occur in biotite. Alteration of biotite to chlorite 
is rare. Subhedral to anhedral crystals of epidote 
(maximum 1.5x1 mm) were observed in one specimen 
(W33). The epidote has developed at the expense of 
hornblende which is present only in trace amounts. 
Inclusions of quartz (0.2x0.1 mm), biotite (0.1x0.05 
mm) and rare subhedral sphene (0 .2 x 0 . 1  mm) occur in 
the epidote crystals.
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Photo 4.22: Coarse-grained tonalité showing biotite flakes 
with random orientation and inclusions of prismatic 
apatite and zircon. Plane light, field of view 1.5X1 
mm.

I
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Photo 4.23; Fine-grained tonalité showing subhedral to
anhedral plagioclase, hornblende, quartz, aggregates 
of biotite, and magnetite. Crossed nicols, field of 
view 1.5X1 mm.
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Quartz forms anhedral crystals (maximum 2x1 mm) 
which occupy the interstitial positions. It shows an 
undulating extinction and contains prismatic apatite 
as inclusions. Subhedral sphene and anhedral micro
cline (0 .2 x 0 . 1  mm) occur in interstial positions 
together with quartz.

The tonalité of the southern satellitic intrusion 
(W153) is a fine to medium grained rock with a maximum 
grain size of 1x0.75 mm (Photo 4.23). It consists of 
about 54% plagioclase, 18% amphibole, 10% biotite, 14% 
quartz and less than 2 % k-felspar with minor amounts 
of magnetite, sphene and epidote (Table 4.6).

Plagioclase forms subhedral to anhedral equant 
crystals (maximum 1x0,75 mm) most of which show oscil
latory zoning (An^g to A n ^ ^ ). Hornblende forms 
subhedral to anhedral prismatic crystals (maximum 
0.75x0.5 mm) and contains minute apatite inclusions. 
Anhedral biotite occurs in randomly oriented crystals 
(0.5x0.3 mm) which occasionally form irregular aggre
gates of 3x2 mm in size. Anhedral quartz, magnetite 
and sphene are all less than 0 .2 x 0 . 1  mm and occupy the 
interstitial positions between the major mineral 
phases. Epidote, less than 0.1 mm in diameter, is an 
alteration product of hornblende.
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4.3.5 PARAGENESIS:

The pétrographie studies of dioritic rocks 
reveal the following textural and reaction relation
ships ;

(1) Clinopyroxene encloses plagioclase crystals.
(2) Hornblende rims and/or encloses clino

pyroxene .
(3) Biotite forms individual flakes, or aggre

gates of flakes.
(4) Quartz and microcline are restricted to 

interstitial positions.
The interpretation of these textural relation

ships suggest the following order and stages of 
crystallization.

(a) Early magmatic—  crystallization of plagio
clase and clinopyroxene.

(b) Intermediate magmatic— reaction and crystal
lization of hornblende, crystallization of 
biotite and continuation of plagioclase 
crystallization.

(c) Late magmatic— crystallization of quartz and 
microcline.
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There exists a general, gradual change in the 
shape and size of plagioclase phenocrysts from maximum 
size euhedral crystals in the amphibole gabbro to 
minimum size anhedral crystals in the tonalité. In 
addition, plagioclase shows gradation from most calcic 
in the hornblende gabbro to most sodic in tonalité. 
Although there is a general increase in the amounts of 
quartz and microcline from the amphibole gabbro to the 
quartz monzodiorite and tonalité, both mineral phases 
do not show any change in the crystal form.

In the field, apart from satellitic intrusions, 
the quartz monzodiorite, tonalité and most of the 
quartz diorite occupy areas north of the Gamitagama 
Lake fault and west of the Mijinemungshing Lake fault 
near the eastern margin of the complex (Figure 3.2). 
The former area is a downthrown block, and the latter 
is fault-bounded on three sides while on the fourth 
it is separated by the granitic intrusion from the 
other dioritic rocks. Both of the areas represent 
higher levels of the dioritic intrusion.

The field relations discussed above and changes 
in the mineral ratios and forms suggest in situ 
differentiation of the parent magma. The sinking of 
early formed plagioclase and clinopyroxenq to the 
lower levels and subsequent upwards movement of the
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magma gave rise to a systematic variation of rock 
types, basic at lower levels and acidic at higher 
levels.

In the fine-grained equivalent of the diorite, 
plagioclase and pyroxene (now recrystllized to 
amphibole) are the early phases. Hornblende, biotite, 
microcline, and quartz followed one after the other, 
in the intermediate and late stages.

In the fine grained equivalent of the tonalité 
plagioclase is the earliest phase to crystallize. 
Hornblende closely followed the plagioclase. Biotite 
and quartz are the intermediate and late stage mineral 
phases respectively.

4.4 GRANITIC ROCKS

The granitic rocks are two closely related rock 
types, namely granodiorite and granite. The modal 
mineral compositions and modal plot of granitic rocks 
are given in Table 4.7 and Figure 4.5 respectively.

4.4.1 GRANODIORITE:

The granodiorite is a coarse grained (maximum 2x2 
m m ) , hypidiomorphic granular rock. It consists of 
about 47% plagioclase, 18% microcline, 19% quartz, 4%
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hornblende, 1 0 % biotite and minor amounts of magnetite 
and apatite.

Plagioclase (An^g.^^) forms subhedral to anhedral 
crystals (maximum 2 x 1 mm), which show twinning on the 
albite and carlsbad-albite laws. Strong oscillatory 
patchy zoning (An2 Q to An^^) is common in plagioclase. 
Alteration to aggregates of sericite with rare epidote 
in patches, maximum 0 . 1  mm in diameter, is mostly 
restricted to the most calcic zones of the 
plagioclase.

Microcline occurs in subhedral to euhedral 
crystals (maximum 2x2 m m ) . Some of the anhedral 
crystals occupy the interstitial positions. Carlsbad 
twinning was observed in a few crystals. Inclusions 
of anhedral plagioclase (0 .2 x 0 . 1  mm) and minute 
prismatic apatite are occasionally present in 
microline grains.

Hornblende, pleochroic from light pale-green to 
dark-green, forms subhedral crystals (maximum 1x0,5 
m m ) . Biotite flakes often surround the hornblende 
crystals. Twinning parallel to (100) is rare. 
Alteration to chlorite sometimes occur in thin areas 
near crystal margins.

Biotite occurs in aggregates of randomly oriented 
flakes (maximum 1x0.5 mm) and is pleochroic from light
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yellowish-green to dark-green. Inclusions in biotite 
of minute prismatic apatite and zircon with pleochroic 
haloes are fairly common. Alteration to chlorite and 
anhedral epidote, up to a maximum of 0 . 1  mm in 
diameter, occurs at the junction of the hornblende and 
biotite crystal boundary.

Anhedral quartz (maximum 2x1 mm), occupies 
interstitial positions and has undulating extinction. 
Inclusions of other minerals were not observed in the 
q uartz.

The magnetite occurs in anhedral rounded grains 
less than 0.1 mm in diameter. It occupies 
interstitial positions together with quartz and also 
occurs as inclusion in hornblende.

4.4.2 GRANITE :

The granite is a coarse-grained (maximum 4x2 m m ) , 
hypidiomorphic granular rock. It has a heterogeneous 
distribution of its constituent minerals.

The Granite consist of 35 to 4 3% plagioclase, 18 
to 27% microcline, 27 to 32% quartz, 0.5 to 3% 
hornblende, 2 to 5% biotite and minor amounts of 
magnetite, apatite, sphene, and zircon.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I
Photo 4.24: Granite showing myrmekitic intergrowth at the 

boundaries of quartz and plagioclase which extends 
inside the microcline crystals. Crossed nicols, 
field of view 0.75X0.5 mm.

Photo 4.25: Quartz monzonite showing hornblende with 
clinopyroxene core and inclusions of magnetite. 
Plane light, field of view 1.5X1 mm.
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Plagioclase (An^g-io) forms subhedral to anhedral 
crystals, up to 3x2 mm in maximum dimensions.
Twinning on the albite and Carlsbad-albite laws is 
common but rare on the pericline law. Most of the 
crystals show normal to oscillatory zoning (An2 0  t:o 
Anio). Myrmekitic intergrowth of quartz in places at 
the boundaries of K-feldspars and plagioclase is rare 
and occurs in small, 0.2x0.1 mm, lobes (Photo 4.24). 
Alteration to sericite with occasional grains of 
clinozoisite occurs in patches,maximum 0 .2 x 0 . 1  mm, in 
the more calcic zones of zoned plagioclase crystals.

Microcline, maximum 4x3 mm, occurs in subhedral 
to anhedral crystals. It rarely shows perthitic 
intergrowth. Twinning on the Carlsbad law is present 
in a few grains. Inclusions of anhedral plagioclase 
(maximum 0.5x0.2 mm), and minute prismatic apatite are 
occasionally present. Most of the microcline is fresh 
and alteration to sericite is rare.

Hornblende occurs in subhedral to anhedral 
crystals (maximum 1x0*5 mm) and is pleochroic from 
pale-green to dark-green. Twinning parallel to (100) 
is present in a few crystals. Biotite flakes often 
surround the hornblende crystals partially or 
completely. Alteration to epidote at crystal 
boundaries occurs in minute, less than 0 . 1  mm, grains.
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Biotite, maximum 1x0.5 mm, occurs in anhedral 
individual flakes and randomly oriented flake aggre
gates . It is pleochroic from light yellowish-green to 
dark-green. Inclusions of prismatic apatite and 
zircons with pleochroic haloes are fairly common. 
Alteration to chlorite is rare and only occurs in 
minute areas near flake margins.

Anhedral quartz, maximum 2x1.5 mm, occurs in 
anhedral crystals which occupy interstitial zones 
between the feldspars and mafic minerals. Most of the 
crystals show an undulating extinction. Inclusions of 
other minerals were not observed. The anhedral magne
tite, maximum 0 . 1  mm in diameter, and euhedral to 
subhedral sphene (0 .2 x 0 . 1  mm) occupy the interstitial 
positions together with quartz.

4.4.3 PARAGENESIS:

Euhedral plagioclase, although most of it has 
been modified by the additions of late rim material, 
and prismatic hornblende, are the earliest phases to 
crystallize. Subhedral microcline also joined these 
phases, at a later stage. Biotite which contains 
inclusions of apatite, zircon and magnetite is 
comparatively late in the crystallization sequence.
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The occurrence of quartz in the interstitial positions 
implies a late crystallization of this mineral. The 
myrmekitic growth of plagioclase and quartz suggests 
that the latter continued crystallization over a con
siderable period of time after most of the other 
minerals had crystallized.

4.5 QUARTZ MONZONITE

The quartz monzonite is a coarse-grained (maximum 
4x2 m m ) , microporphyritic to hypidiomorphic granular 
rock. It has a heterogeneous distribution of its con
stituent minerals. The quartz monzonite consists of 
44 to 49% microcline, 35 to 41% plagioclase, 1 to 3% 
hornblende, 3 to 7% biotite, 4 to 7% quartz, and minor 
variable amounts of magnetite, apatite, zircon, mona- 
zite and sphene.

Microcline forms subhedral to anhedral tabular 
crystals (maximum 4x2 m m ) . Carlsbad twinning is 
present in a number of subhedral crystals. Inclusions 
of anhedral plagioclase (0.5x0,3 mm), anhedral magne
tite (0 . 1  mm in diameter), and prismatic apatite 
(0.1x0.05 mm) independently occur in microcline.

Plagioclase (An^g.^g) forms subhedral to anhedral 
crystals up to a maximum of 2.5x2 mm in size.
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Twinning is common on the albite law. A weak, normal 
to oscillatory zoning (An 2 g to An^g) is present in a 
number of crystals. Inclusions of minute apatite in 
plagioclase are rare. Alteration to saussurite occurs 
in irregular patches less than 0.5 mm in diameter.

Subhedral to anhedral hornblende forms prismatic 
crystals (maximum 1x0.5 mm). It is pleochroic from 
yellowish-green through green to dark greenish-blue. 
Cores of neutral to light green pleochroic 
clinopyroxene are present in a few hornblende crystals 
(Photo 4.25). Mostly these cores show various degrees 
of alteration to secondary light-green tremolite- 
actinolite amphibole and magnetite. Minute inclusions 
of prismatic apatite, monazite and anhedral magnetite 
often occur in hornblende. Alteration to chlorite in 
small areas, less than 0 . 1  mm in diameter, occurs near 
crystal margins.

Biotite occurs in isolated anhedral crystals 
(maximum 0.5x0.2 mm) which occupy interstitial 
positions between the feldspars and hornblende. 
Aggregates of randomly oriented biotite flakes are 
maximum 3x2 mm in dimension. The boundaries of 
biotite flakes in these aggregates are usually marked 
by minute apatite and monazite grains. Biotite is 
pleochroic from light-yellow to dark brownish-green.
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Inclusions of magnetite, apatite, monazite and zircon 
are common in biotite. Zircon and monazite inclusions 
contain pleochroic datk haloes around them in biotite. 
Alteration of biotite to chlorite occurs in small 
areas less than 0.1x0.05 mm in dimension at the 
crystal margins.

Anhedral quartz (maximum 3x0.5 mm), occupies the 
interstices between major mineral phases. Myrmekitic 
intergrowth at the boundaries of quartz and oligoclase 
is occasionally present in small areas of 0 .2 x 0 . 1  mm 
in dimension. Micrographie intergrowth of microcline 
and quartz often occurs in small areas, up to 0.3x0.2 
mm in maximun dimensions, inside the microcline 
crystals.

Anhedral magnetite, less than 0.1 mm in diameter, 
occupies interstitial postions together with quartz.

4.5.1 PARAGENESIS:

Plagioclase, which is often included in 
microcline, and clinopyroxene cores in hornblende are 
the early formed phases. Hornblende, together with 
biotite, later took over the clinopyroxene. Micro
cline which exhibits well defined faces against 
quartz, precedes the latter. The inclusions of
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apatite in plagioclase suggest it formed before 
plagioclase. The magnetite, zircon and monazite 
inclusions in biotite suggest their crystallization 
after plagioclase and hornblende, but before biotite
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CHAPTER 5

GEOCHEMISTRY

Seventy two representative samples for major 
elements, and sixty one unaltered samples were 
analyzed for 10 trace elements by X-ray fluorescence. 
The analytical procedures used are summarized in 
Appendix C. The observed analytical data together 
with molecular weight percent norms is given in Table 
5.1. This data was used to calculate various ratios, 
mafic index, felsic index, differentiation index and 
solidification index submitted in Table 5.2. Total 
iron is reported as Pe2^3' Variations in major and 
trace element concentrations between various rocks, as 
represented by the mean values and standard deviations 
of each element, are presented in Table 5.3. The 
major and trace element chemistry of the various rock 
types of the complex varies unsystematically to a 
certain degree. These chemical variations are of the 
same general character as seen in other differentiated 
Plutonic bodies and are complemented by the mineral- 
ogical variations.
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Table 5.1 Chemical composition and molecular weight percent 
norms of various rock groups in the Gamitagama 
Lake Complex.

k o c k

T y p e

INNER GABBROIC ROCKS

S a m p l e

Troctolite 01 Ivine Gabbronorite AOGN»

No WlOO W l O l W104 W103 W98 W i l l W64 K 6 5
D r y  vit.i

S i O j 4 6 . 7 1 4 6 . 9 4 4 1 . 3 5 4 8 . 6 1 4 9 . 6 8 4 8 . 6 0 4 6 . 5 5 5 0 . 0 7

A I 2O3 2 3 . 5 0 2 3 . 2 2 1 6 .  46 1 2 . 6 1 1 5 . 7 6 1 9 . 5 1 1 6 . 9 7 1 5 . 6 0

Z F e z O ; 7 . 0 2 7 . 1 9 1 8 . 8 2 1 3 . 0 1 10.12 9 . 4 3 1 0 . 4 1 1 0 . 3 1

MgC 8 . 3 2 8 . 3 5 8 . 5 2 1 3 . 2 2 1 0 .  1 9 8 . 2 7 1 1 . 4 4 8 . 8 5

CaC 1 0 . 8 5 1 0 . 6 7 8 . 6 4 9 . 9 0 1 0 . 4 4 1 0 . 6 7 1 0 . 6 5 1 0 . 0 8

Na ;0 2 .  50 2 .  4 2 2.12 1 , 6 3 2.02 2 . 5 3 1 . 8 3 1 . 1 3

RgO 0 . 2 4 0 . 2 3 0.21 0.20 0.21 0 . 2 7 0 . 4 2 1 . 7 2

T i 02 0 . 2 6 0 . 2 8 2.01 0 , 6 1 0 . 4 9 0 . 5 4 0 . 6 2 1 . 1 3

P2OS 0.02 0.02 0.02 0 . 0 5 0 . 0 5 0 . 0 7 0 . 0 6 0 . 0 7

MnO 0 . 0 8 0 .  09 0 . 1 5 0 . 1 6 0 . 1 5 0.12 0 . 1 3 0 . 1 8

TRACE ELEMENT CONCENTRATIONS I N  PPM

V 33 36 6 7 7 1 4 3 94 120 1 24 1 3 3

C r 45 39 1 4 0 3 1 8 2 2 8 1 3 1 134 44

Co 54 53 1 0 7 81 74 59 63 1 3 8

N i 1 5 9 1 5 3 80 3 7 6 2 6 5 1 4 7 174 5 3 2

Rb 4 4 5 5 4 5 10 9

S r 804 8 0 7 591 3 6 9 4 6 3 6 58 6 3 7 3 5 0

Y - 1 3 11 9 6 11 6
2r - - - 2 - - 20 32

Nb 2 3 5 3 2 3 5 4

3a 13 1 1 3 8 2 0 5 1 3 1 1 3 4 1 7 2 2 3 5 1 8 0

MOLECULAR WEI GHT PERCENT NORMS

0 - - - - - - - 1 . 2 9

Or 1 . 3 4 1 . 4 0 1 . 2 6 1.12 1 . 2 6 1 . 6 4 2 . 4 9 1 0 . 6 0

Ab 2 0 .  57 2 1 . 2 8 1 6 . 5 3 1 3 . 9 7 1 7 .  2 5 2 1 . 5 4 1 5 . 6 4 9 . 6 8

An 5 2 . 1 7 4 9 . 7 6 3 5 . 4 0 2 6 . 7 7 3 3 . 6 0 4 1 . 3 8 3 7 . 1 9 3 2 . 6 7

Ne - - 0 . 9 2 - - - - -

D i 0 . 5 6 2 . 5 8 3 . 5 1 1 2 . 9 1 1 0 . 2 9 6 . 5 7 9 . 1 5 9 . 9 5

Hb 0 . 1 9 0 . 8 7 3 . 2 0 5 . 3 3 4 . 5 1 2 . 7 4 3 . 5 5 4 . 0 7

En 3 . 2 2 4 . 1 2 1 5 . 5 4 1 5 . 5 7 - 7 . 4 0 4 . 8 6 1 7 . 6 3

Fs 1 . 2 7 1 . 5 9 7 . 8 1 7 . 3 7 - 3 . 5 4 2 . 1 6 3 . 2 8

Fo 1 2 . 2 4 1 0 . 7 3 1 3 . 9 9 8 . 2 3 3 . 7 2 7 . 2 2 1 3 . 7 8 -
Fa 5 . 3 2 4 . 5 6 1 6 .  11 4 . 2 9 2 . 0 6 3 . 8 0 6 . 7 5 -
Mt 2 . 6 0 2 . 5 7 5 . 1 8 3 . 0 9 2 . 9 1 2 . 9 8 3 . 1 0 3 . 8 5

11 0 . 4 7 0 . 5 1 3 . 8 9 1 . 1 6 0 . 9 4 1 . 0 4 1 . 1 9 2 . 1 6
Ao 0 . 0 5 0 . 0 5 0 . 0 4 0 . 1 1 0 . 1 2 0 . 1 5 0 . 1 5 0 . 1 6

A m p h i b o l e  O l i v i n e  G a b b r o n o r i t e
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Table 5.1 (cont'd)

INNER GABBROIC ROCKS (CONT'D)
R o c k

T y p e

S a m p l e

G a b b r o n o r i t e

No W105 W6 W147 WB W151 W112 W146 W150 W109»
b r  y  W t . %

S i O ; 4 5 . 4 7 4 6 . 8 1 4 6 . 9 6 4 7 . 5 6 4 9 . 0 5 4 9 . 5 6 4 9 . 9 9 5 1 . 7 5 5 1 . 9 6

A I 2O3 1 7 . 8 1 1 4 . 6 5 1 6 . 1 2 1 7 . 1 5 1 4 . 8 4 2 1 . 0 6 1 7 . 4 3 1 8 . 0 8 2 6 . 1 4

S F e j O s 1 4 . 4 0 1 3 . 4 5 1 5 . 3 5 1 3 . 1 1 1 8 . 3 2 8 . 3 6 1 0 . 3 7 9 . 1 8 4 . 4 5

MgO 6 . 1 4 9 . 1 7 6.12 5 . 9 9 6 . 5 1 5 . 9 3 6 . 4 8 7 . 8 9 1 . 4 4

CaO 10.10 1 2 . 0 9 1 0 . 4 3 9 . 9 7 9 . 5 1 1 0 . 6 1 1 1 . 3 2 9 . 8 0 1 0 . 7 7

Na 2O 2 . 1 3 1.66 2 . 6 1 2 . 3 1 2 . 3 1 3 . 0 0 2 . 7 2 2 . 1 7 4 . 1 2

K2O 0 . 3 1 0 . 2 9 0 . 2 5 0 . 2 5 0 . 2 9 0 . 3 8 0 . 2 4 0 . 3 9 0 . 4 1

T i 02 2 . 2 6 1 . 3 0 1 . 9 2 2 . 4 6 3 . 0 2 0 . 9 0 1.20 0 . 6 0 0 . 6 0

P2O5 0 . 0 6 0.01 0 . 0 8 1 . 0 5 - 0.10 0.12 0.01 0.12
MnO 0 . 1 4 0 . 1 5 0 . 1 6 0 . 1 6 0 . 1 6 0.10 0 . 1 4 0 . 1 3 0 .  04

TRACE ELEMENT CONCENTRATIONS I N  PPM
V 4 5 0 7 9 6 1 3 9 2 3 0 94

C r 55 1 3 4 8 0 2 3 8 37

Co 61 74 34 37 1 9

N i 35 57 1 1 5 44 27

Rp N D «* ND 5 ND 13 12 4 ND 6
S r 4 6 7 3 5 6 6 1 1 6 3 8 1 0 2 8

y 11 8 9 13 2
2 r 8 4 4 1 0
Nb 5 6 4 2 2
Ba 2 64 2 9 3 2 7 3 2 5 1 31 4

MOLECULAR WEI GHT PERCENT NORMS

0 - - - 3 . 7 2 - - 0.20 2 . 9 4 1 . 2 9

Or 1.88 1 . 7 5 1 . 5 0 1 . 4 9 1 . 3 1 2 . 2 7 1 . 4 4 2 . 3 0 2 . 4 5

Ab 1 8 . 2 0 1 4 . 2 3 22.37 1 9 . 6 9 1 9 . 8 3 2 5 . 5 1 2 3 . 1 6 1 8 . 4 7 3 4 . 9 0

An

Ne

3 8 . 5 8 3 2 . 0 7 3 1 . 9 0 3 6 . 0 5 2 9 . 9 1 4 3 . 1 5 3 4 . 9 3 3 8 . 7 4 5 1 . 7 6

D i 5 . 5 5 1 5 . 2 8 9 . 1 3 3 . 8 4 8 . 3 5 5 . 3 0 1 1 . 5 3 5 . 8 2 0 . 4 6

Hb 4 . 0 9 8 . 0 2 7 . 3 2 1 . 8 0 6 . 4 6 2 . 0 6 5 . 4 2 2 . 3 8 0 . 1 4

En 8 . 5 7 7 . 5 3 6 . 0 8 1 3 . 2 8 8 . 4 7 8 . 2 8 1 0 . 9 2 1 7 . 0 9 3 . 3 9

Es 7 . 2 5 4 . 5 3 5 .  5 9 7 . 1 6 7 . 5 2 3 . 6 9 5 . 8 9 8 . 0 0 1 . 1 5

Po 3 . 0 4 5 . 9 7 3 . 5 8 - 2 . 8 8 2 . 8 8 - - -

Pa 2 . 8 3 3 .  9 6 3 . 6 2 - 2 . 8 2 1 . 4 2 - - -

M t

Hm

11

5 . 5 2 4 . 1 3 5 . 0 2 5 . 8 0 6 . 6 4 3 . 5 0 3 . 9 5 3 . 0 7 3 . 0 5

4 . 3 5 2 . 5 0 3 . 6 9 4 . 7 2 5 . 8 1 1 . 7 2 2 . 3 0 1 . 1 5 1 . 1 4

Ap. 0 . 1 4 2 . 0 2 0 . 1 8 2 . 4 5 - 0 . 2 4 0 . 2 7 0 . 0 3 0 .  27

S a m p l e  f r o m  p l a g i o c l a s e  r i c h  b a n d  i n  b a n d e d  g a b b r o n o r i t e  

N o t  d e t e r m i n e d
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Table 5.1 (cont'd).

INNER GABBROIC ROCKS (CONT'D)
A n d e s i n e

A n o r t h o s i t e

R o c x

S a m p l e

N o r i t e

No W96 W144 W14 9 W138 W148 W14 3
b r y  w t . %

S i O j 4 7 . 8 6 4 8 . 0 8 5 0 . 3 3 5 1 . 8 2 5 0 . 1 6 5 1 . 8 8

A I 2O3 1 9 . 5 8 2 0 . 1 5 1 5 . 9 8 2 0 . 8 9 2 2 . 9 3 2 5 .  8 0

Z P e g O ; 1 0 . 5 6 1 1 . 9 4 1 2 . 8 7 7 . 0 1 8 . 5 2 5 . 9 6

MgO 4.  04 3 . 9 8 6 . 3 9 6 . 3 1 2 .  31 1 . 7 2

CaO 9 . 7 9 8 . 7 7 9 . 8 4 1 0 . 0 8 9 . 2 7 9 . 3 1

Na 2O 3 .  47 3 . 6 6 2 .  89 2 . 9 6 4 . 0 9 3 . 7 2

K 2O 0 . 2 6 0 . 2 8 0.22 0 . 3 5 0 . 3 4 0 . 3 1

T 1O2 2 . 4 6 2 . 3 9 1 . 3 0 0 . 4 7 1 . 8 7 1 . 1 8

P2O5 0 . 7 9 0 . 6 1 0.01 0.01 0 . 4 2 0 . 0 7

MnO 0 . 1 3 0 . 1 3 0 . 1 7 0.10 0 .  09 0 .  05

TRACE ELEMENT CONCENTRATIONS I N  PPM
V 2 0 8 16 1 2 3 0 96 68 4 9

C r 31 32 1 2 9 88 56 34

Co 35 38 52 32 24 18
Mi 15 10 1 0 4 68 7 8
Rb 3 4 4 10 8 5

S r 6 2 1 6 4 0 3 2 2 6 0 6 8 5 0 868
Y 16 9 9 5 9 0
Z r 0 0 3 0 0 0
Nb 4 5 3 3 4 1
Ba 3 1 0 3 4 5 1 7 5 1 5 2 4 4 9 30 2

MOLECULAR WEI GHT PERCENT NORMS

Q 0 . 7 4 0 . 1 9 0 . 4 8 1.10 1.66 6 . 1 5
C - - - - - 2 . 6 0

Or 1 . 5 7 1 . 6 9 1 . 2 9 2 . 0 6 2 . 0 3 1.86
Ab 2 9 .  58 3 1 . 2 6 2 4 . 6 9 2 5 .  1 5 3 4 . 8 0 3 1 . 5 5

An 3 7 . 3 7 3 8 . 0 0 3 0 . 3 1 4 2 . 9 2 4 3 . 4 1 4 5 . 8 7

Ne - - - - - -

Di 3 . 4 8 0 . 9 5 9 . 2 5 4 . 3 8 0 . 0 3 -

Hb 1.68 0 . 5 3 6 . 3 2 1 . 4 9 0.01 -

En 8 . 5 2 9 . 5 5 1 1 . 8 0 1 3 . 7 7 5 . 7 8 4 . 2 9

Ps 4 . 7 3 6 . 1 4 9 . 2 5 5 . 3 6 2 . 8 1 1 . 3 9

Po - - - - - -

Pa - - - - - -

Mt 5 . 7 8 5 . 6 9 4 . 1 1 2 . 8 7 4 . 9 1 3 . 8 9

Hm - - - - - -

11 4 . 7 0 4 . 5 8 2 . 5 0 0 . 8 9 3 . 5 7 2 . 2 4

1 . 8 5 1 . 4 3 0.01 0 . 0 3 0 . 9 8 0 .  17
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Table 5.1 (cont'd).

k o c k
w . . n v v n v

A m p h i b o l e

T v p e N o r i t e G a b b r o n o r i t e G a b b r o n o r i t e

S a m p l e

No W95 W94 W32 W30 W90 W92 W17 W12
D r y  w t . %

S i O n 4 9 . 4 9 5 4 . 3 5 4 4  . 6 3 4 5 . 0 2 4 9 . 5 3 5 2 . 1 4 4 7 . 5 1 5 0 . 1 1

A I 2O3 1 5 . 7 5 1 7 . 0 5 1 6 . 9 5 1 6 . 2 9 1 5 . 2 5 1 8 . 9 1 1 7 . 1 6 1 8 . 4 3

S F e s O j 1 2 . 9 0 9 . 6 2 1 6 . 9 8 1 6 . 2 2 1 0 . 0 4 8 . 2 9 1 4 . 9 0 1 0 . 0 3

MgO 7 . 4 9 7 . 3 3 6 . 4 4 5 . 0 7 8.02 6 . 5 1 5 . 1 2 6 . 3 4

CaO 8 . 7 2 7 . 4 5 9 . 4 5 9 . 8 6 1 3 . 5 3 9 . 5 0 8 . 8 0 1 0 . 1 7

N a j O 2 . 5 9 2 . 4 0 2 . 0 3 3 . 0 8 1 . 5 7 2 . 8 9 3 . 2 2 2 . 7 4

K2O 0 . 3 5 0 . 2 5 1 . 1 3 0 . 3 2 0 . 1 8 0 . 3 1 0 . 5 7 0 . 7 9

T i 02 1 . 2 8 0 .  50 1 . 9 9 2 . 4 4 0 . 8 7 0 . 5 6 2.01 1.0 1
P2O5 0 . 1 4 0 . 0 5 0 . 2 5 1 . 5 8 0.00 0 . 0 5 0 . 5 4 0 . 2 3

MnO 0 . 1 6 0 . 1 7 0 . 1 5 0 . 1 9 0 . 1 6 0 . 1 4 0 . 1 6 0 . 1 6

TRACE ELEMENT CONCENTRATIONS I N  PPM
V 3 5 8 1 5 9 3 0 5 1 2 9 2 75 1 7 4

C r 1 5 2 1 8 5 33 102 48 1 3 3

Co 57 4 5 32 33 44 39

N i 52 86 8 70 42 50

Rb 6 6 N D* ND* 6 4 13

S r 5 8 1 3 4 0 7 4 8 5 6 1 74 7 6 6 1
Y 12 8 47 8 55 30

Z r 8 23 19 3 99 87

Nb 7 3 6 2 14 7

2 5 6 1 4 4 5 2 5 2 0 4 5 3 6 541

MOLECULAR WEI GHT PERCENT NORMS

Q
c

- 7 . 7 3 - - 0 . 9 1 2 . 0 6 - -

Or 2 . 0 9 1 . 4 8 6 . 7 8 1 . 9 3 1 . 0 4 1 . 8 7 3 . 5 0 4 . 6 8

Ab 2 2 . 1 6 2 0 . 4 6 1 7 . 4 5 2 6 . 4 1 1 3 . 4 3 2 4 . 6 0 2 9 . 6 8 2 4 . 7 7

An

Ne

3 0 . 6 7 3 5 . 3 2 3 4 . 2 5 3 0 . 0 1 3 4 . 3 2 3 7 . 9 7 3 1 . 5 4 3 5 . 9 8

D i 5 . 9 9 0 . 8 5 5 . 0 9 4 . 0 8 1 8 . 3 0 4 . 9 9 4 . 3 8 7 . 4 5
Hb 4 . 0 5 0 . 4 8 4 . 5 4 3 . 7 7 8 . 8 0 2 . 4 4 3 . 3 7 3 . 2 3

En 1 5 . 3 1 18  .01 3 . 0 9 5 . 9 9 1 1 . 6 5 1 4 . 0 2 •^ .58 1 2 . 2 6

Es 1 1 . 8 7 1 1 . 6 7 3 . 1 6 6 . 3 3 6 . 4  2 7 . 8 6 5 . 8 4 5 . 3  1

Fo 0 . 5 4 - 7 . 5 7 3 . 4 4 - - 3 . 5 7 1 . 2 4
Fa 0 . 4 6 - 8 . 5 4 4 . 0 1 - - 2 . 7 5 0 . 5 4

Mt

Hm
4 . 0 8 2 . 9 3 5 . 1 3 5 . 7 8 3 . 4 6 3 . 0 0 3 . 7 7 2 . 6 4

11 2 . 4 6 0 . 9 6 3 . 8 3 4 . 6 9 1.66 1 . 0 7 2.88 1 . 4 1
Ad 0 . 3 2 0.12 0 .  58 3 .  56 - 0.12 1 . 1 7 0 . 4 9

* N o t  d e t e r m i n e d
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Table 5.1 (cont'd).

feck
T y p e

OUTER GABBROIC ROCKS (CONT'D)
A m p h i b o l e

S a m o l e

G a b b r o n o r i t e  ( C o n t ' d ) P y r o x e n e  D i o r i t e

Ho W113 W27 W152 W29 W25 W16 W145 K 5 7

D r y  W t . %

S i 02 4 6 . 2 2 5 0 . 1 7 5 0 . 9 1 4 9 . 2 6 5 1 . 7 9 5 0 . 2 1 5 0 . 4 6 5 1 . 9 1

A I 2O3 1 6 . 6 1 1 5 . 7 2 1 7 . 8 8 1 6 . 9 1 1 7 . 8 0 1 5 . 3 0 1 6 . 9 0 1 5 . 4 6

S P e 2 0 3 1 6 . 2 4 1 3 .  1 1 1 0 . 4 6 1 3 . 7 9 1 0 . 4 1 1 3 . 4 5 1 3 .  13 9 . 7 1

MgO 5 . 4 0 5 . 7 0 5 . 9 5 5 . 4 1 4 . 9 1 5 . 8 8 5 . 2 3 6 . 8 1

CaO 1 0 . 0 3 8 . 9 7 10.20 8 . 1 4 8 . 8 5 9 . 6 6 8 . 4 4 9 . 8 4

Na 2O 2 . 9 1 3 . 3 8 2 . 7 2 3 . 0 5 3 . 7 3 3 . 1 4 2 . 7 5 2 . 4 2

K2O 0 . 3 6 0 . 7 4 0 . 4 0 1.20 1 . 1 9 0 . 3 4 1 . 1 4 1 . 5 5

T 1O2 1.86 1 . 7 8 1 . 0 8 1 . 7 9 1 . 3 4 1 . 5 6 1 . 5 4 1.02
P2O5 0 . 1 9 0 . 2 7 0 . 2 6 0 . 2 6 0 . 1 3 0 . 2 5 0.22 0 . 3 4

HnO 0 .  17 0 . 1 7 0 . 1 5 0 . 1 8 0 . 1 3 0.21 0 . 1 8 0 . 1 5

TRACE ELEMENT CONCENTRATIONS I N PPM
V 4 4 0 174 1 9 1 2 1 9 212 22 9

C r 60 94 1 4 3 36 46 1 0 4

Co 59 42 53 52 4 0 42

N i 29 52 53 11 4 48 64

Rb 5 14 15 30 23 ND* 25 ND*

S r 6 9 3 4 7 6 668 5 6 7 5 2 1 4 4 5

Y 31 33 2 9 22 5 2 29

2r 28 1 7 3 44 1 0 6 64 74

Nb 7 13 8 21 13 8
Ba 50 9 73 4 7 4 3 1 8 5 9 1 5 1 8 2 4 9 2

MOLECULAR W EI GH T PERCENT NORMS

Q
c

- - 2 . 2 4 - - 0 . 4 3 1 . 5 3 1 . 5 2

O r 2 .  30 4 . 4 5 2 . 3 6 7 . 1 6 7 . 0 9 2 . 0 6 6 . 8 2 9 . 2 2

Ab 2 4 . 9 3 3 0 . 9 3 2 3 . 1 9 2 6 . 1 1 3 3 . 7 6 2 8 . 8 0 2 3 . 5 4 2 0 . 6 1

An 3 1 .  54 2 6 . 0 7 3 5 . 7 0 2 9 . 2 1 2 8 . 5 1 2 7 . 2 6 3 0 . 6 9 2 7 . 0 0

D i 7 . 2 4 8.86 7 . 1 6 4 .  57 8 . 0 3 9 . 8  2 4 . 6 8 1 0 . 8 2

Hb 7 . 3 9 5 . 1 8 3 . 9 4 3 . 5 6 3 . 8 8 6 . 3 5 3 . 7 4 5 . 4 2

En 2 . 0 8 1 0 .  38 1 1 . 6 3 9 . 0 5 7 . 7 9 1 1 . 7 0 11.00 1 2 . 0 8

F e 2 . 4 4 6 . 0 7 7 . 3 4 8 . 0 8 3 . 7 6 7 . 5 6 1 0 . 0 9 6 . 9 4

To 5 . 7 3 0 . 9 2 - 1 . 7 1 1 . 3 8 - - -

Pa 7 . 3 9 0 . 5 4 - 1 . 6 9 0 . 6 7 - - -

Mt

Hjn
4 . 9 4 3 . 5 0 3 . 7 8 4 . 8 2 2 . 9 9 3 . 2 7 4 . 4 5 3 . 6 8

11 5 .  58 2 . 5 3 2 . 0 7 3 . 4  3 1.88 2.22 2 . 9 5 1 . 9 5

b S . 0 . 4 5 0 . 5 7 0 . 6 0 0 . 6 2 0 . 2 7 0 . 5 3 0 . 5 0 0 . 7 9
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Table 5.1 (cont'd).

D i o r i t i c  Ro c k s
R oc k

Type
S a m p l e

H o r n b l e n d e
G a b b r o D i o r i t e Q u a r t z  D i o r i t e

No W40 M40A W22 W 1 3 2 * W20 W21 W115 W117 W124 W140
D r y  w t . %  

S i O j 5 0 . 5 2 5 0 . 1 9 4 8 . 9 9 5 1 . 4 3 5 2 . 8 8 5 6 . 6 3 5 5 . 1 1 5 5 . 3 6 5 5 . 4 2 5 5 . 4 5

A l j O j 1 5 . 7 7 1 5 . 7 4 1 4 . 7 7 1 4 . 9 2 2 1 . 0 8 1 6 .  94 1 7 . 7 2 1 6 . 5 0 1 7 . 7 2 1 7 . 7 6

i  P e g O ] 1 0 . 0 1 1 0 . 9 1 1 5 . 2 3 1 2 . 9 0 8 . 3 5 8 . 0 3 9 . 2 1 1 1 . 5 0 8 . 8 9 1 0 . 3 4

MgO 6 .  55 6 . 6 3 6 . 9 7 6 . 6 5 2 . 7 6 5 . 8 1 3 . 6 9 3 . 3 8 3 .  90 3 . 0 7

CaO 1 0 . 6 2 1 0 . 3 7 7 . 2 0 8 . 8 7 7 . 9 8 7 . 4 0 7 . 7 8 6 . 5 8 7 . 3 8 6 . 1 5

NagO 2 .  20 2 . 1 2 3 .  97 2 .  98 4 . 1 2 2 . 8 1 3 . 4 4 2 .  82 3 . 6 9 3 . 5 5

KgO 1 . 7 1 1 . 7 7 0 . 7 8 0 . 9 7 0 . 7 4 1 . 5 5 0 . 9 5 1 . 7 0 1 . 0 8 1 . 7 9

T i O ; 1 . 1 1 1 . 4 1 1 .  64 0 . 9 9 1 . 5 8 0 .  71 1 . 5 6 1 . 6 5 1 . 4 3 1 . 3 5

P2O5 0 . 3 3 0 . 3 6 0 . 2 5 0 . 1 0 0 . 4 1 0 . 1 0 0 . 4 0 0 . 3 5 0 . 3 9 0 . 4 1

MnO 0 . 1 8 0 . 1 7 0 . 1 9 0 . 1 8 0 . 1 1 0 . 1 2 0 . 1 5 0 . 1 6 0 . 1 3 0 . 1 3

V 2 9 9 2 9 7

TRACE ELEMENT CONCENTRATION I N  PPM 

2 5 0  2 3 7  1 1 6  1 2 1 1 7 1 203 1 5 0

Cr 72 1 1 3 50 2 61 32 75 67 91 57

Co 37 39 56 50 18 35 30 31 25

N i 51 4 9 65 1 0 8 2 1 123 14 53 23

Rb 63 61 20 27 15 70 59 41 64

S r 55 7 56 7 4 1 7 20 8 684 3 6 5 4 0 2 4 7 3 4 4 0

y 32 36 27 27 14 18 26 25 24

Z r 1 0 8 1 2 5 1 2 1 89 35 84 11 6 52 3 7 6

Nb 9 10 19 8 10 7 9 10 9

Ba 8 9 2 9 2 5 3 5 7 2 4 2 4 0 1 4 5 3 7 7 9 3 4 0 7 1 5

0

MOLECULAR WEI GHT PERCENT NORMS 

3 . 9 0  7 . 8 5 9 . 3 3 1 1 . 0 1 8 . 0 9 7 . 8 9

C - - - - - - - - - -

Or 1 0 . 1 8 1 0 . 5 3 4 . 6 5 5 . 8 1 4 . 3 9 9 . 2 2 5 . 6 3 1 0 . 1 4 6 . 4 1 1 0 . 6 9

Ab 1 8 . 7 7 1 8 . 0 9 3 6 . 2 6 2 5 . 5 0 3 7 . 1 8 2 5 . 3 6 2 9 . 3 0 2 4 . 1 1 3 1 . 4 4 3 0 . 2 4

An 2 8 . 3 8 2 8 . 5 1 2 0 . 5 0 2 4 . 7 0 3 7 . 0 6 2 9 . 2 3 3 0 . 2 8 2 7 . 5 4 2 8 . 7 5 2 7 . 4 3

Ne - - - - - - - - - -

Di 1 1 . 6 9 1 0 . 5 7 6 . 8 3 9 . 0 8 0 . 0 7 4 . 1 7 3 . 1 8 1 . 3 4 3 . 0 2 0 . 2 6

Hb 6 . 7 8 6 . 6 7 4 . 4 9 6 . 6 2 0 . 0 3 1 . 5 0 1 . 6 1 1 . 2 1 1 . 4 4 0 . 2 4

En 9 . 0 1 1 0 . 6 2 2 . 4 1 1 1 . 5 1 7 . 6 3 1 4 . 0 8 7 . 7 7 7 . 8 8 8 . 3 7 7 . 5 8

Ps 5 . 9 9 7 . 6 9 1 .  59 9 . 6 2 3 . 4 3 5 . 0 7 4 .  S3 8 . 2 0 4 . 5 7 7 . 9 6

Fo 1 . 4 3 0 . 2 3 1 0 . 3 0 0 . 7 2 - - - - - -

Pa 1 . 0 5 0 . 1 8 6 . 7 7 0 .  66 - - - - - -

Mt 3 . 8 2 3 . 8 7 3 . 3 4 3 . 6 5 3 . 2 4 2 . 3 2 4 . 4 6 4 . 6 0 4 . 2 7 4 . 1 6

Hm - - - - - - - - - -

11 2 . 1 3 2 . 1 9 2 . 3 3 1 . 9 0 2 . 2 1 0 . 9 9 2 . 9 8 3 . 1 5 2 . 7 3 2 . 5 8

0 . 7 8 0 . 8 5 2 . 5 3 0 . 2 4 0 . 8 5 0 . 2 1 0 . 9 4 0 . 2 2 0 . 9 2 0 . 9 7

F i n e  g r a i n e d  r o c k
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Table 5.1 (cont'd).

D i o r i t i c  Ro c k s
Ro c k Q u a r t z

T v o e Q u a r t z D i o r i t e ( c o n t ' d ) M o n z o d  i o r i t e T o n a l i t e

S a m p l e

No WB8 W116 W55 W129 W128 W 1 3 4 * W 1 5 3 * W35 W33
D r y  w t . %

S i O ; 5 6 .  62 5 6 . 5 4 5 7 . 5 9 6 0 . 0 7 6 0 . 4 0 6 0 . 4 4 5 7 . 9 0 6 1 . 9 9 6 6 . 1 7

A l j O j 1 7 . 2 2 1 6 . 2 9 1 5 . 9 7 1 6 . 2 8 1 6 . 0 2 1 5 . 0 6 1 6 . 2 3 1 6 . 8 5 1 5 . 8 7

8 . 4 8 1 1 . 2 1 7 . 5 7 8 . 1 4 8 . 2 8 7 . 5 2 9 . 4 7 7 . 2 6 5 . 1 4

MgO 3 . 8 7 3 . 3 2 5 . 4 2 2 .  9 5 2 .  70 3 .  64 3 . 7 8 2 . 3 2 1 . 7 9

CaO 7 . 1 2 6 . 2 1 6 . 9 4 5 . 3 0 5 . 0 9 5 . 1 8 6 . 0 5 4 . 0 0 4 . 2 3

NagO 3 . 3 4 3 . 0 0 2 . 8 7 3 . 3 9 3 .  6 2 4 . 5 4 3 .  84 4 . 6 0 4 .  57

KgO 1 . 0 5 1 . 3 5 2 . 1 5 2 . 5 5 2 . 7 1 2 . 4 6 1 . 3 0 1 . 5 4 1 . 2 6

T i O g 1 .  23 1 .  59 0 . 6 9 1 .  0 3 1 . 0 6 0 . 8 9 1 . 1 4 0 . 9 9 0 .  60

P2O5 0 . 3 1 0 . 3 3 0 . 0 8 0 . 1 8 0 . 1 8 0 . 1 6 0 . 1 7 0 . 3 0 0 . 3 0

MnO 0 . 1 2 0 . 1 7 0 . 1 4 0 . 1 0 0 . 1 2 0 . 1 1 0 . 1 3 0 . 1 5 0 . 0 6

TRACE ELEMENTS CONCENTRATION I N  PPM
V 1 7 7 10 0 1 3 5 1 4 0 1 4 0 1 5 6 7 5

C r 89 6 5 63 54 13 9 40 2 1

Co 27 35 22 25 26 69 11

N i 61 1 6 20 30 76 46 18

Rb 33 49 82 81 92 47 31

S r 4 5 5 321 3 4 6 3 54 29 9 3 1 2 2 6 9

Y 38 31 25 26 20 27 20

2 r 103 48 2 2 9 197 2 2 3 14 7 1 7 2

Nb 8 9 11 10 11 11 6

Ba 4 0 6 5 0 8 9 3 0 91 0 7 4 9 3 9 5 4 8 1

MOLECULAR WEI GHT PERCENT NORMS

Q 1 1 . 0 6 1 3 . 1 8 8 . 8 5 1 2 . 9 2 1 4 . 4 8 1 4 . 0 1 1 0 . 3 8 1 6 . 2 0 2 2 . 8 3

C - - - - - 4 . 0 3 - 1 . 0 6 -

Or 6 . 2 4 8 . 0 3 1 2 . 6 7 1 5 . 1 5 2 1 . 5 2 3 . 7 3 7 . 7 2 9 . 1 6 7 . 4 9

Ab 2 8 . 4 8 2 5 .  55 2 4 . 4 4 3 0 .  53 2 2 .  99 2 6 . 2 7 3 2 . 7 2 3 9 . 0 8 3 8 . 8 2

An

Ne

D i

2 9 . 0 7 2 7 . 2 4 2 4 . 5 6 2 0 . 9 2 2 0 . 9 3 2 8 . 1 1 2 3 . 3 7 1 8 . 0 0 1 9 . 0 9

2 . 3 0 0 . 7 2 5 . 2 8 1 . 5 9 1 . 5 2 - 2 . 7 9 - _

Hb 1 . 3 5 0 . 6 5 2 . 4 5 1 . 1 4 1 . 1 3 - 1 .  93 - -

En 8 . 6 3 8 . 0 1 1 1 . 1 3 6 . 4 1 6 . 0 7 5 . 9 4 8 . 1 8 5 . 8 0 4 . 4 7

Fs

Fo

5 .  83 8 . 2 9 5 . 9 3 5 . 2 5 5 . 2 0 9 . 2 4 6 . 5 0 4 . 4 7 2 . 4 0

Fa

Mt

Hm

11

3 . 9 8 4 . 5 1 3 . 1 9 3 . 7 3 4 . 2 7 4 . 6 4 3 . 8 5 3 . 6 4 3 . 0 6

2 . 3 5 3 . 0 4 1 . 3 2 2 . 0 2 2 . 7 3 3 . 2 0 2 . 1 8 1 . 9 0 1 . 1 5

A p 0 . 7 2 0 . 7 8 0 . 1 9 0 . 4 2 0 . 9 2 0 . 8 3 0 . 3 9 0 . 6 1 0 . 7 0

F i n e  g r a i n e d  r o c k
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159

G r a n i t i c  Ro c k s
R o c k

T y o e

G r a n o -

d i o r i t e G r a n i t e

S a m p l e

No W46 W142 W118 W121 W41A W408 W141 W55G
D r y  W t . %  

S i O g 6 7 . 0 9 7 1 . 0 8 7 1 . 2 3 7 1 . 5 2 7 1 . 9 8 7 2 . 1 2 7 2 . 1 4 7 2 . 2 8

A l g O g 1 5 . 9 6 1 4 . 9 0 1 4 . 5 5 1 5 . 0 0 1 4 . 7 2 1 4 . 5 0 1 4 . 1 3 1 4 . 4 1

S P e g O ] 4 . 5 9 3 . 0 0 3 . 5 1 2 . 3 7 2 . 7 6 2 . 6 0 3 . 0 7 2 . 7 0

MgO 1 .  51 0 .  68 0 . 7 6 0 . 8 1 0 . 4 2 0 . 5 6 0 . 6 7 0 . 5 1

CaO 2 . 8 8 1 . 9 7 1 . 9 2 2 . 0 3 1 . 6 9 1 . 4 8 1 . 7 7 1 . 6 7

NagO 3 . 4 7 3 . 7 6 3 . 5 6 3 . 5 9 3 . 7 3 3 . 8 5 3 . 3 4 3 . 6 5

KgO 3 . 7 5 4 . 0 8 4 . 3 7 4 . 1 4 4 . 1 9 4 . 4 2 4 . 3 6 4 . 3 0

T l O g 0 .  61 0 . 4 0 0 . 4 2 0 . 4 1 0 . 4 0 0 . 3 4 0 . 4 1 0 . 3 7

P g 05 0 . 1 4 0 . 0 8 0 . 0 8 0 . 0 8 0 . 0 7 0 . 0 6 0 . 0 8 0 . 0 7

MnO 0 . 0 6 0 . 0 5 0 . 0 5 0 . 0 4 0 . 0 4 0 . 0 5 0 . 0 5 0 . 0 4

V 53

TRACE ELEMENT CONCENTRATIONS I N  PPM 

29 25  2 5  20 16 27 21

C r 30 61 40 45 15 15 39 23

Co 10 4 5 4 4 5 6 1

N i 24 18 18 16 18 I B 13 15

Rb 93 1 3 5 153 1 4 0 1 6 3 2 0 2 10 9 1 6 1

S r 27 1 2 1 9 2 0 5 21 4 201 1 6 0 2 0 8 1 8 6

Y 29 17 20 19 20 25 11 7

Z r 26 6 1 5 9 1 6 7 1 5 3 1 6 1 1 5 4 16 7 123

Nb 13 9 4 10 9 13 5 8

Ba 990 8 1 9 72 8 7 2 9 7 3 9 6 3 8 86 7 644

Q 2 2 . 3 8

MOLECULAR WEIGHT 

2 8 . 6 4  2 8 . 4 8

PERCENT

2 9 . 5 0

NORMS

3 0 . 2 3 2 8 . 9 8 3 1 . 5 5 3 0 . 4 5

C 1 .  44 0 . 9 2 0 . 6 7 1 . 1 3 1 . 1 4 0 . 8 3 0 . 9 1 0 . 8 8

O r 2 2 . 4 1 2 4 . 1 3 2 5 . 7 8 2 4 . 4 6 2 4 . 8 0 2 6 . 1 6 2 5 . 7 8 2 5 . 4 4

Ab 3 1 . 4 9 3 1 . 8 3 3 0 . 0 2 3 0 . 3 7 3 1 .  55 3 2 . 6 4 2 8 . 2 6 3 0 . 9 5

An 1 3 . 5 1 9 . 2 4 8 . 9 6 9 . 5 6 7 . 9 6 6 . 9 5 8 . 2 2 7 . 8 3

Ne - - - - - - - -

D i - - - - - - - -

Hb - - - - - - - -

En 4 . 2 1 1 . 7 0 1 . 9 0 2 . 0 3 1 . 0 6 1 . 3 9 1 . 6 7 1 . 2 7

Fs 1 . 2 0 - 0 . 4 4 - - - - -

Fo - - - - - - - -

Fa - - - - - - - -

Mt 2 . 2 3 2 . 1 7 2 . 7 7 0 . 2 8 1 . 5 0 1 . 3 8 2 . 3 5 1 . 4 9

Hm - 0 . 4 1 - 1 . 7 2 0 . 8 6 0 . 8 9 0 . 2 9 0 . 8 4

11 0 . 8 5 0 . 7 7 0 . 7 9 0 . 7 8 0 . 7 5 0 . 6 4 0 . 7 7 0 . 7 0

A b 0 . 2 9 0 . 1 9 0 . 1 9 0 . 1 9 0 . 1 6 0 . 1 4 0 . 1 9 0 . 1 6
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Table 5.1 (cont'd).

Q u a rtz  H o n zo n ite  D ike
R o c k

T y p e Q u a r t z  M o n z o n i t e

S a m p l e

No W62 W51 W50 W60
D r y  W t . %  

S i 0 2 6 1 . 4 1 6 2 . 6 4 6 2 . 7 2 6 4 . 2 5

A I 2O3 1 8 . 1 6 1 8 . 0 4 1 8 .  51 1 4 . 7 4

S p e g O ] 5 . 5 4 5 . 1 7 4 . 5 7 6 . 1 8

MgO 1 .  03 0 . 3 9 0.88 0 . 7 4

CaO 1 . 7 4 1 . 5 6 2 . 1 3 2 . 0 7

Na gO 4 .  08 3 .  97 3 .  88 3 . 8 5

KgO 6 . 9 3 7 . 3 1 6 . 3 6 6 . 0 7

T i O g 0 .  84 0 . 68 0 . 7 0 0 . 7 9

P g 0 5 0 . 1 7 0.11 0 . 1 7 0 . 1 8

MnO 0 .12 0 . 1 3 0 . 0 9 0 . 1 3

V 0

TRACE ELEMENT CONCENTRATION I N  PPM

0 5 4

C r 32 10 9 44

Co 8 4 5 2

N i 14 10 8 8
Rb 70 73 10 4 8 7

S r 65 4 5 2 4 0 86
Y 21 17 33 23

Z r 1 0 2 5 9 0 0 7 7 6 1 2 0 4

Nb 7 6 14 7

Ba 382 1 9 3 2 5 2 5 4 7 5

Q 5 . 4 4

MOLECULAR WEI GHT PERCENT NORMS 

6 . 9 6 9 . 9 7 9 . 7 3

C 1 . 2 2 1 . 0 3 1 . 7 9 -

Or 4 1 . 0 5 4 3 . 3 2 3 7 . 6 7 4 1 . 9 7

Ab 3 4 . 6 1 3 3 . 6 9 3 2 . 8 8 3 2 . 7 0

An 7 . 5 1 7 . 0 2 9 . 4 7 2 . 0 5

Ne - - - -

D i - - - 2 . 2 5

Hb - - - 3 . 7 3

En 2 . 5 7 0 . 9 7 2 . 1 9 0 . 8 0

Fs 2 .  21 2 .  29 1 . 1 2 1 . 5 2

Fo - - - -

Fa - - - -

Mt 3 . 4 0 3 . 1 6 3 . 1 9 3 . 3 3

Hm - - - -

11 1 . 5 9 1 . 2 9 1 . 3 3 1 . 5 0

A p 0 . 4 0 0 . 2 6 0 . 4 0 0 . 4 2
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5.1 INNER GABBROIC SERIES

5.1.1 MAJOR ELEMENT VARIATIONS;

In the Inner Gabbroic Series the troctolite 
contains the highest contents of CaO together with 
high AI 2 O 3 and MgO (Table 5.2). Fractionation of 
plagioclase and olivine controls the chemistry of the 
rock. The CaO and AI 2 O 3 are essentially concentrated 
in the plagioclase. Olivine contains almost all of 
the MgO. Most of the iron oxide and Ti0 2  are con
tained by titaniferous magnetite, though some of the 
iron (in the ferrous state) has probably entered the 
fayalitic molecule of the olivine.

The olivine gabbronorite has the highest iron 
oxide and MgO, The rock has lower values for CaO, 
A I 2 O 3 , and MgO. Although most of the iron oxide is 
concentrated in titaniferous magnetite, some of it 
must be contained in the olivine and pyroxenes. The 
clinopyroxene, a new cumulative phase in this rock, 
and orthopyroxene, an intercumulus phase, exert some 
control over the CaO, MgO and iron oxide contents.

The amphibole olivine gabbronorite is characterized 
by high MgO, CaO, iron oxide and AI 2 O 3 . Cumulus 
plagioclase, olivine, clinopyroxene, and intercumulus

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



164

hdHQ)•pc5
0Uc
0)
wQ)a>1H)
uoH
W3
0•Hkro>

*
0 X

0)C iHO cu•H E-P o•H oWO Q)
E fCOU

(0rH EfO fOo Cr*•H CÜE 4JQJ•HÆ EÜ f3oOJCn CDfd x:p0)> c
< •H
rn
IT)

Q)rH►Q
g

<N pH <N m VO fN os tN 1 m VO V .H PN m VO fN0) <N o GO o fN O fN o V in fN r- osto to .0) V O o O O o o o 1 m m V © <N fN VO fN m 1
c to ©

o a ito E f
0> AJ (Z
*3 u to (N VO V N Cl O m m m r~ i © © o © o © o © © ©C 0 O m CM O fN OS m m (N © t m © o m m © m © in m !< c «N IX

< r~ rsi OV O o © 1 © in © OS V © m ;in fN m V N in

oc
LU
CO

1I
cd

too
m4

I*(0(0

o CO r~ m CO 00 in in m os o m m o P~ © © OS
os o in PO in m o os o  ! fN in CO os fN © in m OS fN

»
<N fN o © © o ©

°
OSin V

© V m oin
«H

-H ©
Os

PN in © © fN V © © © m 1 © o © o © O o o © oin © © PN fN © m r~ © rs m © © o m
•

os
V

os © in os O o O !
1

m
r*

or* os
m

OSV
© P»

V
OS ©

V © © © © © in PN © © © © in fN 'N r* in !m © pn © o © m © PN PN Os © in PN © P- ©
o> CO to .
j j (N PN m © © © © © © PN © m PN PN #4 r*

Q) to OS © m
u 0) fN
0 o,c E %
0 (C s
Li Os PN © © © o •H © in fc in m O in © © in in m in
£i © «H © m m r~ to r» m r* in o PN PN PN PN
£l © IX

P~ PN © © PN o © © V © fN © © © o
6 V oV PN in ©

in fN

Os P~ m © <T> PN © o V © pn © ©V os © © OS m © o m © © os m ©
O <D to

4J PN © O •H © © O o © o © m m © PN © o ©o to © in in ©
Li 0) PN0 0

pO c a
0 E

pC u «5 *—( © © mr © P** r-x © © © o © © © © © © oÛ4 .a to m m © © © in © in O in in m o m in
E a IX .
< <0 PN © © o o © o © © © os o os m © © p-

PN m ©-H in
pn

© PN o
(N

P~» © m m PN PN fN m © ## o o o © in
© © PN PN OS pn o © © r*- in o in PN in o PN ©

0) to
fN fN O © o © o © Os ps. o o © OS m in

to r* © PN PN m
0) u 0) fN
c o

.c a
> o E

Li © © © r» PN in in O m in © in m m © in o
£i to o © © OS o PN Os © in PN fN o fX" PN PN in PN ITS,o Xi IX
(0 V © PN © os PN © c o © © o O o m cÜ V m

fN
O
PN

©
PN

PN
in

©
m PN V © PN © o m

0) © © PN OS m © o © PN PN © f~" o r- Os4J to to fN o O O © o o0) PN V o V © PN o c © VF«N o © O © © © o o © ©
0 a
4J EÜ fO
0 CQ
Li m © O Os © © m r~ PN » c O © © © © © o ©
E- fN © fn PN PN PN © o 1 in o in © o m m o m in

IX •

: m
PN

m
r-«*

mO
© o PN O © © © V

m
PN
V ©

©
in

V m©
©

o o PN

Mi 0) fN O PN o PN xn ! rV a dfi o PN Cl o O fN O o C O &
0 >S àJ Cu OS <z n PN PN c a Li 0 Û

u Li TJ
© E-» 3 tn < w £ z Cu £ I Hi-» > V u > >3 Z a

>0)
■2 

c 1
«3 <0
0> 4.1
E cn

tx »

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



165

T3
+J
§u
rn
LTl
0)iH
fOEh

C3CC

g

C/5w
§
ca
ca

r~ o r~ CO PS VO PS in © OV pn © © in TP TP m  !
o rp in © © in © © ^4 PS ©

01 0) to
4J m V o o O o o o m © © © © ©  '

S- r~ PS m tt j
U E #4
0 m(n 1
a O o> V CO m pn PS m m V o o o o © o o © o om CO in m in VO o PS m r- o p** o o O  ;

IX •PM r- o in pn © © PS PS © © in © © © rs pn
© xn m © pn ©

V
© ©

V
PS Ov CD CO CD PS o OV •M p^ PS PS ■H

o o PS in o o © o OV 4J» © © © r~
to

0) o o o O o o o o o © 00 r* PS o pn
T3 w PS PS
C 0 Of
0) u #4

a
a E

C A3
u U tn xn VD m o VO m pn xn CO o o o © © o o © o ©
o r* «T in pn #4 o © o © o o © in in ©es IX

o m o VO o <N O © CO PS CD © PS PS TP © © ©
xn m4 -4 OV

PS
OV in © ©

in
pn

i-4
©
©

CO o V o> m OV in r~ o r- in •n © © PS
fS PS CD n* in in © © OV o © © in PS ©

to PS O o o o o © o œ © sr rs © m
01 CO m PS rs V
c Of Of PS
o 4J
X a
0 Ü E
u 0 o\ r- in m 00 PS V r*» © © © © © o o © © ©
ÊT 3 to

IX
r* m o O V PS m o © © o o © © © in
o VO in OV m o © in © © V r* in p-> ©
xn

PS
V © PS V

©
pn © m

©

CO 00 4T (N VO o CD VO pH © CO m m in rs ©
<N #"4 o m VO PS PS in o PS © in © V © © PS

Of CO
JJ fS m o c o o o o © m r* © in © ©

0) to pn © © ©
u Of

0 0
a

0 E
u <T5 CD ^4 r~ m CD VO © © r*̂ o © pn © pn ©

a a (0 xn V CD VO OV m m rs in © o in pn © m in ©IX
« VD o> PS in Cs PS o o © © © in © © es © V
u : pn

m
© ««T

©
m in

m
pn VO o in r~ PS

1 r~" CO CO rs r~ in CO GO ©
0) to 1 1 1 1 1 1 1 I 1 1
jj (0 fS o es O o o O o
•H 0)
L,
o Oi
c E
0 A3
L, CO 1 o> VO m pn V VO OV r* © o © o © O © o © ©
JD PO in OV PS m r- in o o © o © o o © © o
a m IX 1
A3 VO VO VO o rs o o © xn m PS CD PS © r~ © © in
c 1 TP #4 o

m
m pn V

r~
V •H PS

m
i m PS PS o V r* in vO •H #4 pn CD V © m PS ©

1 V OV pn OV o in © © V © © V © © © PS
to1to o PS o o o o © © o © pn © © o PS o PS ©

0 PS PS r*-
0) #4 «H
4J a
u
0 to ! V VO CD Cv o OV OV © © o © © © © © © o ©
2 ! 0% mn PS o V CD o in m © © © xn © in o ©

<N IX 1
I in

VO

c

P^ CD PS o O © ©
1 i
1 PS

CO
© in

©
©

© ©
©
V

© xn in ©
©
PS

o rs o fS O PS in
0 a OP O PS Of O O rs o O O O X
0 4J C&Ë tr <D A3 N rs c £ u 0 a u u a 13
cc E-> 3 to < w Z U Z txS gM Oé £ Û- > u u Z H to >4 N z a

c0

>o'D
ü(0

c  'cA3 O 0) ̂  
E  W

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



166

y
•u

§o
m
LOeu
r-i
Si
s

g

o

m r~ r»> O o n* fN fN r* © fN PN © fN OV0> vO <N fN 'fl* c o O \o #"4 m CD m OV © © ©w ♦N a o O O O o o o © fN r~ fN fN in CO © fN m m
c E CO CO ©

U o ra ©(0 N (0
5 c0z V IK in VD VO m V V in #4 in m in © o o o in © inr~ CO ON OV r~ fN r- r~ © m o in PN m p*»

fS in o m VD o d o fN m V O m ON m © © mVO (N © © fN n* ©ON ©
CO ON r~ ON VO fN o o On ON r- CO fN CO © ©V CM m o o o V o m OV CO © © ©tow o o o o o o O o o o V r~ •H 00 o © m m mo; o fN PN ©

CLc Era ra
w cno VO o in CD VO ON r~ V ' œ o V r- in © o in ©r- VO CD VO VO fN o o rsi o •4 in CO O © CO fN p**1 X V fN o m V o o o ! ^ V © © r» V © r*f-' i m in OV -H in mI -4 n-

CSlo

0 a © © o © © © © © O o © © o © © © ©£ O ON © © © r~ © © © © © © o © o © © ©ra0 in m4 PN fn © O © pn o © 41 © © ©© © fN © r- PN © ©
ra PN PN ©
Ü

in a \ O r~ © © r~ © ©OV © © m o PN © ©tn 1tn fN © © o o © © o ©
o 0) Cl

a ac Era ra rac tn © m © © •H m o © © o tn C © © © o © © © o o0 o PN © 4̂ © r~ fN C © © © © © o O o oH fN IX
© © fN •H o © © © œ © © PN ©© •H PN 41 © fN r~ COPN V

© m O © © © CD © CO © CO ©fN © V © © © © o © o CD © © CO o PN o ©0) cn4J o © O © o © © © © o fN © PN © © © 41 o ©••4 tn V PN fN ©N u oJJ 0U Ù4ra T E3 O ra © © © PN © r~ o rv m pn o © O © © mO N in m r- © © ;-4 © © © #4 m m o © o © © mC IK0 m O m © m © m fN © o o œ © V PN © 41 41 © o mz © CO fN 4P CO m PN *4 ©m fN CD

in © r» © V © PN © r~ V œ © © © © PNOn r** 4T © m 4T fn © © PN CD © © PN CO © r~ PNtn U)0) 0) O © © © © © © © © tn c © 41 PN © © © ©N i ^ PN © ©JJ a ' i-iU u E 1ra 0 ra ! E3 tn rao a PN o o © m © PN tn © o O © © O © O © ©r~ O © © © © fN V f̂ 41 PN CO © PN PN CO CD © ©IK\ ! ^© © m © © o 41 © 41 © © CD CO © ©1 m m4 © r * PN 41 fN1 V ©m
% m O

u fvl o fN o nj ©
o dP o PN 0) O o fN O O o o ! ^0 Jj **4 CL, © ra ra fN PN c u 0 Ü u raK 3 W < wl S V z L: H Oé s c- > u a w > Z a

m
; Z)

(X

>i»

(T

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



167

orthopyroxene and amphibole control the bulk of the 
above elements. The amphibole and phlogopite should 
contain K 2 O and part of the MgO.

The gabbronorite contains high amounts of CaO, 
iron oxide and AI 2 O 3 « The MgO is low in comparison to 
the olivine gabbronorite. Again plagioclase controls 
most of the CaO and AI 2 O 3 while clinopyroxene and 
orthopyroxene contain MgO, a part of the CaO and iron 
oxide. The Ti0 2  and a part of the iron oxide has 
entered the titaniferous magnetite.

The norite shows a marked decrease in the MgO, 
iron oxide, AI 2 O 3 and CaO, compared to the gabbrono
rite. This is probably due to decrease and disappear
ance of the clinopyroxene in the norite rock. Most of 
the CaO, AI 2 O 3 f and all of the N a 2 ^ is probably 
controled by the cumulus plagioclase while MgO and a 
part of iron oxide is controled by the orthopyroxene. 
The Ti0 2  (x 1.66%) and left over iron oxide is 
contained in titaniferous magnetite.

The andesine anorthosite contains the highest 
^^2^3 ̂ high CaO and N a 2 0  which are controlled by 
plagioclase. The orthopyroxene controls the MgO and 
part of the iron oxide. The bulk of the iron oxide 
and Ti0 2  is contained in titaniferous magnetite.
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The inner gabbroic series show a successive 
general increase in Si0 2  with each rock type from 
toctolite to andesine anorthosite.

5.1.2 TRACE ELEMENT VARIATIONS;

The distribution of trace elements in the 
cumulate rocks depends on the independent behavior of 
the individual elements, whether compatible or incom
patible , during fractionation. The compatible ele
ments concentrate in the cumulus phases while the 
incompatible ones are segregated in the liquid and are 
concentrated in the intercumulate phases or last dif
ferentiates of the magma.

The troctolite in the inner gabbroic series, 
contains high Sr and low Ba. The Sr"**̂  and com
monly substitute for Ca in the plagioclase framework 
and are controlled by the crystallization of plagio
clase. Troctolite has comparatively low Ni, Co and 
Cr. These elements. Ni, Co, and Cr substitute for Fe 
in the olivine structure. The titaniferous magnetite 
contains V and part of the Cr where they probably 
substitute for Fe**'̂ ,

In the olivine gabbronorite Sr decreases while 
Ba, Co, Cr and V show a rapid increase. The slight
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decrease in Sr can be related to the modal decrease in 
plagioclase. The increase in the Ni, Co, Cr and V is 
probably due to an increase in the modal olivine and 
titaniferous magnetite.

The amphibole olivine gabbronorite contains the 
lowest Sr but the highest Ni in comparison to the 
other rocks of the inner gabbroic series. There is a 
decrease in the amount of Cr and an increase in the Ba
and Co. Modal abundances of the respective host
mineral phases control the concentrations of these 
elements. The increase in Zr could be related to the 
modal abundances of both intercumulus amphibole and 
phlogopite.

The gabbronorite contains high amounts of Cr and 
V which relate directly to an increase in iron oxide 
and modal titaniferous magetite. There is a marked 
increase in Ba which could be related to a modal
increase in plagioclase. Both Ni and Co show a sudden
decrease due to the disappearance of olivine.

The trace elements show a further decrease in the 
norite except for Sr and B a . The decrease could be 
related to the decrease and disappearance of clino
pyroxene .

The andesine anorthosite contains the highest 
amounts of Sr and Ba which relate directly to modal
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abundance of plagioclase. There is a further decrease 
in the other trace elements due to the decrease and 
then disappearance of modal orthopyroxene.

5.2 OUTER GABBROIC SERIES

5.2.1 MAJOR ELEMENT VARIATIONS;

In the outer gabbroic series, the norite has high 
MgO, AI 2 O 3 / iron oxide and CaO. The Na 2 0  and Ti0 2  are 
low. Cumulate plagioclase controls most of CaO,
AI 2 O 3 , and Na 2 0 . Orthopyroxene contains MgO and some 
of the Iron oxide while the bulk of the latter, 
together with Ti0 2 , is concentrated in titaniferous 
magnetite.

The gabbronorite contains the highest amounts of 
CaO, iron oxide and Ti0 2 « It also has a high AI 2 O 3 / 
MgO and Na 2 0  though some of the CaO and AI 2 O 3 is 
shared by the clinopyroxene. Orthopyroxene together 
with clinopyroxene controls MgO and a part of iron 
oxide. The rest of the iron oxide and Ti0 2  are 
concentrated in titaniferous magnetite.

The amphibole gabbronorite is characterized by 
high A I 2 O 3 , iron oxide, CaO, N a 2 0  and Ti0 2 . Plagio
clase contains most of the CaO, N a 2 0  and AI 2 O 3 «
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Pyroxenes and amphibole control the MgO, iron oxide 
and probably a part of CaO, AI 2 O 3 and Na 2 0 , Amphibole 
and phlogopite contain all the K 2 O. Ti0 2  and iron 
oxide are concentrated in titaniferous magnetite.

The pyroxene diorite is somewhat similar to 
amphibole gabbronorite in chemical composition. It is 
slightly low in iron oxide, A I 2 O 3 f MgO and CaO, but 
shows marked increase in Na 2 Û, K 2 O and Ti0 2  in compar
ison to the amphibole gabbronorite. The mineralogical 
control over chemistry is similar to the amphibole 
gabbronorite.

5.2.2 TRACE ELEMENT VARIATIONS;

The trace element abundances in the outer 
gabbroic series also vary with the modal abundances of 
cumulus phases. The norite contains high S r , B a , Cr 
and V. Sr and Ba substitute for Ca in plagioclase. 
Titaniferous magnetite controls V and probably a part 
of Cr. Low amounts of Ni and Co should be concen
trated in the pyroxenes.

The gabbronorite has comparatively higher amounts 
of S r , Ba and V but low amounts of Cr, Co and Ni. The 
observed trends are due to high modal plagioclase, 
titaniferous magnetite and low modal pyroxenes.
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The amphibole gabbronorite is characterized by a 
further increase in Sr and Ba in comparison to norite. 
The rock shows a marked decrease in Cr but only a 
slight decrease in Co, Ni and V. There is a marked
increase in Rb, Y, Zr and Nb in this rock.

The pyroxene diorite shows a further increase or 
decrease in trace elements similar to the amphibole 
gabbronorite except for Ni and Sr. Distribution of 
S r , B a , V, Cr, Ni and Co in the cumulate mineral 
phases is similar to that observed in the norite. The 
increase in Y, Zr and Nb is related to a corresponding 
increase in intercumulus phases, the amphibole and 
phlogopite.

5.3 DIORITIC ROCKS

The dioritic rocks show roughly continous system
atic variations in chemistry. In major elements the 
hornblende gabbro contains the highest amounts of CaO, 
MgO, ^^2*^3 ' Ti0 2  and MnO. Silica, AI 2 O 3 , Na 2 0  and
K 2 O are the lowest of the dioritic rocks.

The diorite shows a decrease in Ca, MgO, ^^2^3f 
Ti0 2 f MnO and an increase in silica, AI 2 O 3 and N a 2 0 « 
Instead of increasing, K 2 O shows a considerable 
decrease.
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There is a further decrease in CaO, MgO, Fe 2 0 3  

and MnO in the quartz diorite, but Si0 2 , AI 2 O 3 y Na 2 0 , 
K 2 O and Ti0 2  show an increase. Similar trends are 
noted in the tonalité.

The hornblende gabbro is characterized by the 
highest content of V, Cr, Co, Rb, Sr, Ba and Y. There 
is a general decrease in V, Co and Sr from hornblende 
gabbro, through diorite and quartz diorite to 
tonalité.

Quartz diorite is enriched in Cr, Rb, Y, and Z r , 
but depleted in Ni and Nb in comparison to diorite.
The tonalité is characterized by the lowest amounts of 
Cr, Rb, Y, Nb and B a , except for Zr which is the 
highest in the doritic rocks.

The quartz monzodiorite of the northern satel- 
litic intrusion is intermediate in chemical composi
tion between the quartz diorite and tonalité of the 
main complex but has a distinctive, very high K 2 O 
content. The rock also shows a relative enrichment in 
Ba, Zr and Rb.

The fine-grained equivalent of diorite (W132) is 
poor in Si0 2 , A I 2 O 3 / Na 2 Û and MnO but contains higher 
amounts of Fe 2 O 3 f MgO, CaO and Ti0 2  compared to 
diorite. The rock contains more mafic minerals than 
is general for the dioritic rocks.
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The fine-grained equivalent of the tonalité 
(W153) of the southern satellitic intrusion is similar 
to the quartz diorite in chemistry rather than the 
tonalité. However, it does contain less CaO and more 
N a 2 0 .

5.4 GRANITIC ROCKS

In the granitic rocks the granodiorite is charac
terized by higher CaO, Fe 2 0 3 , MgO, AI 2 O 3 and Ti0 2 , 
but contains lower 8 1 0 3 / N a 2 0  and K 2 O in comparison to 
granite. The latter contains a significantly higher 
amount of Si0 2 / and a slightly higher N a 2 0  and K 2 O 
content.A decrease is shown by ^0 3 0 3 , MgO, CaO and 
Ti 0 2  in granite.

There is a general decrease in all the trace 
elements from granod iorite to granite except for Rb 
which shows a marked increase. Ni is approximately 
constant in both granodiorite and granite.

5.5 QUARTZ MONZONITE

The quartz monzonite is characterized by low 
3 1 0 3 , high AI 2 O 3 , and markedly higher amounts of 
^®2®3 K 2 O relative to the granitic rocks. In

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



175

Figure 5.1 Plot of various oxides and indices vs 
differentiation index.

THE -INNER GABBROIC SERIES 
(*) Troctolite 
( ♦ ) Olivine gabbronorite 
( T ) Amphibole olivine gabbronorite 
( ■ ) Gabbronorite 
( A ) Norite
(*) Andesine anorthosite

THE OUTER GABBROIC SERIES
( A ) Norite 
( V ) Gabbronorite 
(O ) Amphibole gabbronorite 
( D ) Pyroxene diorite

THE DIORITIC ROCKS
(#) Hornblende gabbro 
(0)) Diorite 
(©) Quartz diorite 
(O) Quartz monzodiorite 
((•)) Tonalité

THE GRANITIC ROCKS
(*) Granodiorite 
(+) Granite

( jt ) Quartz monzonite 

Arrows point to fine-grained rocks
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trace elements it has a quite distinct low Sr and very 
high Zr contents.

5.6 GENERAL CHEMICAL VARATIONS IN ROCK GROUPS

The major element chemistry and abundances of 
trace elements, as observed in the inner gabbroic 
rocks, varies with the modal abundances of the cumulus 
phases. The overall chemical trend is from highly 
magnesian basic rocks to intermediate anorthositic 
rocks, low in MgO and rich in N a 2 Û and AI 2 O 3 . Plots_ 
of various oxides versus calculated indices reveal 
more or less systematic relationships. With an 
increasing differentiation index (normative % Q + Ab + 
Or + Ne + Kp + Lc, Figure 5.1) there is a general 
decrease in MgO, PG 2 O 3 , CaO, Ti0 2  and an increase in 
Si0 2  f AI 2 O 3 / Na 2 0 / the ferlsic index ( (Na + K) 100/Ca + 
Na + K) and the mafic index ((Fe + Mn) 100/Fe + Mn + 
Mg). Silica, AI 2 O 3 / Na 2 0 , mafic index (M.I.), and 
felsic index (F.I.) increase as MgO and CaO decrease 
with the decreasing solidification index (MgO x 
lOO/MgO + FegO^ + FeO + NaO + K 2 O) (Figure 5.2)).

Ti0 2  show an early increase and then a rapid 
decrease with the decreasing solidification index 
(S.I.).
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Figure 5.2 The plots of various oxides and indices vs 
solidification index (symbols same as in 
figure 5.1).
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Figure 5.2 (cont'd).
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Figure 5.2 (cont'd).
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Trace elements also show a strong relationship 
with the cumulus phases and their modal abundances:
Ni, Co, Cr show a rapid decrease, V, Ti increase and 
then rapidly decrease with the increasing N.I.
(Figure 5.3). There exists a strong positive 
relationship between Sr and CaO (Figure 5.4).

The inner gabbroic rocks (except for amphibole 
olivine gabbronorite) have a very low level of LIL 
(large-ion-1ithophiles i.e. K, Rb, Ba) and other 
incompatible elements (Ti, Zr, Nb, Y ) . This is 
consistent with the pétrographie observations that the 
cumulates contain very little intercumuls material. 
Flat patterns are seen for Rb, Zr, Y and Nb when 
plotted against the F.I., except for Ba which shows a 
slight increase (Figure 5.5).

The major and trace element abundances in the 
outer gabbroic series also vary with the modal 
abundances of cumulus phases. Concentrations of Si0 2 , 
N a 2 0 f the N.I. and F.I. increase as Fe 2 O 3 f CaO, and 
MgO decrease with progressive increase in the D.I. 
(Figure 5.1). Concentrations of CaO and MgO decrease 
as Si0 2 , N a 2 0 , Fe 2 0 g, Ti0 2 , the N.I. and F.I. 
increase with the decreasing S.I. (Figure 5.2). A 
flat pattern is observed for AI 2 O 3 when plotted 
against both the D.I. and S.I.
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Figure 5.3 Plots of Co, Cr, V, Ni, and Ti vs mafic 
index (symbols same as in figure 5.1).
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Figure 5.3 (cont'd).
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In trace elements. Ni and Co have a constant 
level; V and Ti0 2  increase as Cr decreases with the 
progressive increase in M.I. (Figure 5.3), Concentra
tions of Nb, Y, Zr and Ba increase rapidly; Rb shows a 
slight increase and Sr decreases with increasing F.I. 
(Figure 5.5). Similar to the inner gabbroic series,
Sr and CaO in the outer gabbroic series also show a 
positive relationship (Figure 5.5).

In the dioritic rocks, Si0 2 r N a 2 0 r K 2 O, the F.I. 
and M.I. increase as AI 2 O 3 , CaO, Fe 2 Û 3 , MgO and Ti0 2  

decrease with the increasing D.I. and decreasing S.I. 
(Figures 5.1 and 5.2). Similar relationships are 
revealed when various oxides are plotted against the 
D.I. and S.I. in the granitic rocks (Figures 5.1 and 
5.2) .

In trace elements. Ni, Co, Cr, V and Sr all show 
a decrease with an increasing M.I. of both dioritic 
and granitic rocks (Figure 5.3). Concentrations of 
Nb, Z r , Rb and Ba increase and of Y and Sr decrease 
with the increasing M.I. of the dioritic rocks. In 
the granitic rocks, however, Nb, Y, Z r , Sr and Ba 
decrease while Rb increases with an increasing F.I.
(Figure 5.4.).

The concentrations of Si0 2 , Fe 2 Û 3 , Ti0 2 , Na 2 0 , 
K 2 O, the F.I. and M.I. in the quartz monzonite
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Figure 5.5 Plots of Rb, Ba, Sr, Y, Nb, and Zr vs 
felsic index.
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increase as AI 2 O 3 f CaO and MgO decrease with the 
increasing D.I. Also the major elements, when plotted 
against the S.I., show a trend similar to that of 
granitic rocks (Figures 5.1 and 5.2). Concentrations 
of Ni, V, Cr, Sr, and Ti 0 2  plotted against the M.I. 
show almost a flat pattern (Figure 5.3). Nb, Y and Ba 
decrease while Y and Rb increase with increasing F.I.
(Figure 5.4).

5.7 OVERALL CHEMICAL VARIATIONS IN THE COMPLEX

In the overall chemistry of the complex, Si0 2 , 
N a 2 0  and K 2 O increase as MgO, CaO, F e 2 C>3 f Ti0 2 » and 
A I 2 O 3 decrease with the increasing D.I. and increasing 
S.I. (Figures 5.1 and 5.2). There is a strong overlap 
between various rock groups except for the quartz 
monzonite where concentrations of Si0 2 f AI 2 O 3 , Fe 2 ^ 3  y 
K 2 O, and Ti0 2  do not fit in the general sequence of 
variations.

Plots of Ni, Co, Cr and V show a successive and 
rapid decease in each rock group with the increasing 
M.I. (Figure 5.3). There is a continuous increase in 
the concentrations of Ba and Rb with the increasing 
F.I., except for the quartz monzonite (Figure 5.5). A 
similar successive increase is noticed in Z r , Nb, and
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Y in the basic and intermediate rocks when plotted 
against the F.I. However, in the granitic rocks, 
these elements decrease except for Zr which increases. 
The Zr is exceptionally high in the quartz monzonite 
(Figure 5.5).

The LIL (Rb, Ba) and other incompatible trace 
elements (Nb, Y, Zr) in the quartz monzonite signifi
cantly differ in behavior when compared to their more 
or less continuous variation in the other basic to 
acidic rock groups of the complex. These, together 
with the major element differences noted above, 
indicate that the quartz monzonite is different from 
and not related chemically to the other, overlapping 
rock groups.

The behaviour of major and trace elements in the 
Gamitagama Lake Complex is of the same general nature 
as is observed in other highly differentiated intru
sions, particularly the Guadalupe Igneous Complex of 
California (Best, 1963).
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CHAPTER 6

PETROGENESIS

One big problem which arises when dealing with 
diffentiated suites is determining nature and composi
tion of parent magma. In instances where homogeneous 
chilled margins exist, the problem is greatly dimin
ished. As previously discussed, the chill margins 
were not observed in the field for the inner gabbroic 
or the outer gabbroic series. The fine-grain por- 
phyritic rocks, intrusive in the inner as well as 
outer gabbroic series represents the*last intrusive 
phase of gabbroic nature.

Another common problem of many composite plutons 
containing several intrusive phases is whether such 
intrusions have been formed from a single parent 
magma. To understand whether such a relationship 
exists in the different intrusive phases of the 
Gamitagama Lake Complex, an attempt has been made to 
evaluate the nature and physical conditions of 
crystallization (pressure and temperature) in the 
light of its mineralogical, chemical and field 
characteristics.
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6.1 MINERALOGICAL FEATURES

The absence of sodic pyroxenes and amphiboles in 
rocks of the Gamitagama Lake Complex preclude the 
alkaline basaltic magma parentage.

Apart from other physical and chemical character
istics crystallization of orthopyroxene (hypersthene; 
Kuno, 1950, 1959), hydrous silicates (amphibole and 
biotite; Best, 1963) abundance of plagioclase (Yoder, 
1969, Nishimori, 1976), and degree of iron enrichment 
(crystallization of magnetite; Kennedy, 1955; Kuno, 
1960) may control the differentiation trends in the 
sub-alkaline basatic magma.

6.1.1 SIGNIFICANCE OF ORTHOPYROXENE:

Kuno (1950,1959) classified sub-alkaline volcanic 
rocks into the hypersthenic and pigeonitic rock 
series. The former series contains both orthopyroxene 
and clinopyroxene in ground mass whereas in the latter 
both the pyroxenes are monoclinic (augite to ferroau- 
gite and pigeonite. He further emphasized that horn
blende and biotite is characteristic of hypersthenic 
series. Kuno (1959, 1968 a,b) regarded his hypers
thenic and pigeonitic series as representative of the
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calc-alkaline and tholeiitic volcanic rock suites 
respectively.

Kuno (1965), Best and Mercy (1967) suggested that 
the crystallization of hypersthene rather than pigeon
ite in the calc-alkaline magmas is due to elevated 
water pressure at the time of crystallization. Ele
vated water pressure depresses the pyroxene solvus 
such that pigeonite is precluded from crystallization 
(Muir, 1954; Best and Mercy, 1967).

In the Gamitagama Lake Complex, orthopyroxene 
(probably hypersthene) is a primary cumulus mineral in 
both the inner gabbroic series and the outer gabbroic 
series and crystallized directly from the parent 
liquids. Pigeonite or inverted pigeonite were not 
encountered.

6.1.2 ABUNDANCE OF PLAGIOCLASE

The general feldspathic nature of the gabbroic 
rocks in the Gamitagama Lake Complex and their high 
A I 2 O 3 and normative plagioclase contents indicate that 
their parent liquids were probably rich in alumina. 
Nishimori (1976), observing a similar feldspathic 
nature, proposed the high alumina basalt as parent 
magma for the gabbroic rocks of Peninsular Range of
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Southern California. Yoder (1969) after studying the 
system diopside-anorthite-water concluded that 
increase in water pressure can increase the amount of 
plagioclase crystallizing from magma. This partially 
explains the abundance of plagioclase as noted in the 
early and late differentiates of the inner gabbroic 
series. It also indicates that parent magma was 
probably rich in AI 2 O 3 . Many authors have recognized 
the high alumina nature of anorthositic rocks 
belonging to calc-alkaline suites (Hamilton, 1964; 
Taylor, 1969; Best 1969).

6.1.3 AMPHIBOLE AND PHLOGOPITE

The amphibole and phlogopite, as noted in petro
graphy, are intercumulus minerals in the inner 
gabbroic series and early stages of the outer gabbroic 
series. The amphibole starts as a primary phase in 
the outer gabbroic series and from there on continues 
as a primary phase in the dioritic and the granitic 
rocks. Similarly, phlogopite appears as a primary 
phase in the last stages of outer gabbroic rocks; 
biotite is a primary phase in the dioritic and the 
granitic rocks.
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Fine-grained rocks (W113 and W145) with por- 
phyritic amphibole and phlogopite crystals represent 
independent intrusive phases in the complex. Kuno 
(1950,1959) emphasized that hornblende and biotite 
phenocrysts are characteristic only of his hypers
thenic series (calc-alkaline series). Best (1963) 
suggested that the abundance of hydrous mineral in 
gabbroic rocks of the Guadalupe Complex indicate a 
high water pressure, and they are characteristic of 
calc-alkaline suites of rocks found in the orogenic 
zones.

6.1.4 MAGNETITE AND OXYGEN FUGACITY

Magnetite varies from 1% to 7% of the inner 
gabbroic series of the complex. Although one of the 
earliest fractionates in the inner gabbroic series, it 
always occupies the interstices between major phases. 
In the outer gabbroic series, it is more or less 
constant in volume and persists till last differen
tiates of the series. The dioritic and the granitic 
rock contain only minor (less than 1 volume percent) 
magnetite.

Osborn (1959, 1969) suggested that high constant 
oxygen fugacity in basaltic magmas would cause
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co-precipitation of magnetite + olivine + pyroxenes 
and would result in differentiation of the basalt to 
calcalkaline andésite.

Magnetite fractionation may be controlling 
process limiting iron enrichment in calc-alkaline 
magmas. Textural evidence indicate that magnetite is 
an early phase in calc-alkaline magmas (Garcia and 
Jacobson, 1979).

6.2 CHEMICAL FEATURES

6.2.1. MAJOR ELEMENT

Different rock groups in the Gamitagama Lake 
Complex show a steady increase in the Si0 2 f N a 2 0  and 
K 2 O. A plot of Si0 2  and alkalies shows a strong 
positive relationship between these elements. This 
trend is typical of calc-alkaline suites and is quite 
distinct than that of tholeiitic trend in which Si0 2  

content remains nearly constant or increases slightly 
(Kuno, 1959; Miyashiro, 1972 ; Wager and Brown, 1967). 
The calc-alkalic series show more rapid increases of 
Si0 2  Contents with fractional crystallization.

The degree of advance in the fractional crystal
lization of basaltic magma may be measured by increase
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in its FeO/MgO ratio (Total iron as F e O ; Kuno, 1973). 
The FeO/MgO ratio of residual magma increases in the 
early and middle stages of fractional crystallization 
in practically all igneous rocks series, but unlike 
the Skaergaard trend, the absolute Fe content of 
residual liquids decreases with increasing differen
tiation in the calc-alkaline trend. Rocks from the 
Gamitagama Lake Complex show a considerable scatter 
when their FeO/MgO ratio is plotted against FeO and 
Si0 2  (Figure 6.2), but most of the rocks occupy calc
alkaline fields (except those which contain abundant 
magnetite). A general increase in Si0 2  and a rapid 
decrease in FeO in various rock groups with increasing 
FeO/MgO are evident from these plots.

The AFM diagram (Figure 6.3) shows an early 
increase in FeO/MgO ratio due to iron enrichment in 
the inner gabbroic series and in the outer gabbroic 
series. The trend of the inner gabbroic series 
approximately overlaps the boundary between the 
tholeiitic and calc-alkaline fields; the outer gab
broic series and dioritic rocks are within the calc
alkaline field. The Gamitagama Lake Complex is 
slightly more enriched in iron compared to the 
Guadalupe Complex, and like other highly differen
tiated intrustions, shows extreme variation in felsic
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index (Figure 6.4). The N& 2 0  - K 2 O - CaO plot shows a 
typical of calc-alkaline trend. There is a successive 
increase in K 2 O + N a 2 0  emphasized by (Figure 6.5), 
with each intrusive phase from the inner gabbroic 
series to granite starts to crystallize and then drop 
rapidly. The soda/potash ratio maintains a relatively 
high level until granite starts to crystallize and 
then drop rapidly. This is related to initial low 
level of potash in the original liquids.

6.2.2 TRACE ELEMENTS

In trace element behavior the Gamitagama Lake 
Complex is similar in nature to other highly differen
tiated calc-alkaline plutonic volcanic suites. The 
inner gabbroic series in the complex shows a rapid 
decrease in Ni, Co and Cr. These elements are compar
atively low in the outer gabbroic rocks where they 
show a further decrease. Ti and V show an increase
and then a rapid decrease in the inner as well as in
the outer gabbroic series. The decrease in Ni, Co and 
Cr indicate fractionation of olivine and pyroxene.
The depletion of V and Ti in the middle stages is due
to fractionation of titaniferous magnetite. The
systematic successive depletion of these elements in 
the outer gabbroic series, in the dioritic rocks and
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Figure 6.3 AFM diagram showing chemical trends of 
of plutonic rocks from the Gamitagama 
Lake Complex and calc-alkaline suites of 
Guadalupe and Idaho, Southern California.

P— P Pinensular Range Gabbro (Nishimori,1976).
1 Solid circles : Inner gabbroic series.
2 Solid Triangles: Outer gabbroic series.
3 Solid squares : Dioritic rocks.
4 Open Triangles: Granitic rocks.
5 Open Circles : Quartz monzonite.
Arrows refer to fine grained rocks.

Figure 6.4 Plot of felsic index vs mafic index.
1. Inner gabbroic series.
2. Outer gabbroic series.
3. Dioritic rocks.
4. Granitic rocks. '
5. quartz monzonite.

The Skaergaard and Guadalupe trens are marked 
in broken lines.
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Figure 6.5 Plot of CaO vs Na O vs K O showing 
increase in soda/potash ratio with 
each rock g r o u p .

(Symbols are similar to figure 6.3)'

Figure 6 . 6  Plot of Ba/Sr vs Sr (ppm).
(symbols are similar to figure 6 .3 )
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granitic rocks indicate that these rock groups are 
genetically related.

Nockolds and Allens (1953) showed that C r , Ni and 
Co decreases in concentration with the degree of soli
dification in calc-alkaline rocks. They further noted 
that Sr and Ba have the same behavior in calc-alkaline 
and tholeiitic rocks. Jakes and White (1972A) and 
Miyashiro and Shido (1975) showed that in calc- 
alkaline volcanic rocks Ni, Co, and Cr abunadances 
decrease from basalt to andésite to dacite due to 
fractionation.

The low levels of Y and Nb in the inner gabbroic 
series as well as in the early fractionates of the 
outer gabbroic series. Their slight increase in the 
former and rapid increase in the latter indicated that 
they are excluded from the early liquidas phases and 
enriched in the intercumulus phases. The successive 
increase of these elements in the outer gabbroic 
series and diorite until they become stabilized in the 
granitic rocks further emphasizes their genetic rela
tion to the inner gabbroic rocks.

The abundance of large cations - Rb, Ba, Sr and K 
are within the range of measured values of these 
elements in the calc-alkaline Aleutian basalts to 
rhyolites. Inverse correlation between Sr and Rb can
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be attributed to the fractionation of plagioclase. 
Progressive increase in the Ba/Sr with decreasing Sr 
(Figure 6 .6 ), and a nearly flat pattern of K/Rb with 
increasing K indicate that both K and Rb were enriched 
in the gabbroic series at nearly constant rates 
(Figure 5.7). Plots of Y, Rb, Zr versus Ba show a 
positive relationship and different rock groups appear 
to be geochemically overlapping one another (Figure 
6.8).

Zircon can be used as an index of magmatic 
differentiation because it is effectively excluded 
from the liquidus phases in basaltic suites (Saunders 
and Tarnery, 1979). The Zr in the Gamitagama Lake 
Complex, where it increases from the inner gabbroic 
series through outer gabbroic series to dioritic 
rocks, but sharply decreases in the granitic rock, is 
consistent with the differentiated calc-alkaline 
basaltic suites.

6.3 DISCUSSION

The spatial, pétrographie, and geochemical 
characteristics of the Gamitagama Lake intrusive 
series (excluding the quartz monzonite) suggest that 
it has evolved by fractional crystallization of
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Figure 6.8 Plots of y, Rb, and Zr vs Ba. 
(symbols are similar to figure 6 .3 )
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ascending residual magma. The main argument for this 
modal includes systematic changes in minerals and 
their host rocks which occur throughout the intrusive 
series, and intrusive phases become increasingly less 
basic with increasing age. This implies that the 
parent magma in the deep seated chamber followed the 
chemical trend characteristic of the calc-alkaline 
suite.

6.3.1 PROPOSED PARENT MAGMA

The fine-grained porphyritic rocks intrusive in 
the inner as well as outer gabbroic series represent 
the last intrusive phases of gabbroic nature.
Although classified as equivalent to the pyroxene 
diorite of the outer gabbroic series, these rocks are 
basic enough to be called porphyritic basalt in 
chemical and normative classification. The fine
grained dioritic rock W132 closely resembles the 
porphyritic gabbroic rocks, and the medium-grained 
W153 is equivalent to andésite in chemical composi
tion. These residual liquid fractions removed from 
the differentiating parent magma should be compara
tively less basic than the original magma. The rocks 
of the inner gabbroic series, the outer gabbroic
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series, and the chilled fine to medium-grained por
phyr itic gabbroic rocks are very close to the composi
tion of high alumina basalt as defined by Irvine and 
Barager (1971). The high alumina basalt is proposed 
as the parent magma for the complex. This could have 
been derived from a multistage event involving partial 
melting of the mantle.

6.3.2 CRYSTALLIZATION OF THE INNER GABBROIC SERIES

The observed fractional crystallization sequence 
plagioclase + olivine + clinopyroxene + orthopyroxene 
+ titaniferous magnetite in the inner gabbroic series 
is similar to liquidus diagram of high alumina basalt 
of the Medicine Highlands (Yoder and Tilley, 1962; 
Figure 6.9A). Plagioclase and the olivine are the 
liquidus minerals at Py20 1 kb at about 1175° C .
Clinopyroxene is the near liquidus pyroxene. With the 
changing compostion of coexisting liquid to irtterme- 
diate between high alumina basalt and andésite, 
olivine disappears as crystallizing phase and its 
place is taken by clinopyroxene (Eggler and Burnham, 
1973 ; Figure 6.9B). Orthopyroxene replaces clino- 
pyroxene as next liquidus phase. Crystal fractiona
tion contains increased orthopyroxene relative to
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clinopyroxene. Plagioclase is the liquidus mineral in 
these cumulates. Amphibole is the last phase to 
crystallize according to the experimental work.

Quantitatively increasing Rb/Sr, Y/Sr, Ba and 
decreasing Sr/Zr are in agreement that plagioclase and 
olivine with lesser amounts of pyroxene were the 
principal mineral phases precipitating during crystal
lization of the inner gabbroic series. Decreasing 
abundances of N i , Cr and Co attest to the role of 
olvine and clinopyroxene fractionation.

6.3.3 CRYSTALLIZATION OF THE OUTER GABBROIC SERIES

The observed crystallization sequence plagioclase 
+ orthopyroxene + clinopyroxene + titaniferous magne
tite + amphibole + phlogopite of the outer gabbroic 
series are best explained by the liquidus diagram of 
the Paricutin Lava (Eggler, 1972; Figure 6.10). 
Plagioclase is the liquidus phase at about 1150° when 
water content in the liquid is less than 2.5%. When 
more water is present orthopyroxene is a liquidus 
phase. Olivine appears with the orthopyroxene on the 
liquidus but quickly disappears by reaction. Clino
pyroxene appears near the orthopyroxene liquidus with 
the increasing water (about 5%). Magnetite appears
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80° to 100° C below the silicate liquidus. With 
further increase of H 2 O pressure (about 5 kb) at about 
950° amphibole stabilizes.

The increasing Rb/Sr, Y/Sr, Ba and decreasing 
Sr/Zr in the outer gabbroic series are in agreement 
with the plagioclase and pyroxene fractionations. lïie 
low amounts of Ni, Co, and Cr in the outer gabbroic 
rocks, in comparison to the inner gabbroic series, 
indicate that these trace elements were removed from 
the parent liquid by the fractionation of the olivine 
in the magma chamber. The K/Rb values in the inner 
gabbroic series and the outer gabbroic series are not 
significantly different. This together with the 
increasing Rb/Sr and Ba in the outer gabbroic series 
implies that amphibole and biotite were not fraction
ating in the magma chamber. However, the next two 
residual liquids which crystallized as porphyritic 
rocks have phenocrysts of amphibole and phlogopite 
respectively. These phenocrysts are in various stages 
of recrystallization to plagioclase + orthopyroxene + 
clinopyroxene + magnetite under low pressure.
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6.3.4 CRYSTALLIZATION OF THE DIORITIC ROCKS

In the dioritic rocks plagioclase + clinopyroxene 
+ hornblende + biotite are the early fractionates 
(Figure 6.10). Plagioclase and clinopyroxene are 
liquidus minerals at about 1000° C when the H 2 O 
contents in the melts are greater than 5%. At lower 
temperatures (less than 950°) with the increase in 
water contents amphibole (hornblende) becomes stable 
(Eggler 1972).

The increasing Rb/Sr, Y/Sr and decreasing Sr/Zr 
and K/Rb are consistent with the fractionation of 
plagioclase, hornblende and biotite. A significant 
decrease in K/Rb in the dioritic rocks, in comparison 
to the outer gabbroic series, indicates fractionation 
of amphibole + biotite in the magma chamber. This is 
consistent with the observed fine-grained gabbroic 
rocks with amphibole and phlogopite phenocrysts. A 
similar significant decrease K/Rb is obvious in fine
grained rocks W145, W132 and W153.

6.3.5 CRYSTALLIZATION OF THE GRANITIC ROCKS

The continued increase in Rb/Sr, Y/Sr and further 
decrease in Sr/Zr and K/Rb indicate that the fraction-
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ation of plagioclase together with amphibole and 
biotite occurred both in the granitic rocks in the 
complex and deeper down in the magma chamber.

6.4 GENESIS OF PLUTONIC SERIES

The above discussed variations in the residual 
liquids of the plutonic series of the complex suggest 
that the fractionation was initially controlled by the 
subtraction of olivine but with the falling temp
erature and increasing water pressure in the magma 
chamber changed to removal of dominantly amphibole and 
phlogopite. In the hydrous basaltic and andesitic 
melts amphibole can crystallize at pressures between 
1 0 - 2 0  kb provided P h 2 0  greater than Ptrotal* 
lower pressures (less than 6 kb if PH 2 0  less than 
0 . 2  PTotal^ less than 2 kb if Ph 2 0  more than 0.5 
^Total) amphibole is unstable and is replaced by 
plagioclase ± orthopyroxene + clinopyroxene + olivine 
+ magnetite as was observed in the porphyritic chilled 
gabbroic rocks of the complex (Green, 1972; Helz,
1972; Allen et al., 1975; Cawthorn and O ’Hara, 1976; 
Wyllie et al, 1976; Stewart et al., 1976). The stab
ility of the amphibole suggests that the fractionation 
of the liquid phases in the magma chamber occurred
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at deeper level, more than 35 km, down in the crust 
under conditions of increasing water fugacity. A 
hypothetical estimate of the solidification of the 
magma chamber at the various stages of tapping is 
presented .in Figure 6.11.

6.5 EMPLACEMENT AND STRUCTURE OF THE COMPLEX

The evolution of the complex took place by the 
initial emplacement of single batch of high alumina 
magma at depth less than 8 km followed by crystal 
settling to produce observed layering and variation of 
the rock types (Figure 6.12). The fractionation 
within a dêeper magma chamber produced a series of 
residual liquids, successively less basic in composi
tion, which moved upward invading the contact between 
the inner gabbroic rocks and the metavolcanic and 
metasedimentary sequence. The force of intrusion 
fractured and faulted the inner gabbroic rocks. Small 
scale intrusions of less basic gabbroic rocks invaded 
the inner and outer gabbroic series. Further frac
tionation and removal of amphibole and phlogopite from 
the magma chamber produced the residual magma of 
dioritic composition which invaded the contact between 
the outer gabbroic series and the metavolcanics. The
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continued fractionation of amphibole and phlogopite 
(probably replaced by biotite at this stage) in the 
magma chamber produced the residual granitic magma 
which intruded the dioritic rocks of the complex.
The quartz monzodiorite was probably produced by the 
partial melting of the crust at a later date and is 
not a part of the complex.

The analyses of structure within the complex is 
based on the data obtained from the orientation of 
foliation, banding, and inclusions in the plutonic 
rocks.

The Gamitagama Lake Complex is structurally
independent of the regional pattern. The gneissosity 

%

within the metavolcanic sequence has a subvertical 
dip, towards the complex. An approximately similar 
pattern in the foliation of the dioritic rock near the 
outer margin of the complex is observed. The folia
tion pattern indicates that the contact of dioritic 
and metavolcanics dips inward, and the complex is 
almost plug-shaped.

6 . 6  TECTONIC SETTING

The calc-alkaline trend observed in the complex 
is characteristic of island arcs and continental
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margins, that is, in the convergent margins of plates 
(Miyashiro, 1972). Moreover, titanium concentrations 
are low to moderate in the plutonic rocks of the 
complex which is also a characteristic of island arc 
suites in general (Pearce and Cann, 1973).

The metavolcanic-metasedimentary sequence in the 
surrounding areas of the complex documents the evolu
tion of a volcanic island within the early Precambrian 
Abitibi Island Arc (Ayres, 1969).

The intrusion of high alumina basalt (which 
differentiated to calc-alkaline Gamitagama Lake 
Complex) in the Island arc suggests that it could have 
been derived from a multistage event involving partial 
melting and dehydration of the subducted slab and 
subsequent partial melting of the contaminated mantle 
underlying the arc (Key, 1977). This implies that the 
tectonic regime in the Late Archean was not signifi
cantly different than that of the modern day.
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CHAPTER 7

CONCLUSION

The Gamitagama Lake Complex is similar to many 
zoned plutons that intrude the island arc and 
calc-alkaline intrusive bodies emplaced around the 
active continental margins of the Pacific. It 
consists of 4 major concentric and other minor 
intrusive phases. The oldest and the most basic 
intrusive phase occupies the center and the youngest, 
most acidic, occurs near the margin. Mineralogical 
and chemical variations in each intrusive phase 
indicate that they were formed by in situ fractional 
crystallization of liquids emplaced at shallow 
levels.* In the gabbroic series plagioclase + olivine 
+ clinopyroxene + orthopyroxene + titanferous 
magnetite and in the dioritic and granitic rocks 
plagioclase + clinopyroxene + hornblende + biotite 
fractionated out of the respective parent liquids at 
pressures less than 5 kb to give calc-alkaline 
differentiation trends within each series.

Major and trace element characteristics and the 
field observations that most basic phases of each 
discrete intrusive event are successively less basic 
in composition with* the decreasing age support the 
hypothesis that the Gamitagama Lake intrusive series
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are derived by the fractional crystallization of 
parent high alumina basaltic magma in the source magma 
chamber. The chemical data are consistent with a 
model where fractionation was initially controlled by 
the subtraction of olivine but with the falling 
temperature and increasing water pressure shifted to 
removal of amphibole and/or phlogopite. The occurence 
of minor porphyritic intrusive phases verify this 
model. The presence of amphibole and phlogopite 
phenocrysts in the basatic magma indicate the 
existence of a more than 35 km thick solid crust (?) 
at the end of Archean. The intrusion of high alumina 
basalt (characteristic orogenic belts) in the 
metavolcanic-metased imentary sequence (which represent 
island-arc-like deposits) suggests that the parent 
magma for the complex was derived by the partial 
melting of the mantle above converging plate and 
intruded into the overlying island arc deposits. This 
implies that the tectonic regime in the Late Archean 
was not significantly different than that of the 
modern day.
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APPENDIX A

Ayres (1969) classified the roclcs of the 
Gamitagama Lake Complex according to the old ODM clas
sification outlined in Table A-1. The author has 
reclassifed the rocks according to the lUGS classifi
cation (Streckeisen 1976). The "syenite and 
monzonite" and "leucocratic granodiorite" and "quartz 
monzonite" of Ayres were renamed as "quartz monzonite" 
and "leucocratic granodiorite and granite" respect
ively. Most of his various types of diorites are 
renamed as quartz diorite. "Olivine norite" changes 
to olivine gabbronorite' "anorthosite norite" and 
"anorthosite gabbro" change to gabbronorite; and 
"orthopyroxene diorite", "clinopyroxen diorite" and 
"amphibole diorite" change to pyroxene diorite 
according to the lUGS classification.
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APPENDIX B

A. Rocks and textures formed by crystal accumulation^

I. Components of rocks formed by crystal accumulation.
i) Cumulus crystal = settled crystal - a crystal

(mineral) that originated outside of, and previously
to, the magmatic sediment of which it now forms a
part.

ii) Postcumulus material - primary material that formed 
in the place it now occupies in the magmatic
sed iment.

iii) Intercumulus liquid - the liquid that occupied the 
interstices between cumulus crystals before and 
during the growth of the post-cumulus material.

iv) Adcumulus growth - the extension of the original 
cumulus crystals by material of the same composition, 
to give unzoned crystals. The process reduces the 
amount of intercumulus liquid by mechanically pushing 
it out.

v) Trapped liquid - that part of the intercumulus 
liquid, if any, that remains after adcumulus growth.

vi) Pore material - crystallized trapped liquid.
II. Rocks formed by crystal accumulation
i) Cumulate = magmatic sediment - a group name for 

igneous rocks formed by crystal accumulation through 
the action of gravity and subsequent modification 
during solidification.

ii) Orthocumulate - a cumulate consisting essentially of
one or more cumulus minerals, together with the 
products of crystallization of the intercumulus 
liquid, which necessarily has the composition of the 
contemporary magma. Adcumulus growth is absent to 
minor.

^modified after Jackson (1967; 1971), Wager (1967),
Wager et al. (1960).
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iii) Adcumulate - a cumulate modified by adcumulus growth 
with less than 5 percent pore material remaining.

iv) Mesocumulate - a cumulate modified by adcumulus 
growth intermediate in character between 
orthocumulate and adcumulate end-members.

B. Horizons and layers in cumulates^,^ ^

I. Horizons^
i ) Horizon - a reference plane in a cumulate that marks 

a former surface of deposition.
ii) Phase contact - a horizon marked by the appearance or 

disappearance of a cumulus mineral.
iii) Ratio contact - a horizon marked by a sharp change in 

the proportions of two cumulus minerals.
iv) Form contact - a horizon marked by a sharp change in 

the physical properties of a cumulus mineral, such as 
size or habit.

II. Layers^
i) Layer - a continuous sheetlike cumulate that is 

characterized by uniform or uniformly gradational 
properties.

ii) Centimeter-scale layering^ - layering characterized 
by alternating layers about one centimeter.
Analogous to "inch-scale layering" of Hess (1960).

^after Jackson (1967)
^after Wager and Deer (1939)
^modified after Wager and Brown (1968)
^after Morse (1969)
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APPENDIX C

Chemical analyses were performed on Philips 
PW 1410 Universal Vacuum X-Ray Spectrometer. Pressed 
rock powder pellets and glass discs were prepared 
following standard procedures described by Turek and 
Riddle (1977). Trace elements and Na were analysed 
using rock powder pellets. Glass discs were used for 
the analyses of other major elements.

All the major elements, excluding Mn for which a 
W target tube was used, were determined using a Cr 
target tube. The U.S.G.S. Standard rock powders, Wl, 
BCR, AGV, GSP and G2 were used as references. Analy
tical conditions for the major elements are enlisted 
in Table C.l.

The precision of Si0 2 , CaO and which
1,000,000 counts were fixed, is about +0.3% at the 99% 
confidence level. For the other major elements with 
fixed counts the precision is +0.49% for 400,000 
counts (Ti0 2 ) and +0.95% for 100,000 counts (K2 O ) . In 
those cases where the time is fixed, the number of 
counts varies with the percentage of the element being 
determined in the sample. The precision in such cases 
varies as follows;
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TABLE C-1: OPERATING CONDITIONS FOR DETERMINATION OF MAJOR ELEMENTS BY X-RAY FLUORESCENCE.

Element si A1 Fe Mg Ca Na K Ti P Mn

Tube cr cr cr cr cr cr cr cr cr W

kv 50 SO 50 50 50 50 50 50 50 50

mA 40 40 40 40 40 40 40 40 40 40

Crystal TLAP TLAP LiF200 ADP L1F200 TLAP TLAP Lif200 GERM LiF200

Collimator Fine Fine Fine Fine Fine coarse Fine Fine coarse coarse

Counter (setting) Fc500 FC490 Fc470 Fc524 FcSlO Fc526 Fc490 Fc488 Fc492 Fc466

Lower Level 100 150 150 130 240 190 250 150 270 150

Window 190 250 200 350 390 260 300 180 350 300

Attenuation 3 2 3 2 3 2 2 3 2 3

Background 1* - 36.73° - 134.00° - 52.75° 16.05° 85.16° 138.00° 62.20°

Peak Positions** 32.01° 37.70° 57.50° 136.87° 113.23° 54.99° 16.61° 86.18° 140.90° 62.97°

Background 2* - 39.00° - 139.87° - 56.70° 18. 00° 87.10° 143.40° 63.37°

Counting 4x10^
counts

lOOsec 1x10®
counts

lOOsec Ixl0®n
counts

lOOsec lOOsec lOOsec lOOsec lOOscc

* Time for background counting » 40 sec.

•* Time for Peak counting » 100 sec.
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MnO 200,000-400,000 counts + 0.75 - + 0.49%
AI 2 O 3 , N& 2 0  50,000-100,000 counts + 1.30 - + 0.95%
P2 O 5 10,000- 50,000 counts < 2.10 - + 1.30%
MgO 5,000- 20,000 counts < 3.00 - + 2.10%

The count rates for the 72 rock samples analysed 
for major elements fall within the above ranges.

The trace elements analyses included V, Cr, Co, 
Ni, Rb, Sr, Y, Zr Nb and Ba. Analytical conditions 
for their determination are enlisted in Table C.2. 
Compton scatter peaks were measured for pure quartz, 
U.S.G.S. standards BCR, Wl, AGV, GSP and G2 on Ag, W, 
Cr, and Mo target tubes. Mass absorption values were 
determined for each sample from this data. The
values derived from the measurements using the Mo tar
get tube were used to correct the mass absorption for 
the analyses of N i , Rb, Sr and Zr. The values derived 
from the measurements using the Ag target tube were 
used to correct the mass absorption effects for the 
analyses of Nb and Y. Using the Cr target tube, the 
mass absorption values obtained were used to correct 
the mass absorption effects of Co and Ba. Similarly, 
the analyses of V and Cr were corrected for mass 
absorption effects using data obtained from the use of 
the W target tube. The precision of the 61 samples
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TABLE C-2: OPERATING CONDITIONS FOR DETERMINATION OF TRACE ELEMENTS BY X-RAY FLUORESCENCE.

Element V cr co Ni Rb Sr Zr Nb Ba

Tube W Mo Mo Mo Mo Mo Ag Ag Ag Cr

kV 60 60 60 60 60 60 50 50 60 60

mA 50 50 25 25 25 25 40 40 40 40

Crystal LiF220 L1F220 L1F220 L1F220 L1F220 L1F220 L1F220 Lif220 L1F220 L1F200

Collimator Fine coarse coarse coarse Fine Fine Fine Fine Fine Fine

Counter (setting) FcSlO Fc490 Fc482 Fc488 Sc272 Sc272 Sc240 Sc240 Sc230 Fc488

Lower Level 400 310 300 292 300 300 160 160 170 150

Window 300 200 300 250 380 380 340 340 350 250

Attenuation

Campton Scatter 30.18° 30.18= 70.50°

Background 1* 121.00° 68.20° 77.50° 70.20° 37.10° 35.35° 32.20° 29.70° 29.90°

Peak position** 123.37° 69.29° 78.13° 71.46° 38.03° 35.90° 33.90° 32.11° 30.44° 87.25°

Background 2* 126.50° 71.00° 79.3° 73.00° 41.40° 37.10° 35.00° 33.2° 33.2° 90.00°

* Time for background and campton scatter counting » 40 seconds.

* * Time for Peak counting ■ 100 sec.
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analysed for trace elements should fall within the 
ranges of theoritical precision which is +5% for Rb, 
Sr, B a , Zr, Y, Nb, V and Ni and +20% for Cr and Co.
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