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ABSTRACT

Three repetitive sequences of northward younging, east striking, linear,
volcano-sedimentary units are found in the late Archaean Beardmore-
Geraldton greenstone belt, situated within the Wabigoon subprovince of
the Superior Province of northwestern Ontario. The volcanic components
are characterised by basaltic flows that are pillowed at the top and
underlain by variably deformed massive flows which may in part be
intrusive. Petrographic examination of the volcanic units indicates regional
metamorphism up to greenschist facies (T=3259 C - 4500 C, P=2kbars)
overprinted by a lower amphibolite facies thermal event (T=5759 C,
P=2kbars) confined to the south-eastern portion of the belt.

Chemical element results suggest olivine, plagioclase and pyroxene are
the main fractionating mineral phases. Mobility studies on the various
chemical elements indicate that K, Ca, Na and Sr are relatively mobile,
while P, Zr, Ti, Fet (total iron = FepO3) and Mg are relatively immobile.
Discriminant diagrams employing immobile element suggests that the
majority of the samples are of oceanic affinity with a minor proportion
displaying an island arc affinity.

Such a transitional tectonic setting is also reflected in REE data where
two groups of volcanic samples are recognised. Oceanic tholeiites are LREE
depleted with [La/Sm] N = 0.65 and a relatively flat HREE profile with
[Sm/Yb] N = 1.2. Island arc type basalts (calc-alkaline) are LREE enriched,
with a [La/Sm] N = 1.6, and a relatively higher fractionated HREE profile
with [Sm/Yb] N = 1.9.

Petrogenetic modelling performed on oceanic tholeiites suggests
derivation from a depleted spinel lherzolite source which undergoes 20%
partial melting. Island arc type basalts can be derived by 10% partial

melting of a hypothetical amphibolitised oceanic tholeiite source.
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The majority of the volcanic rocks in the Beardmore-Geraldton Belt are
interpreted to represent fragments of oceanic crust trapped at a consuming
plate margin. Subsequent post accretionary intrusion of gabbroic rocks
(sensu lato) with calc-alkaline affinity is considered to result in the

apparent hybrid tectonic setting recognized for the BGB.
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CHAPTER 1

1.1 INTRODUCTION

Geologists have been intrigued by the origin of Archaean greenstone
belts and associated lithologies compelling them to propose numerous
hypotheses for the origin of these ancient rocks. Beginning with Wegener's
(1912) theory of continental plate displacement and its subsequent
rejuvenation in the early 1970's, two schools of thought were established,
fixist versus mobilist, concerning the origin and evolution of early crustal
material. The former group invoke that structures found in granite-
greenstone belts are essentially produced by vertical movement resulting
mainly through diapirism while the latter group attributes all structural
features found in granite-greenstone belts, to horizontal plate movements.
Up to the present day there exist no general consensus as to how the early
crustal materials were formed. The central problem of Archaean geology
lies not only within field geology and accessibility to these areas but also in
the tectonics, geochronology and geochemical relationships between the
greenstone belts and their adjacent granitic terranes. Often these fields do
not correlate well with one another, that is, they are not internally
consistent.  Therefore to understand the origin and the evolution of the

Archaean rocks, these differences have to be reconciled.

1.2 SCOPE OF STUDY

One of the main themes of this study is to examine the geochemical
composition (major, trace and rare earth elements) of the volcanic rocks in
the Beardmore-Geraldton Archaean greenstone belt. Geochemical
characterisations arc subsequently employed to determine the possible
palaeotectonic setting for the volcanic rocks in the study area. The results

are then compared with proposed palacotectonic settings, derived from
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independent structural and sedimentological studies carried out by other
workers. This treatment can be viewed as an attempt to determine
whether the palacotectonic setting derived in this study using geochemical
data is compatible with other studies. Other objectives of this study
include i) the documentation of the prevailing metamorphic grade (based
on petrographic criteria) recorded for the volcanic rocks and ii) a
petrogenetic study of the volcanic rocks with emphasis on the

identification of possible source material.

1.3 PREVIOUS WORK

Early work on the Beardmore-Geraldton Belt was carried out by the
Ontario Department of Mines in separate studies by Bruce and Laird
(1937); consisting of lithostratigraphic mapping of the area. These studies
were undertaken to provide the geological framework for gold mining
operations in the area. Subsequent detailed work was carried out by
Horwood and Pye (1951) and Pye (1951), consisting of a compilation of
both surficial and sub-surficial geological data. Other intensive work was
performed by various mining companies prior to the outbreak of war in
1939. Resurgence of geological activity, encouraged by the higher gold
prices, began in the late 1970's and continues to the present day. Recent
work in the Beardmore-Geraldion Belt (BGB) consists of detailed mapping
(Mackasey, 1975; 1976), sedimentological (Devaney and Fralick, 1985;
Devaney, 1987) and structural studies (Kehlenbeck, 1983; 1986; Buck and
Williams, 1984; Williams 1986; Stott, 1984a and b; Anglin and Franklin,
1985; Carter, 1983; Buck, 1986 and Reilly, 1988). Work on iron formations

was carried out by Fralick and Barrett (1983).

1.4 FIELDWORK

Figure 1.1 illustrates the location of and access to the study area.

Fifteen north-south traverses were run across the volcanic belts using
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pace and compass method. Representative samples, along each traverse
together with local sampling sites, were collected for thin-sections and
geochemical analysis. Access to each traverse was provided along the
logging roads of Domtar Incorporated, while densely vegetated
abandoned-trails and canoe were used to reach the least accessible
localities. The varying degree of access across each volcanic belt resulted
in a sampling bias favouring the southern belt (Figure 3.1). In addition,
the exposure in each traverse is quite variable, with the majority of them

having less than 5% exposure.
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CHAPTER 2
GEOLOGY OF BEARDMORE-GERALDTON BELT (BGB)

2.1 GENERAL GEOLOGY

The Beardmore-Geraldton Belt is located in northwestern Ontario,
approximately 100 km north of Lake Superior. Situated within the
Wabigoon subprovince of the Superior Province, Figure 2.1, its northern
boundary is marked by the Paint Lake Deformation Zone (PLDZ) and to the
south by the northern boundary of the Quetico subprovince. The belt
trends approximately west-east, from the eastern shore of Lake Nipigon to
Geraldton, a distance of approximately 100 km, with a maximum width of
25 km.

To the north of the BGB, the Onaman-Tashota Terrane (OTT) is
characterised by a typical granite-greenstone terrane. Thurston (1980)
and Amukun (1980) have interpreted the OTT to be an island arc based
on the prevaling rock types observed. Volcanism and plutonism in the
Wabigoon subprovince was suggested to have occurred around 2.75 Ga to
2.69 Ga, followed by major deformatioh, metamorphism and plutonism at
2.7 Ga to 2.66 Ga (Card, 1986).

To the south of the Beardmore-Geraldton Belt, the Quetico subprovince
is characterised by a monotonous sequence of variably deformed and
metamorphosed feldspathic, graded and massive greywackes. Individual
beds seen in this terrane exhibit preserved primary sedimentary
structures such as fluid escape features and grain size grading, indicating
regional younging to the north (Pye 1965; Williams 1987; Carter 1983).

Based on observed lithological changes, progressing from the Quetico
subprovince to the OTT and the relative positioning of the BGB, early
workers suggest that the BGB represents a zone of lithologic transition

from a sediment-dominated terrane in the south, to an idealized granite-
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greenstone terrane in the north (Langford, 1929; Bruce, 1937; Laird, 1937;
Ayres, 1969). Recent studies carried out by Langford and Morin (1976)
and Williams (1986; 1987) have shown that the development of the
Superior Province can be explained by a series of merging island arcs.
Williams (1986) considered the BGB to represent a complex zone of
tectonically imbricated slices formed at the leading edge of an overriding
plate system. The presence of this hypothesized complex zone is
evidenced by i) repetition of volcanic and sedimentary belts; ii) minor
isoclinal folding; iii) dip slip overthrust shearing as indicated by steeply
dipping foliation and plunging stretching lineation and iv) inhomogeneous
ductile dextral shearing along the contacts of contrasting lithologies
(Williams 1986). Comparable structural and lithological features have
been reported for the Southern Uplands of Scotland (McKerrow and
Leggett, 1977), on Signy Island, off the Antarctic Peninsula (Storey and
Menneilly, 1985) and the Shimanto accretionary complex (Needham and

Mackenzie, 1988).

2.2 LOCAL GEOLOGY

The BGB is characterised by altérnating belts of east-west trending,
nearly vertical dipping, metasedimentary and metavolcanic rocks. Unlike
other greenstone belts in the Superior Province, the BGB depicts an
apparent lack of felsic plutonic activity.

The metasedimentary rocks have been subdivided into northern,
central and southern belts (Mackasey, 1975; Devaney, 1987). The
intervening metavolcanic rocks are subdivided into 3 belts in a similar
manner. Metasedimentary and metavolcanic rocks will be addressed as

sedimentary and volcanic rocks, respectively, for the balance of this work.
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2.3 SEDIMENTARY BELTS

The northern sedimentary belt (NSB) is characterised by poorly sorted,
polymictic orthoconglomerate with predominantly felsic volcanic clasts
(Mackasey, 1975; 1976). The NSB is massive to crudely bedded, with
minor feldspathic sandstone lenses. Pebble and cobble bands define a
crude bedding with north facing younging directions (Devaney and Fralick,
1985). A similar lithologic belt to the west of Lake Nipigon has also been
documented by Tanton (1935), Pye (1968) and Mackasey (1975; 1976).

Devaney (1987) has divided the central sedimentary belt (CSB) into
three components, each of which exhibits a progressive increase in grain
size and consistent younging directions to the north. The southern
component of this belt is characterised by mudstone, sandstone and minor
iron stone. The middle component is sandstone rich, with conglomeratic
beds, pebble bands and minor mudstone. The northern component is
similar to the NSB. Minor south facing younging directions have been
documented in this central belt (Kehlenbeck, 1983; Anglin and Franklin
1985; Williams, 1986). Williams (1986) considered this reversal of facing
directions to be confined to major lithological boundaries.

The southern sedimentary belt (SSB), is characterised by a monotonous
sequence of feldspathic-greywackes with minor iron-stone and thin
conglomeratic beds. Individual beds fine northwards, while the whole
sequence coarsens and youngs to the north (Mackasey, 1975; 1976;
Devaney and Fralick 1985; Williams, 1986).

Deformation within the sedimentary belts is generally inhomogeneous,
confined to lithologic boundaries and to the less competent lithologies. In
the SSB, undeformed greywacke can be observed in contact with a more
deformed, equivalent lithology. Detailed sturctural analysis of the
sedimentary belts has been carried out by Anglin and Franklin (1985) and
Williams (1986; 1987). The sediments record evidence of greenschist

facies metamorphism (Mackasey, 1975). Devaney and Fralick (1985)
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interpret the sedimentary belts to represent a laterally continuous,
prograding clastic wedge, with the northern and southern sedimentary

belts representing proximal to distal deposits, respectively.

2.4 VOLCANIC BELTS
Three distinct volcanic belts are recognised in the BGB. Pillowed flows,
usually observed at the top of each volcanic belt, are underlain
predominantly by massive flows with minor amounts of variolitic,
porphyritic and brecciated flows (Mackasey, 1975; 1976). In the field, the
flows are dark-green to greenish black in colour, with a medium to fine
grain size. The pillowed and massive flows possess varying amounts of
vesicles and amygdules. Amygdules are filled with varying proportions of
quartz, epidote, carbonate and/or chlorite. In least deformed flows,
spherical amygdules (generally less than 1 cm) are preserved (Plate 2.1),
with ellipsoidal shapes present in the deformed flows (Plate 3.7).
Undeformed pillow lavas in the three volcanic belts are generally
less than 1 m by 0.4 m in size. Larger pillows were observed in the
vicinity of Poplar Point (Figure 1.1). Each pillow is defined by an
approximately 1 cm thick, dark greén, aphanitic selvage. Individual
pillows exhibit a graduwal increase in gfain size from selvage to core.
Pillowed flows located in the northern and central volcanic belts are
relatively undeformed, such as those seen near Windigokan Lake, (Plate
2.2) and in the vicinity of Poplar Point. Well defined pillow cusps, with
constant selvage thicknesses, indicate a north facing direction. At Poplar
Point, pillows are surrounded by inter-flow breccias with subrounded to
angular volcanic fragments embedded in a dark green matrix. These
breccias have been interpreted to be of flow top origin (Mackasey, 1975).
In contrast to the northern and central volcanic belts, the pillow flows in
the southern volcanic belt are usuvally elongated, with the long axis of the

pillow parallel or subparallel to the regional foliation. In Ralph Creek



Plate 2.1: Spherical amygdules infilled with quartz and calcite. Sample
obtained from an undeformed pillowed flow in the central velcanic belt.
(Cross polars; X25) '

Plate 2.2: Outrop of undeformed pillowed flow with uniform selvage
thickness around individual pillow.
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traverse, (Figure 3.1), varioles within the flow are elongated parallel with
the regional foliation. These variolitic flows can be traced for a distance of
10 km along strike in the southern volcanic belt. Variolitic flows are
considered to result from liquid immisibility (Gelinas et al., 1976).

Individual massive flows below the pillow sequence are difficult to
delineate due to varying degrees of alteration and deformation as
manifested by the presence of both penetrative and non-penetrative
deformation. Undeformed, coarse grained gabbroic flows are characterised
by their knobby weathering appearance in the field. Petrographic
examination (Chapter 3) reveals that these flows have been
metamorphosed to greenschist facies. It should be pointed out that some
of the coarse-grained flows are indistinguishable from later gabbroic
intrusions due to the nature of the outcrop and the lack of contact
metamorphic aureoles.  Thin layers of volcaniclastic material and iron
stone were found interbedded with the volcanic flows.

Deformation features including both ductile and brittle deformation are
seen in the volcanic rocks. This is manifested by the presence of s, ¢, and
¢’ fabrics, minor asymmetric folds, kink bands, steeply plunging mineral
lineation and slickenside surfaces in these volcanic belts. Details on the
deformational features of the volcanic rocks can be found in Williams

(1986; 1987), Buck (1986) and Reilly (1988).

2.5 INTRUSIVE ROCKS

Mafic intrusive rocks have been documented within the volcanic and
sedimentary rocks by Mackasey (1975;1976) and Carter (1983). On a
regional scale, the mafic intrusives exhibit a SE-NW linear pattern, with
the distribution controlled by a fracture system (Mackasey, 1976). Carter
(1983) has documented a suite of NE trending, massive, medium to
coarse-grained, gabbroic intrusives. The latter suite exhibits minor

evidence of foliation along their contacts with the volcanic flows. In the
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vicinity of Oxaline Lake the volcanic and sedimentary rocks are intruded
by dioritic intrusives (Mackasey 1975; 1976).

Quartz-feldspar porphyry dykes, less than a metre wide, common
throughout the study area, have been documented to possess a
northeasterly trend (Carter, 1983). They are greyish pink in colour, with
variable amounts of oligoclase feldspar and quartz phenocrysts in a
sericitized matrix of fine-grained quartz and feldspar. In the field, they
are foliated to non-foliated. The exact ages of most of these intrusives are
unknown. Late Archaean and early Proterozoic diabase dikes are massive,
fine to medium grained, generally north trending, and weather to a

reddish brown colour (Mackasey 1975; 1976, Carter, 1983).

2.6 LITHOLOGICAL CONTACTS

The contacts between the sedimentary and volcanic belts are
demarcated by faults and shear zones. Displacements, with a dominantly
dextral sense are recognised by reorientation and displacement of quartz

veins across lithological boundaries and sigmoidal en echelon veins

(Williams 1986;1987; Buck 1986; Reilly 1988).
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CHAPTER 3
PETROGRAPHY AND METAMORPHISM

3.1 INTRODUCTION

A total of 250 thin sections of volcanic rocks, were examined to
determine the prevailing metamorphic conditions within the study area.
Unlike the pelitic rocks, where a specific P-T condition can be
approximated to a narrow range by the occurrence of a particular index
mineral or mineral assemblage, metamorphosed volcanic rocks require
compositional changes of the coexisting minerals to determine the P-T
conditions to which they were subjected. This is especially true for the
transition from greenschist and amphibolite facies due to the absence of
'new and distinct’ minerals which characterise this transition.  This
transition is characterised by the compositional changes in plagioclase, as
recorded by an increase in anorthite component, and the concomitant
change in the colours of the amphibole.

Wiseman (1934) documented the change in colour of the amphibole
from light green (actinolite) in the greenschist facies to blue green
hornblende in the epidote-amphibolite facies and eventually to green
hornblende in the lower amphibolite facies. Liou et al. (1974) attributed
the colour change to result from an increase in Al, Ti, Na and Fe/Mg and
a decrease in Si and Ca contents in the amphibole. The increase in An
content of the plagioclase is attributed to the decreased Ca content of
amphibole, combined with the Ca released during the breakdown of

epidote and sphene at higher temperature and pressure.

3.2 DESCRIPTION OF MINERALS

3.21 Amphibole
Amphibole found in the volcanic rocks can be divided into 4 types based

upon their individual optical properties:
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1) Actinolite; Exhibits a fibrous form, is weakly pleochroic with a pale
green colour, and may define a preferred oriented growth. A distinct
bimodality, with respect to grain size within individual thin sections was
observed (Plate 3.1).

2) Actinolitic-hornblende: Crystal forms range from xenoblastic to
idioblastic and exhibit a combination of pale green and blue-green
colours reflecting the coexistence of actinolite and hornblende.
Hornblende often occurs as rims encircling actinolite crystals and/or as a
parallel growth with actinolite (Plate 3.2). The contacts between these
two amphiboles range normally from sharp to gradational in nature.
These amphiboles occur either as oriented or unoriented grains.

3) Hornblende: Crystal forms range from subidioblastic to idioblastic, to
poikiloblastic grains with quartz, epidote, mica, carbonate and plagioclase
inclusions (Plate 3.3). Hornblende is usually strongly pleochroic, from
blue-green to green. Pleochroic brown hornblende was also observed,
however it occurs only rarely in the eastern portion of the southern belt
(Plate 3.4).

4) Cummingtonite: This form of amphibole is differentiated from the
above amphiboles by a biaxial positive optic sign and a neutral colour.
Cummingtonite is generally observed in the southern volcanic belt.
Miyashiro (1978), suggests that the existence of cummingtonite indicates

metamorphism at lower amphibolite facies.

3.22 Epidote

Epidote occurs as granular to columnar aggregates. It is an essential
constituent of the matrix material in the volcanic rocks, with amphibole
being the porphyroblasts. In thin section, epidote is found either as
scattered granular masses or Jlocalised along veinlets (Plate 3.5). Epidote

is ubiquitous up to the lower amphibolite facies. Some are seen to



Plate 3.1: Occurrence of bimodal grain sizes of actinolite; a common feature
in most thin sections of greenschist facies. (Cross polars; X40)

Plate 3.2: Actinolitic homnblende with actinolite rimmed by and paralled by
blue green hornblende. (X40; plane light)




Plate 3.3: Poikiloblastic hornblende and biotite, with inclusions of
carbonate, quartz and epidote. (X40; cross polars) '

I

Plate: 3.4 High grade amphiboles: Brown hornblende observed in volcanics
of lower amphibolite facies. (X 25; plane light)




Plate 3.5: Epidote in veinlets (X40; cross polars)

Plate 3.6: Relict blasto-ophitic texture with corroded, albitized plagioclase
laths, and pyroxene being replaced by actinolite. (X40; cross polars)
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pseudomorph original feldspar crystals.  The relative abundance of

epidote is seen to decrease with increasing metamorphic grade.

3.23 Plagioclase feldspar

Both primary and secondary plagioclase feldspar is present in the
volcanic rocks. The former being in the labradorite composition range
while the latter ranges from albite to andesine. Both groups of feldspar
occur as either idioblastic, subidioblastic or xenoblastic forms. During the
initial stage of albitization, the labradorite lath (0.3 mm to 0.4 mm) is
often corroded (Plate 3.6). In addition to albitization, the labradorite also
undergoes sericitization, saussuritization and replacement by carbonate.
Albite produced from alteration of labradorite is clear, untwinned and
unzoned, with some exhibiting a cloudy appearance due to incomplete
replacement of the primary mineral. Albitization also entails the removal
of the anorthite molecule which is involved in the formation of epidote.
The presence of epidote aggregates in conjunction with minor sericite is
used to identify the saussuritization pfocess. Sericite is recognised by the
appearance of a phyllosilicate mineral similar to muscovite and is
suggested by Ehlers and Blatt (1982) to be a result of alteration in the
presence of potassium ions. The An content of the plagioclase, at higher
grade, changes to a range between oligoclase to andesine. This change

will be discussed in section 3.4.

3.24 Chlorite

This mineral occurs in acicular or patch-like forms. Chlorite is a
common constituent of the matrix assemblage. Interconnected veinlets of
chlorite are common in deformed metavolcanic rocks of the greenschist
facies. The abundance is seen to decrease with increasing metamorphic
grade. Chlorite also occurs as an amygdule filling (Plate 3.7) and in veins

.as a monomineralic assemblage.



Plate 3.7: Ellipsoid amygdules infilled with chlorite (X25; cross polars)

Plate 3.8: Opaque in close proximity to amphibole and chlorite. (X100; plane
light)
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3.25 Quartz

This mineral is usually xenoblastic, and rarely lensoidal in form with
relative proportions varying from sample to sample. Undulose extinction
is commonly seen in thin section. Quartz is found in veins, amygdules

and matrix.

3.26 Sphene

Most of the sphene identified is subidioblastic to xenoblastic. When in
xenoblastic forms, they occur as slivers, with a preferred orientation

paralleling the amphibole.

327 Carbonate

Carbonate is generally xenoblastic in form. The two most common
forms of occurrence are either as patches or as lenses defining a
preferred orientation. They also occur in veins, cavities, amygdules and
are seen replacing plagioclase. Carbonate is widely distributed, especially
in the greenschist facies rocks. The relative abundance of carbonate is

more pronounced in the western portion of the study area (Figure 3.1).

328 Opaque

Opaques range from subidioblastic to xenoblastic forms. They are
mainly magnetite, however, pyrite and pyrrhotite are present in sulphide
rich samples. Magnetite can be recognised by a metallic lustre in
reflected light, while pyrite and pyrrhotite can be identified by brassy
yellow and bronze metallic lustre respectively. Magnetite also occurs in
elongated forms paralleling the amphibole and most often, they are in
close proximity to chlorite or amphibole (Plate 3.8). Some opaques are
rimmed by reddish brown hematite, indicating possible signs of

alteration.
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3.29 Mica

This mineral is xenoblastic to idioblastic in appearance, with the
former being common. The principal mica commonly seen in the volcanic
rocks is muscovite. Biotite is rarely found in the regional greenschist
assemblage but it is observed in the transition and lower amphibolite
facies (Figure 3.1). The presence of biotite may be related to dewatering
of the adjacent sediments or to hydrothermal activity associated with
higher metamorphic grade. These hypotheses can be tested using oxygen
isotopes, where meteoric waters are considered to be characterised by a
lower dl180 wvalue than water derived from magmatic activity
(Henderson, ‘1984). Biotite occurs as poikiloblastic forms (Plate 3.3) at

higher metamorphic grade.

3.3 TEXTURES

In the volcanic rocks, most of the primary textures of the protolith
have been effaced by metamorphism and deformation. As a result, it is
difficult to distinguish a completely altered basalt from a totaily altered
diabase or gabbro since the metamorphic assemblages are essentially
identical.  The identification of a specific lithology can only be made if
primary emplacement features, such as pillow outline, are preserved. In
the following sections, the textures described refer to volcanic rocks in
general, unless otherwise stated.

The metamorphic textures seen in the volcanic rocks of the BGB are
divided broadly into those which correspond to regional and thermal
metamorphic events.

The textures resulting from regional metamorphism are essentially
dictated by the orientation of the dominant mineral, amphibole.
Preferred oriented texture is characterised by the alignment of 'platy’
minerals, such as amphibole (Plate 3.9) and mica, and is manifested in

the form of foliation observed in the outcrop. This texture has been



Plate 3.9: Amphibole showing preferred orientation in deformed rocks. (X
25; plane light). This is manifested as foliation in the outcrop.

Plate 3.10: 'Feathery', secondary, undeformed, blue green amphibole
obtained from a mafic lens within a quartz vein in a shear zome. (X100;
plane light).
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suggested by Hobbs et al. (1976) to result from several possible
mechanisms including rotation of pre-existing grains or growth of grains
in preferred orientation under the influence of regional stress.

The texture resulting from the thermal overprinting is recognised by
the presence of a decussate texture and the random orientation of
idioblastic grains. In the latter, randomly oriented poikiloblasts of biotite
and blue-green hornblende are found in a matrix consisting of quartz,
chlorite, epidote and plagioclase. @ The matrix minerals also occur as
inclusions in the poikiloblasts (Plate 3.3), suggesting that some of these
inclusions were there first and may have been involved in the production
of hornblende and biotite. = Both the former and latter features are
produced under the influence of a low directed stress.

In addition to these features, the textures resulting from thermal
overprinting are also observed to mimic the pre-existing regional texture.
This texture is exemplified by the preferential growth of recrystallised
minerals such as hornblende on the pre-existing fabric defined by
actinolite. = This texture differs from that of the regionally produced
preferred oriented texture in that it is characterised by more idioblastic
and less strained or contorted crystals while the latter is typified by
xenoblastic (fibrous) crystals that have been subjected to strain.

Relict texture such as blasto-ophitic texture (Spry, 1983), are
observed in localities which are designated as flow center (Plate 3.6).
These localities are most likely sheltered from deformation and hence
were subjected to limited fluid mobility (Etheridge et al., 1983). Brodie
and Rutter (1985), have pointed out that the reduction in grain size
through deformation will facilitate the reaction kinetics by enlarging the
grain's surface area available for metamorphic reaction(s). In thin
section, secondary ferromagnesian minerals such as chlorite and

actinolite are seen to epitaxially replace the pyroxene minerals, while
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the primary ©plagioclase (labradorite) undergoes albitization,

saussuritisation, sericitization and replacement by carbonate.

3.4 DETERMINATION OF METAMORPHIC CONDITIONS

In this section, an attempt is made to determine the prevailing
metamorphic conditions the volcanic rocks have undergone, especially
with respect to the three different facies observed in the BGB. This
derivation of the metamorphic conditions is based solely on comparing of
observed mineral assemblage recorded in the facies concerned with those
derived experimentally under specific P-T conditions.

The volcanic rocks of the BGB are characterised by a regional
greenschist facies mineral assemblage. In the eastern portion of the
southern voleanic belt, this assemblage is overprinted by a late stage
thermal metamorphic event that is characterised by the presence of a
transition and lower amphibolite facies, Figure 3.1. A typical greenschist
facies is recognised by the mineral assemblage albite - chlorite -
actinolite - epidote - sphene - quartz +/- micas whereas the lower
amphibolite facies is characterised by the assemblage blue-green to
green hornblende - plagioclase (An 10 to 40) - epidote and quartz. In
contrast, the transition facies typically contains over-lapping mineral
assemblages found in both the greenschist and lower amphibolite facies.
The amphibole in the transition facies is termed 'actinolitic-hornblende’'.

The regional metamorphism, documented by the greenschist facies
mineral assemblages suggest an uppér temperature and pressure limit of
approximately 4500C at P= 2 kbar (Liou et al.,, 1974), while the absence
of pumpellyite in these rocks implies a lower limit of about 3250C at P=2
kbar (Schiffman and Liou, 1980) .

Attempts have been made to refine the pressure regime of this
regional metamorphic event in the study area using the metamorphic

assemblage recorded in the adjacent sedimentary rocks. Due to the
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broadness of the P-T stability field of this assemblage, that is, biotite -
muscovite - chlorite - amphibole (Robinson, 1986); the refinement of
the pressure regime was not possible. It should be pointed out that the
variation in the Alvi concentration of the amphibole can be used to define
the pressure regime of the regional metamorphism (Raase 1974).
Hypothetical metamorphic reaction(s) that characterise the

greenschist facies are as follow:

3-11 5Ca(Mg,Fe)SipO¢ + 3CO3 + HpO ——--mmmmmmmmmooeeee >

AUGITE + CARBON DIOXIDE + WATER

Cap(Mg,Fe)s5SigO22(0OH), + 3CaCO3 + 2Si0p

ACTINOLITE + CARBONATE + QUARTZ

3-2] 4(NaAlSi3Og - CaAl»Sip0g) + HyO —-----cmmmmomee o >
LABRADORITE + WATER

4NaAlSiz0g + 2CapAlzSiz012(0OH) + 2SiOp + AlyO3

ALBITE + EPIDOTE + QUARTZ + CORUNDUM

3-3] Cap(Mg,Fe)sSig022(0H); + 2COy + 3H20 + AlLO3 >

ACTINOLITE + CARBON DIOXIDE + WATER + CORUNDUM

(Mg, Fe)sAl»Si30190(OH)g + 2CaCO3z + 5SiO

CHLORITE  + CARBONATE  + SILICA

The thermal metamorphism is characterised by the transformation

of greenschist facies actinolite, into actinolitic-hornblende in the
transition facies and eventually to hornblende in the lower amphibolite
facies. In conjuction with this, the plagioclase becomes enriched in the
anorthite component. Other features suggesting a late increase in grade
include a depletion in relative abundances of chlorite and epidote and an

increase in the relative abundances of magnetite towards the higher
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grade rocks. These observation concur with a series of possible reactions
proposed by Cooper (1972), Graham (1974) and Kuniyoshi and Liou

(1976) for the transition facies. The reactions are as follows:
3-4] NaAlSi30g + Cap(Mg,Fe)5SigO22(OH)p--->

ALBITE + ACTINOLITE

NaCap(Mg,Fe)5A18i7022(OH)2 + 4Si0p.

EDENITE + QUARTZ

3-5] Cap(Mg,Fe)5Sig022(OH)y + 14(Mg,Fe)5Al2Si3010(OH)g+

ACTINOLITE + CHLORITE
24CayAl13Si3012(0H) + 28Si0y -—->

EPIDOTE + QUARTZ

25Cap(Mg,Fe)3A14SigO22(0OH)2 + 44H70

TSCHERMAKITE + WATER

3-6] 3(Mg,Fe)10A14S16020(0H)16 + 12CapAl3Siz012(0OH) +

CHLORITE + EP[DOTE
14Si09--->
QUARTZ

10Cap(Mg,Fe)3Al14S5i022(0OH)y + 4CaAlpSipOg + 20H70

TSCHERMAKITE + ANORTHITE + WATER

In the above reactions, the transformation of actinolite to hornblende is
attributed to (1) edenite substitution: (Na,K)AllV = Si and (2)
tschermakite substitution: (Al,Fe3+)AliV = (Mg,Fe)SiiV (Graham 1974:
Miyashiro 1978). A combination of these two substitutions yields the

pargasite end member.
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The determination of P-T conditions for the thermal metamorphism
can be made through the use of the chlorite-out reaction curve. Fawcett
and Yoder (1966) have shown that chlorite coexisting with quartz begins
to breakdown at temperature above 5659C at 2kb Py,g. Liou et al. (1974)
suggest that the total disappearance of chlorite occurs at approximately
5750C at 2kb Pfiyid- As mentioned earlier, chlorite was absent in some
of the lower amphibolite samples. This therefore suggests that the
temperature of 5759C has been reached in some of the localities
containing the thermal assemblages.

Liou et al. (1974) proposed the following reaction:
3-7] albite + epidote + chlorite + quartz <===>

oligoclase + tschermakite + magnetite + water
to describe the transition from greenschist to lower amphibolite facies
over a temperature range of 4700C to 5509C at 2kb. This reaction is in
accord to the observation made through the petrographic analysis of this
study. Furthermore, xenoblastic magnetite was seen in close proximity to
chlorite and blue-green hornblende (Plate 3.8), supporting the inference
that chlorite is involved in the production of magnetite and the
transformation of lower grade amphibole to higher grade amphibole.

According to Cooper (1972), the coexistence of magnetite with blue-
green hornblende commonly suggests that the bulk rock oxidation is high.
Apted and Liou (1983) , found that the stability of chlorite is reduced as
fQ, increases, which is also in agreement with Cooper (1972). Based on
the chlorite stability field, the upper temperature limit reached by the
thermal metamorphic event is taken as 5750C. This temperature
corresponds with an fgo of 10-17 to 10-25 bars, based on the stability
relations of Fe oxides and native iron (Miyashiro, 1978). The high
oxidation state seen here encourages the conversion of Fe2* to Fe3+ in
minerals such as chlorite and epidote. The Fe3+ is then available for the

tschermakite substitution that takes place in the transition facies.
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To confirm the P-T conditions (575°C and 2kb) documented for the
thermal metamorphic event of the volcanic rocks, the intercalated
sedimentary rocks were also examined. An assemblage containing
biotite, chlorite and blue green amphibole was observed in these
sedimentary rocks. The existence of this assemblage, especially the
presence of blue green amphibole, lends further support for the P-T
conditions invoked for the thermal metamorphic event. It therefore
appears that the P-T inference for the thermal metamorphic event is
reasonable.

The cause of the thermal event is not readily apparent in the field as
intrusive bodies were not observed in the vicinity of the study area. The
nearest, large intrusive body which could produce the observed aureole
is located approximately 10 km, to the south of the most eastern traverse
of the southern volcanic belt (Figure 3.1). The observed increase in
metamorphic grade in the southern volcanic belt may be attributed
either to the presence of an intrusion beneath the present surface or to
differential rate of uplift. The southern volcanic belt may be a reflection
of a greater rate of uplift and exhumation than those seen in the northern

and central belt. Further data is required to test these hypotheses.

3.5 EPIDOTISATION AND CARBONATISATION

Figure 3.1 presents a summary of areas possessing high carbonate
content with concomitant absence of actinolite and areas of high epidote
content. The latter phenomenon (epidotisation) could be explained by
redistribution of Ca to areas of pronounced deformation, such as
intersecting joints, similar to those proposed by Smith (1968). In outcrops
where epidote 1is considered to be prominent, anastomosing shear
features were observed. Turner and Verhoogen (1960) pointed out that

in low grade metamorphism of basic igneous rocks, the removal of CaO
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and AlpO3 in aqueous solution from one locality and introducing it to
adjacent rocks to form epidote is not uncommon.

In contrast to areas of high epidotization, areas where actinolite is
completely absent were also observed (Figure 3.1). Such occurrences
could be explained by the whole rock chemistry or by the physio-
chemical qonditions existing at that particular locality during alteration
(Deer et al., 1982; Turner and Verhoogen, 1960). For instance, a possible
reaction, proposed by Turner and Verhoogen (1960), that could have
been involved in this phenomenon could be:

3-8] chlorite + carbonate + quartz <===>

actinolite + water + carbon dioxide .

An increase in Py,0 and PCc(Q, would drive the reaction to the left
resulting in the breakdown of actinolite. Miyashiro (1978) has suggested
that an increase in Pg,0 and Pc(Q, would result in the increase in the
temperature of formation of actinolite. Hence, Pyg,0 , Pco, and
temperature are interacting factors which govern the stability of
actinolite.

A feature that is closely affiliated with the absence of actinolite is the
existence of high carbonate content in localities where actinolite is absent
(Figure 3.1). This can be explained with reference to equation (3-8). An
increase in PC(Q2 would drive the reaction to the left and hence produce
chlorite, quartz and carbonate. @ The Ca needed for the production of
carbonate is furnished by the actinolite. It should be noted that epidote
is also a Ca bearing mineral, and it too will eventually react to produce
more carbonate (Miyashiro, 1978). Other elements such as Al, Fe and Si
would be taken in by the mineral chlorite. The origin of this high PCQ2
environment appears to be associated with the numerous faults that are
located in this portion of the study area (Figure 3.1). According to Anglin
and Franklin (1985), schisty rocks found adjacent to fault zones are

usually characterised by a high degree of carbonatisation. The pervasive
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carbonatisation seen in the vicinity of the Beardmore area may also be
due to the intrusion of pegmatites to the south of the study area, where
CO?2 may have been introduced into the study area (Zayachkivsky, 1985).
The above explanation appear to suggests that the PC Q2 condition

throughout the thesis area are variable.

3.6 METAMORPHISM IN SHEAR ZONES

Shear zones are common features in the BGB, especially along
boundaries of contrasting lithologies. Most of the shear zones observed in
the study area are located either within the volcanic rocks or along
lithologic breaks between volcanic and sedimentary rocks. Shear zones
vary in width from a few centimetres to a metre or more and are
characterised by strong linear and planar fabrics resulting from lateral
ductile deformation. Thin sections of shear zone lithologies are
characterised by a mylonitic fabric and the development of a retrograde
assemblage such as chlorite - quartz - muscovite, suggesting hydrous
conditions of formation. Samples 109b to 110 from the Patsy Lake West
traverse (Figure 3.1) represent samples collected across a shear zone.
From these samples, it was observed that as the shear zone is
approached, the lithologies are retrogressed from transition facies to
greenschist facies, with chlorite and quartz as the predominant
constituents.  This transformation can be documented by the following
reaction as proposed by Beach (1980):

3-9] 6NajpCax(Mg,Fe)q 1/2Al1/2Si7A1 022(0H)o + CaAlpSipOg +
HORNBLENDE + ANORTHITE+
NaAlSi3Og + 3(Mg,Fe)2+ + 24H+ + 6HyO--->
ALBITE  + HYDROTHERMAL FLUID

3(Mg,Fe)10A1,SigA12070(0H) 16 + 4Nat + 13Ca2+ + 29Si09

CHLORITE + QUARTZ
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Sample 109c (Figure 3.1), was collected from a lens, embayed by
quartz, within the shear zone. This sample is characterised by
undeformed blue green hornblende (Plate 3.10), which is indicative of
lower amphibolite facies metamorphism. The existence of this blue green
hornblende is interpreted to result from metasomatism. Introduction of
Na, amongst other elements, from the shear zone fluid has transformed
the pre-existing actinolitic hornblende to blue green hornblende enriched
in Na, as suggested by Liou et al. (1974). The Na needed for this
transformation could have been derived from the retrogressive reaction
as shown in reaction 3-9. From the above, it appears that the shearing
took place fairly late in the metamorphic history, after the thermal
metamorphism. This inference is supported by the retrogression of the
thermally produced transition and lower amphibolite facies into a lower

greenschist facies resulting from the shearing .
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CHAPTER 4
GEOCHEMISTRY OF BEARDMORE-GERATLDTON VOLCANIC ROCKS

4.1 INTRODUCTION

Elemental abundances in fresh, unaltered volcanic rocks is quite
variable and this variation is attributed to a number of factors, some of
which include the source composition, the degree of partial melting and the
subsequent crystal fractionation within the ascending magma prior to
extrusion. Once solidified, these fresh, unaltered volcanic rocks are further
subjected to weathering, metamorphism and other secondary processes.
Such secondary processes have the effect of redistributing the primary
elemental abundances in these volcanic rocks and thereby further
complicating their chemistry. Precautionary measures should therefore be
taken before making inferences regarding the evolutionary history of the
magmas. In this chapter, elemental abundances and their variations in the
volcanic rocks are evaluated qualitatively. Mobility of various elements is

also examined.

4.2 ANALYTICAL METHODS

From a suite of more than 250 samples collected, 55 of the least visibly
altered representative samples were selected for chemical analysis. These
samples were then analysed for the following elements:- SiO2, MgO, FepO3t
(total iron), Al203, CaO, Na20, K20, TiO2, MnO, P205, CO2, S, LOJ, Sr, Y, Zr by
XRF and LECO-Method. Co, Cr, Cu, Ni, Zn by AA Flame and V and Sc by ICP
(Inductive Coupled Plasma) at the Ontario Geological Survey. From this
sample set, 14 samples were further analysed for rare earth elements
using ICP/MS (mass spectrometer). The accuracy of the individual methods

for the various elements are given in Table 1.
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4.3 GEOCHEMICAL RESULTS (Major and Trace Elements)

Geochemical results are presented graphically using Harker type
variation diagrams with Mg# (MgO/MgO+Fe203t) as the abscissa. Such
plots enable the direct comparison of analyses plotted together and
provide a qualitative means for deriving the behaviour of specific
elements or oxides with rtespect to primary magmatic processes. The
interpretation of such plots, to identify correlations between element
distribution and primary fractionation processes must be carried out with
caution due to the effect of secondary processes on element distribution.
The mobility of elements during secondary processes will be examined in
the next section.

The Mg number (MgO/MgO+Fe203t) has been employed as the abscissa
on Figure 4.1 to 4.17, as it represents a qualitative fractionation index,
which decreases with the continued evolution of the melt. The trends and
scatters shown in Figure 4.1 to 4.17 for each element are explained as

follows:-

4,31 Nickel (Ni) and Chromium (Cr)

The behaviour of Ni and Cr, partitioned into olivine and pyroxene
respectively, is considered to be similar as they both decrease in
abundance as the melt becomes more evolved (Figure 4.1 and 4.2). The
trends observed for the BGB data are poorly defined due to the large
scattering of the data. However, such scattering is considered to be original
as comparable results are observed in fresh, unaltered basalts (Keays
and Scott 1976, Melson and Thompson 1971; Humphris and Thompson
1978).

432 Calcium (Ca)

The behaviour of the element Ca is shown in Figure 4.3 as CaO. Ca is

partitioned into a number of rock forming minerals such as the pyroxene,



Table 1:

Methods:

Si02
Al203
Fep O3t
MgO
Na20O
K20
Ca0
P20s5
TiO?2
MnO
CO2

Accuracy of Geochemical Analysis.

XRF/LECO

+/- 2.0%
0.4%
0.6%
0.3%
0.5%
0.1%

0.15%
0.15%

0.16%
0.01%

0.4%

Co
Cr
Cu
Ni

Sr

Sc

AA/ICP

+/- Sppm
20 ppm
4ppm
6ppm
10ppm
Sppm
10ppm
10ppm
10ppm
15ppm

- La

Ce

Nd
Sm
Eu
Gd
Tb

Ho
Er
Tm
Yb

ICP/MS

+/-0.05ppm

0.
0.
.18ppm
.15ppm
.07ppm
.14ppm
.03ppm
.13ppm
.03ppm
.10ppm
.03ppm
dlppm
.04ppm

SO DO OO OO COo

O5ppm
O5ppm

45
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FIGURE 4.1 to 4.17 : Variation diagrams of volcanic rocks from the BGB in
which all elements are plotted against Mg#(MgO/MgO+Fe203). CaO, Alp03,
Na20, K20, TiO2, P205, MnO are in weight per cent. Ni, Cr, Sr, Co, Sc, Cu, V,
Y, Zr and Zn are in parts per million.



300
o
200 4 g
o
oo a)
]
D o DD o
100 - T8
D a @ ;i; B EDD
@] 'E. B x [a) D
o T - F I 4
0.1 0.2 03 04 05
_ Mg *
Figure 4.1
1000
. 3
800
600 -
| a)
. 1 0
400 8 8
200 o B g
4 .- EBDED Hl o0 p Oy B
0 . 2, n 0
0.1 0.2 03 04 05
Mg ®

Figure 4.2

Ni

Cr

47



Ca0

AlI203

14
0 o]
0p a]
IOi g 8 oocfiog ® .
SOD 00 O o
8 0D a)
)
6 a]
@ o
4
2 0]
0 4 —— T Y LE T
01 0.2 03 04 05
Hg ¢
Figure 4.3
18
17 - 0
]l o )
16 - _ B, DDD
15 1 0] 5 0] H o
1 0] alla ]
144 oo™ 70
] o O D
o, 0
13 o
p B = D
12- (o} o
11 T T T
0.1 0.2 03 0.4 05
- Hg '

Figure 4.4

48

0 Cal

O Al203



Na20

500
4 o)
400 D
300 o
4 @] o (a]
200 - o DuDD @™ b w
o]
g B
100 - 0? B "o B
o a) o} oo
0 T L T
0.1 02 03 0.4 05
. "g & .
Figure 4.5
S O
44 D o
34 5 B : %0 5 O
b " o g
.I. D GD D 0
21 o Yp BE [a]
By en” O
g} 8 B (0] D
11 o
D
o ) 1 ¥
0.1 02 ° 03 04 05
Mg ®

Figure 4.6

D N&20

49



2
)
o
] -
D
p O
a] 2 g] 3}
D BD a)
0 o o
o)
0 © Pt opn
0.1 0.2 03 04 05
Mg *
Figure 4.7
100 T DB
1 o o
| B
g L o
80 ] o 3] 0 o
l EJD Hjcb B o O
1 (0] e o 0
60 - o | p  OTO@m o Bg
] B g a
) bg O
40' o
20 T T T
0.1 02 - 03 04 05
Mg ¢

Figure 4.8

B K20

50



Cw

S0
o B
40 - >
° o g Bt]ngﬂu D m
] oo o° SD E
30 8 Yy D
)
g o D p
20 1 B 0
D B
o
]0 T T ]
0.1 02 03 04 05
. Hg s
Figure 4.9
300 -
B
)
200 A o
B a]
- o" od B =
B O
O O o
100 + a 0o D
D 0 B
J B, = @fF
D o g B
0 = S
0.1 02° 03 0.4 05
Mg ®

Figure 4.10

Sc

Cu

51



T402

400
o]
D EBDD .
a} ? o
300 1 o
o o EDDD 2
g DO tg DD D
o 0
200
B D
o
100 ; : 2,
0.1 0.2 03 04 05
Mg *
Figure 4.11
1.8 ]
16 .
*
1
1.4 02
] g8
1.2 0o oD (3,2
1 © 0 0y H
1.0 Ei:
) D DB
0.8 0 a a]
g 0o
] QB$ n_goo
0.6 o g
0.4 ] 1 4 I 1 4
0.1 0.2. 03 04 05
Mg ¢

Figure 4.12

D Ti02

52



Zr

60
4 o
50 4
1 o]
i 2
40 a
1 0 2 o8]
30 A a) a] D?%m f
w ’ 333 B .
3] 0
20 a]a} D DD
| o oUop
]0 T v T v T
0.1 0.2 03 04 05
Mg *
Figure 4.13
160 - 5
] o
140 o B
] 0
]20“_ 0 SG o ;
] B
100 e, o of 0 0
L n o
] B o0 B0
80" .'l
_ o o |
4 oo O
60 e
]
40 1 4 1 T
0.1 02 03 04 05
. Hg L J

Figure 4.14

r

53



54

&
~
a
(]
%u
o (o]
a la
mnm,
D g i
O Hg
Q a
oo m@n"
go |
o oR o
!
o ()
(o]
(a]n] i
T T ~ | E—
< ) o~ - o
o o o o o
<0Zd

(@]
[ ol
b
o
Tp}
© o
o]
%
o_a
< ge
e e & Q i
a %°
= o}
. B o
Lap]
[T - @ o] "I -
b = o] e
»
%
S °
< o [
)
| =t
3
50 |
i
o. T | S T
L g N ot <
o <o o oS o

03 04 05
Mg *

02

01

Figure 4.16



55

S
a
"8
°
oo
B -
N
Q2 nuD DDD
o g o %o
o DDDD -
L
UD
D -
a o]
— T
o (=4 (=
[ (=]
2 —

05

0.3 0.4
Mg ®

0.2

0.1

Figure 4.17



56

amphibole and plagioclase. However, the majority of Ca in a basaltic melt
is incorporated into Ca-rich plagioclase and clinopyroxene. Figure 4.3
depicts considerable scattering of the data. This scattering is to be
expected, especially when secondary processes have occurred. Ca leaching
is common during chloritization of ferromagnesian minerals such as
pyroxene, where Ca 1is replaced by iron and magnesium and during
albitization, where Ca is replaced by sodium (CaAl=NaSi). Mobility of Ca is
also evidenced by the varying concentration of epidote and carbonate
mineral abundances from one sample site to another. All of the fore-

mentioned secondary processes are documented earlier in the Chapter 3.

433 Aluminium (Al

In modern, unaltered tholeiitic rocks aluminium concentrations,
reported as Al203, can vary from as much as 12 wt. % to 19 wt. % ( Jakes
and Gill, 1970; Jakes and White, 1972; Sun and Nesbitt, 1977; Basaltic
Volcanism Study Project, 1981). The relative immobility of aluminium
during secondary alteration has been widely documented in Archaean
volcanics ( Vallance, 1974; Jolly and Smith 1972; and Jolly, 1980). The
variation observed in Figure 4.4 is considered to be primary and the large
scattering is probably due to the varying primary mineralogy, such as
plagioclase feldspar. The data shown here are also comparable to other
Archaean tholeiitic rock suites of similar Mg number as shown by the

Basaltic Volcanism Study project (1981).

4.34 Strontium (Sr)

Strontium is mostly partitioned into albitic plagioclase during the late
stages of fractionation where albitic plagioclase replaces Ca-rich
plagioclase. It is also partitioned into apatite and augite in minor amounts.
In more evolved tholeiitic basalts (Mg # < .5), strontium concentrations

generally decrease with decreasing Mg number (Wood, 1978), however,
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such is not the case here (Figure 4.5). The lack of a well defined trend is
most likely to be attributed to mobility of Sr during alteration processes.
Sr has been documented to be mobile during zeolitization (Wood, 1978)
and epidotization (Smith and Smith 1976, and Humphris and Thompson
1978). Presumably alteration processes that are responsible for Ca
mobilisation may be responsible for the behaviour of Sr since they have

similar physical attributes.

435 Sodium (Na)

Sodium in the melt is usually fractionated into plagioclase during the
late stages of a melt differentiation. Therefore, sodium increases during
the early stages of the melt evolution until Na-rich plagioclase or
amphibole starts to fractionate. In addition, sodium is also introduced
during regional metamorphism by a variety of sources such as
hydrothermally introduced fluids or through seawater interaction (Jolly
1980; Beach, 1980) giving rise to processes such as albitization. Figure 4.6
shows an apparent absence of primary magmatic trend. This is likely due
to processes such as albitizatioh, where Na is introduced during Ca leaching
of the calcic plagioclase. This inference is supported by the petrographic

analysis documented in Chapter 3.

436 Potassium (K)

Potassium is considered to be an incompatible element since most
major rock forming minerals possess a low partition coefficient (Kd) value
for potassium. The Kd value is an expression of the extent to which an
element is partitioned into a fractionating mineral phase (Henderson
1984). The extremely large ionic radius of K is responsible for its exclusion
from fractionating phases, except in more siliceous melts where alkali
feldspar and mica are removed. As a result, K would be expected to

accumulate as the melt evolved. In addition to this primary characteristic,
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K is also introduced during regional metamorphism via hydorthermal
fluids. Figure 4.7 illustrates the absence of the expected trend. Most of
the basalts contain a low content of K and this is considered to be primary,
since seven of the data points are from samples containing relict
mineralogy. Samples with high K content are considered to result from a
higher grade of metamorphism. Comparable results were also shown by
Pharaoh and Pearce (1984). The mean K value for the greenschist facies
rocks is 0.16% while that for the lower amphibolite facies is 0.30%. This
interpretation is also supported by the formation of biotite in lower
amphibolite facies rocks. As mentioned in Chapter 3, the source of K could
be derived from subsurficial intrusion or dewatering of adjacent

sediments. Such hypothesis might be tested by isotopic work.

4.37 Cobalt (Co

The behaviour of cobalt (Co) is similar to that for Fe2+. However, its
behaviour during alteration is not extensively studied. The Co vs. Mg# plot
(Figure 4.8) depicts a large scattering of data. This scattering may be due
to secondary effects if one assumes a systematic incorporation of Co into
ferromagnesian minerals with progressive fractionation, similar to that of

ferrous iron.

438 Scandium (Sc)

Scandium is a lithophile element with a radius similar to ferrous iron
but with a higher charge. Little is known regarding its behaviour during
alteration, therefore scattering effect seen in Figure 4.9 could either be a

primary or a secondary feature.

439 Copper (Cu)

The element copper (Cu) is generally concentrated into the sulphide

phases of the melt as a minor constituent rather than substituting into the
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silicate rock-forming minerals (Craig and Vaughan 1981). This element
has been documented to be leached from metamorphosed basaltic rocks by
Reid et al. (1987). The scatter observed in Figure 4.10 is likely to be due
to alteration processes such as sulphidisation that had occurred after
consolidation and emplacement of the magma. In the field, zones of

sulphidisation are common.

440 Vanadium (V)

Vanadium is preferentially incorporated into magnetite over ilmenite
and chromite over pyroxene, in order of decreasing Kd values. Figure 4.11
illustrates an increasing concentration of V with increasing melt
differentiation. This suggests that the fore-mentioned opaque oxide
phases are not precipitating out. The fractionation of oxides is controlled
strongly by the partial pressure of oxygen, where a high partial pressure

of oxygen would generally favour the precipitation of oxide phases.

4.41 Titanium (Ti), Yttrium (Y), and Zirconium (Zr)

Figure 4.12, 4.13 and 4.14 depict the behaviour of the elements Ti, Y,
and Zr in BGB samples. All these elements illustrate relative enrichment as
crystal fractionation continues or as the melt becomes progressively more
evolved. This enrichment is attributed to the low Kd values for these
elements in the fractionating phases.

Ti is partitioned into ilmenite, magnetite, hornblende, and
clinopyroxene in decreasing Kd values. However, Figure 4.12 suggests that
these oxides are not fractionating out in the melt. Magnetite starts to
fractionate out when the oxygen fugacity is high (fO2 > 10-11). This
implies that the oxygen fugacity of the melt involved in the genesis of the
BGB basalts is not likely to be high. This inference is consistent with the

observed increase in total iron and vanadium in Figure 4.11, where the

behaviour of these two elements are also strongly dependent on the
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precipitation of oxide phases. Support for this inference is also shown by
the negative europium anomaly seen in the rare earth results which will
be described in a forthcoming section.

The element Y is partitioned into garnet, hornblende and clinopyroxene
in decreasing Kd values. The increase in Y in the residual fraction of the
melt further attests to the fact that Y behaves as an incompatible element
during melt differentiation. Sun and Nesbitt (1978) suggested that the
abundance of this element is controlled by the source and the degree of
partial melting since it is poorly fractionated out by the main fractionating
phases. The minor scatter seen in Figure 4.13 may well be attributed to
the source heterogeneity.

Zirconium is incorporated to a small extent into pyroxene, phlogopite,
garnet and hornblende, but it is largely partitioned into the mineral zircon.
Figure 4.14 depicts the relative coherency of the Zr distribution with
respect to decreasing Mg number. This suggests that the mineral zircon is
not a fractionating phase since Zr continues to accumulate in the melt
fraction as the melt evolves. The behaviour of this element is
predominantly due to its large ionic radius or oxidation states which
precludes its incorporation to any significant amount into the rock forming
phases. Another feature observed in this plot is that there is some
scattering of Zr in the plot. This scatter could be due to minor mobility of

this element which will be elaborated in a later section.

4.42 Phosphorus (P)

Phosphorus expressed in Figuré 4.15 as P05 1s strongly incorporated
into apatite since it is an essential structural constituent in this mineral
[(Ca5(PO4)3(OH,F,Cl)]. Apatite is also considered a important minor phase
~ because many trace elements are strongly partitioned into it (Henderson,
1984).  Crystallisation of apatite usually commences when P205 in the

liquid exceeds 1.0 wt. % (Anderson and Greenland, 1969). However, most
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of the samples in the study area generally contain less than 0.1 wt. % of
P205 and it tends to be concentrated into the residual fraction suggesting
that apatite is not a major phase participating in the melt evolution, Figure

4.15.

443 Manganese (Mn) and Zinc (Zn)

These two elements are partitioned into olivine, iron-titanium oxide
phases and in pyroxenes. Wood (1978) documented that the element Mn
usually replaces ferrous iron in the fractionating phases and that iron rich
pyroxene and olivine phenocrysts tend to contain higher Mn than Mg rich
pyroxene and olivine. This led him to suggest that crystallisation of iron
rich pyroxene and olivine and iron-titanium oxide phases is responsible for
the ultimate depletion of Mn in the residual melt. As for the element Zn,
Mason and Moore (1982) suggested that magnetite and ilmenite are more
effective in incorporating Zn than silicate mineral and that minor amounts
of Zn are incorporated into sulphide minerals. Figure 4.16 illustrates that
Mn shows a weak constant increase in relative abundance as the melt
evolves. The behaviour of Mn is consistent with the behaviour seen in iron.
Figure 4.17 depicts a similar trend observed in the Mn plot, except that it
has lesser coherency. The lack in coherency could be due to secondary

processes such as sulphidisation where Zn may be redistributed.

4.4 SUMMARY

From the observed behaviour of the various elements, it can be
concluded qualitatively that some of the more evolved basaltic rocks seen
in the study area could have resulted from fractional crystallisation of less
evolved rocks. This will be examined quantitatively in the section on the
petrogenesis of the BGB basalts. The major mineral phases fractionating
out, as derived from the chemical characteristics of the elements, appear to

be olivine and clinopyroxene, as shown by the depletion of Mg, Ni, and Cr
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with increasing melt differentiation. The possible mobility of the elements
Ca, Na, and Sr, however, has masked the results of plagioclase fractionating
out from the melt. The increase in total iron with increasing melt
differentiation, is in accordance with the tholeiitic nature of the melt
(Miyashiro, 1973). This increase in total iron accompanied by titanium and
vanadium further suggests that iron-titanium oxide phases are not
fractionating out in the melt. This would also imply that the geological
environment from which the basalts were derived is likely to have a low
oxygen fugacity. The pyroxene and olivine fractionating out in the early
stages of the fractionation process are probably iron poor as well. Beside
this, the low Mg number seen in most of the basalts in the study area
attest to the evolved nature of the BGB basalts and that they could not
have resulted directly from the melting of the mantle material since direct
melting would give rise to a much higher Mg number of .80 (Sun and
Nesbitt, 1978).

It should pointed out that the variation trend documented above are
from three different volcanic belts. The trend shown on these plots (e.g.
Figure 4.11 and Figure 4.12) may in fact represent three overlapping
trends, i.e. one for each belt, suggesting the belts have similar liquid line-of
descent paths. Information on the characteristics of each individual belt is
not readily apparent due to the agglomeration of the data. This latter
treatment is necessitated by the fact that outcrops in each volcanic belt are

widely scattered, discontinuous and deformed, i.e. sheared.

4.5 GEOCHEMICAL CLASSIFICATION

Geochemical classification of the BGB samples were carried out using
Irvine and Baragar's classification (1971), Figure 4.18. This division is
further confirmed by classification employing immobile elements of Floyd
and Winchester (1975), Figure 4.19. Both Figure 4.18 and 4.19 indicate

that the BGB volcanics are tholeiitic.
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Figure 4.18: AFM plot of volcanic rocks of the BGB. A = Na20+K?O0,
F = Fe203t, and M = MgO, with all oxides in weight percent. Field A
represents tholeiitic field while field B represents calc-alkaline field
(after Irvine and Baragar 1971).
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Figure 4.19: P2O5 (wt.%) - Zr (ppm) variation diagram for volcanic rocks of the
BGB. Fields of alkaline and tholeiitic basalts are from Floyd and Winchester
(1975). Symbols as in Figure 4.18.
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4.6 RARE-EARTH ELEMENTS: INTRODUCTION

Rare Earth Elements (REE), like the major and trace elements are not
immune to the effects of post emplacement alteration. The mobility of the
REE is governed by several factors, among which include: i) the REE
concentration in the primary and accessory minerals in the parent, since
these minerals provide the initial sites for REE concentration and dictates
their distribution; 1ii) their stability during weathering and alteration,
stability being dependant on the order of crystallisation; iii) the nature of
the fluids; fluids rich in F-, CI- and CO2 have been documented by Alderton
et al. (1980) to have the capability to mobilise REE; iv) the ability of the
secondary nminerals to accommodate the REE released during
alteration/weathering; v) the fluid/rock ratio; vi) the duration of and
exposure to alteration/weathering; and vii) the stability of REE complexes.
However, REE have been found to be immobile under most greenschist
metamorphic conditions (Humphris and Thompson, 1978; Ludden and
Thompson, 1979). This observation is further supported by experimental
work which shows that REE are immobile under condition of low fluid/rock

ratio and under pressure conditions not exceeding 15 kb (Mysen, 1979).

47 GEOCHEMICAL RESULTS (Rare Earth Elements)

Chondrite-normalised REE profiles for the 14 analysed samples are
shown in Figure 4.20-4.24. The regularity and coherency of the REE
profiles for samples from different belts, exhibiting varying metamorphic
grades, including some which preserve relict igneous textures, suggest that
the REE have remained immobile. Based on the profiles, the samples are
divided into two groups according to the nature of the light rare earth
element (LREE) segment of their profiles. Group I, the tholeiitic group, to

which the majority of the samples belong, are characterised by a depleted
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FIGURE 4.20 to 4.23: Chondrite normalised rare-earth patterns for Group I
tholeiitic basalts of BGB. Normalising values for the rare earth element
(REE) are given in the appendix.
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LREE segment with [La/Sm] N = 0.65 and a relatively flat heavy rare earth
element (HREE) profile with [Sm/Yb] N = 1.2 (Figure 4.20-4.23).

In contrast, Group II samples are characterised by LREE enrichment
with a [La/Sm] N = 1.6 and a relatively higher fractionated HREE segment
with [Sm/Yb] N = 1.9 (Figure 4.24). These two samples were collected in
the northern volcanic belt with one of the sample exhibiting a gabbroic
texture while the other possesses a schistose appearance.

As for the relative abundances of the REE, most range from 6 to 20 X
chondrite. Besides this, they also show negative Eu anomalies (Eu/Eu* =
0.81 to 0.85), with the exception of samples OX101 which shows a positive
anomaly and samples PW107 and 109b where there are negligible Eu
anomalies. The negative Eu anomalies seen in most samples suggest that
the oxidizing condition of the melt is low, implying that during the melt
evolution, oxygen fugacity is likely to be low (Henderson, 1984). This is
consistent with the interpretation based on major and trace element
chemistry (Section 4.3). The presence of negative Eu anomalies also
suggests that Ca-rich plagioclase was removed from the melt.
Approximately 20% plagioclase fractionation is required to produce a
negative Eu anomaly (Schilling, 1971; S.:,un and Nesbitt, 1977; Basaltic
Volcanism Study Project, 1981). |

Plagioclase involvement in the evolution of the melt would also
facilitate, to a limited extent, in the explanation of the depleted nature of
the LREE since this mineral phase has a preference for La over Sm. This
would in effect cause a decrease in the La/Sm ratio. Sun and Nesbitt
(1978) suggest that the presence of clinopyroxene in the fractionating
assemblage would counteract the LREE depletion, producing a relatively
flat REE profile. The ratio required to produce this flat profile was
suggested to be 4 plagioclase to 1 clinopyroxene. An alternative
explanation for the depleted nature of the observed LREE pattern is that

the source from which these rocks were derived could have experienced
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earlier melting events, thereby depleting the LREE. Similar inferences
have been made by Sun and Nesbitt (1978), based on comparative studies,
concluded that a depleted source similar to the present normal mantle was
available prior to 2.7 Ga. Depletion of LREE in the source material would in
effect give rise to a depleted LREE profile in any subsequent melt.

The unfractionated nature of the HREE in Group 1 samples, with
[Sm/Yb] N = 1.2, and the presence of negative Eu anomalies, suggests that
neither garnet nor plagioclase is a residual component of the source region.
Note also that the involvement of garnet fractionating out in the melt is not
supported by the recorded increase in Mn, since fractionation of garnet
would cause a depletion of Mn, Sc and a relatively well defined, gradual,
depletion in Al203.

The presence of plagioclase as a residual phase would result in a
negative Eu anomaly. This implies that the melt separation is not likely to
have occurred at relatively shallow depth, i.e., between 8.6 to 10 kbar in
the mantle. This pressure regime corresponds to the stability of
plagioclase (Schilling, 1975).

The presence of clinopyroxene in the residual phase leads to a melt
enriched in LREE and rocks subsequently derived from this melt will
possess LREE enrichment. The LREE depietion observed (Figure 4.20-4.23),
suggests that clinopyroxene is not a residual phase in the source material.

The role of olivine in REE fractionation is considered to be minor since
its REE Kd values are much less than 1 (Henderson, 1984). The presence of
other mineral phases in the residual phases such as amphibole and
phlogopite is difficult to evaluate due to the mobility of K, Rb, Ba and Sr.
However, the presence of amphibole in the residual solid is not likely since
the presence of amphibole will result in a depletion of middle rare earth
elements (MREE) and cause a positive Eu anomaly in the melt.

The Group II profile is illustrated by Figure 4.24. These two samples
display a highly fractionated profile characterised by LREE enrichment
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FIGURE 4.24: Chondrite normalised rare earth patterns for Group II basalts
designated as calc-alkaline basalt by Ti/100-Zr-Y(3) diagram.
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(20-40 X chondrites) with [La/Sm] N > 1 and a HREE depletion (10 X
chondrites) pattern with [Sm/Yb] N close to 2. The LREE enriched profile
observed could be a reflection of either i) degree of partial melting; 1ii) the
presence of garnet or amphibole in the residual phases or iii) a result of
contamination (Hawkesworth, 1982). This will be elucidated further in

Chapter 7.

4.8 EFFECTS OF ALTERATION ON ELEMENTS: INTRODUCTION

Some elements such as Ti, Y and Zr have been shown to be useful in
evaluating the probable nature of the tectonic settings while others like Ni,
Cr and Mg have been shown to be invaluable in the interpretation of the
magmatic history of volcanic rocks (Jakes and White 1972; Pearce and
Cann, 1973; Pearce and Norry, 1979; Pearce et al., 1981; Floyd and
Winchester, 1975). However, before embarking on the application of
chemical classification and interpretation of the whole rock chemistry, the
effects of secondary processes such as weathering and metamorphism on
solidified magmas should be investigated. These post eruptive processes
have the ability to mobilise elements and hence their respective
concentration within the rocks (Alderton et al.,, 1980, and Henderson,
1984). This would eventually bring about with it uncertainty in the
original chemistry and erroneous interpretation.

Pearce and Cann (1971; 1973) and Humphris and Thompson (1978)
have documented the relative immobility of the trace elements Ti, P, Zr, Y,
and Nb during greenschist facies metamorphism.  Storey and Meneilly
(1985) have defended the applicability of immobility of these elements to
as high as the amphibolite facies. However, Murphy and Hynes, (1986)
suggested that a CO2 rich fluid introduced during metamorphism, has the
ability to complex with various high field strength (HFS) elements (Y, Zr

and Ti) and subsequently cause their mobilility.



76

In contrast, large ion lithophile elements (LILE) like Ba, K, Sr and Rb
have been shown to be enriched in altered basalt (Hart 1971 and Hart et
- al. 1974). Henderson (1984) and Vallance (1974) interpreted the mobility
of these elements to be affected not simply by metamorphic grade but also
by the nature of the accompanying fluid phase.

The above discussion suggests that there is no single factor, but a
series of interacting factors which dictates the mobility of the elements. In
this study, all the elements analysed are examined for potential mobility
by i) molecular proportion ratio diagrams such as those proposed by
Pearce, (1968; 1969) and Beswick and Soucie (1978); 1ii) factor analysis
and iii) element (s) versus CO2 plots (after Murphy and Hynes 1986).
Each of these analyses has its own merits and are briefly discussed in the

following sections.

4.9 MOLECULAR PROPORTION RATIO DIAGRAMS

This method, first proposed by Pearce (1968), evaluates the effects of
allochemical metamorphism on the mobility of individual elements. The
method involves the application of discriminant analysis to altered and
unaltered samples (Pearce 1968;1969; Be§wick and Soucie, 1978). The
procedure plots the ratio of the clemént of interest to an immobile
element or oxide. An immobile element will display a single well defined
trend while a mobile element will exhibit a scattered distribution. The
application of this method to a suite of volcanic rocks requires that the
primary compositional variation of the rocks is minor and that Al203 is
indeed immobile.

Representative results of this application are shown in Figure 4.25 to
430. Elements K20, Na20O, Sr, Cu, and Co are shown here to be mobile.
Mobility of these elements are shown by the displacement of data along
the y-axis while the variations along the x-axis are a manifestation of the

fractionation trend. Elements CaQ and Sc are depicted to be moderately
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FIGURE 4.25 to 4.30 : Representatives of molecular ratio plots of samples.
A12073 is used as a constant divisor, Fe2O3t along the x-axis is used as
fractionating index.
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mobile while TiO2, P2Os5, Mn, Cr, Ni, V, Zr, Y and Zn are shown to be

relatively immobile during the alteration processes.

4.10 FACTOR ANALYSIS

Factor analysis, a method rarely used in high temperature
geochemistry, is employed here in an attempt to elucidate the inter-
relationship of chemical elements (variables) that exist in the bulk rock
chemistry.  This method can be viewed as a means of evaluating the
variation trends documented earlier in the variation diagrams (Figure 4.1-
4.17).

Factor analysis essentially involves four major steps: 1) computation of
correlation coefficients for the variables. ii) The arrangement of
correlation coefficients in a matrix. iii) Determining the factor (or axis)
that accounts for the pattern of correlation valﬁes observed in the
correlation matrix. 1iv) Rotation of factors (axes) to remove ambiguous
loadings (coefficient), Comrey (1973) .

The number of factors extracted here is based on the Kaiser criterion,
that is, factors with an eigenvalue greater than 1 are considered a factor,
while those with an eigenvalue of less than 1 are discarded. An eigenvalue
can be defined as a measurement of the magnitude of the data variation
along a factor and it can be derived by adding the sum of the square
loadings observed under each factor. The eventual factors obtained by this
final procedure are often assigned to a specific causal connotation or
geologic phenomenon such as alteration. However, Temple (1978) has
suggested that erroneous interpretation could arise from the desire to
assign causal connotation to the factors obtained. If there exists a cause
for the observed correlation coefficient (factor), the lack of or absence of a
correlation coefficient must also have a cause. As a result, the validity of
the interpretation must be confirmed by other evidence. Other cautionary

measures include the size of the sample and the possible existence of a
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curvilinear relationship between the variables, since factor analysis is
based on the assumption that correlations between the variables are
linear.

Factor analysis was performed on both the major and trace elements
using the SPSS package run on the Burroughs 7900, at Brock University.
The major and trace elements were rtun independantly to avoid the
possibility of obscuring factors. Table 2a and 2b show the eigenvalues and
the percentage contribution of each factor. The cut off point for a
significant loading is taken at an arbitary number of .30000. For the major
elements, the first 5 factors account for 80% of the data variation. The first
factor, which accounts for 26% of the variation is interpreted to reflect a
primary magmatic process, involving the removal of Ca and Mg due to
fractionation of clinopyroxene. The high positive loading for the elements
such as K and Na further supports this interpretation. Factor 2 also reflects
magmatic differentiation. The positive loadings for the elements Ti, total
Fe, Mn and P reflects the accumulation of these elements in the residual
melt. Factors 3 and 5 can be assigned to carbonitization and sulphidisation
processes, respectively. In contrast, factor 4 posesses some problems in
assigning a causal effect rather than providing some insight. The author is
not aware of any processes that could fit the observed loadings.

It should be pointed out that the loading for the variables Alp03 and
Na20 be interpreted with some caution. Their low communalities, that is
the sum of square of the loadings for these variables over the 5 factors,
suggest that approximately 40% of the variance is unaccounted for by the
5 factors. In conjunction with the 5 factors, this could not account for the
total observed variance suggesting that the inter-relationship between the
variables is much more complex. Table 2b essentially provides a similar
interpretation, with factor 1 and 2 being assigned to magmatic processes,
while ambiguity exist in interpreting factor 3. The communality values for

Ni, Sr and Cu suggest caution in interpreting these variables.
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Table 2a. Varimax rotated factor analysis on major element chemistry of BGB basalts,

Variables. Factor 1 Factor 2 Factor 3  Factor 4 Factor 5 Communality,

Si02 36747 -.26981 -.12645 .85804 -.08603 96745

TiO2 12432 .82160 -.12645 32944 20718 .85823

Al203 .38487 -.05672 -.47055 -.52274 -.03622 64734

Fe203 02222 .80830 -.28977 -.24844 21674 .84651

MnO -.15427 77784 32858 -.04640 -.12549 75470

MgO -41933 -.31974 -.09633 -.68947 -.05216 76544

C0 -.86783 -.11780 .00176 -.12054 07726 78751

Na20 73691 08789 -.18850 .15598 -.05958 .61418

K20 17798 -.19614 00169 .11420 .08484 .66396

P205 23244 43386 -.18656 .38725 -.51915 .69655

a2 -.05944 .01659 96465 .13843 -.00681 95356

S .02284 23635 -.10946 .05479 .87694 .84039

LOI -.03967 -.10677 95092 -.16145 -.06729 94783

Factor Eigenvalue Pct. of Var. Diagnosis.
1 3.36021 25.8 Magmatic differentiation.
2 2.44579 18.8 Magmatic differentiation.
3 2.31839 17.8 Carbonitization.
4 1.14581 8.8 ?
5 1.07345 8.3 Sulphidisation.

Table 2b. Varimax rotated factor analysis on trace element chemistry of BGB basalts.

Variables Factor 1 Factor 2 Factor 3 Communality.

Co .79697 -.14345 .19096 69220

Cr .00580 -.18970 .85941 77461

Cu 47506 -.59144 -.03368 57661

Ni 19268 -.41219 .62487 .59748

Zn 80671 22308 15337 72407

Sr -.08324 12277 66324 46188

Y 37712 83112 -.21041 87725

Zr .07904 91090 -.06071 .83968

A" 90786 .19495 -.06674 .86668

Sc 77631 -.07449 -.29189 .69340

Factor Eigenvalue Pct. of Var Diagnosis.
1 3.19057 319 Magmatic differentiation.
2 2.50728 25.1 Magmatic differentiation.
3 1.40602 14.1 ?
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From factor analysis, it appears that some consistency in interpretation
has been achieved, compared with the results of section 4.3. Complications
in assigning causal effects to some factors also arises from the observed
loadings, suggesting that the inter-relationship or underlying structure

between the variables is more complex than it appears to be.

4.11 CO2 VERSUS HFS DIAGRAMS

Contary to the wide interpretation that HFS are immobile (Pearce et al.
1981; Reid et al. 1987), Murphy and Hynes (1986) have documented the
mobility of these elements under the influence of high CO2. Since some of
the HFS elements are used in determining the possible paleotectonic
setting of the BGB lithologies, their potential mobility are evaluated by
plotting these elements against CO72 concentration. Figure 4.31 to Figure
4.34 suggest that the CO2 concentration in the rocks has no influence on
the concentration of these elements, implying that for the BGB samples,

these elements are immobile.
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CHAPTER 5
PALAEOTECTONIC SETTING FOR THE BGB BASALTS

5.1 INTRODUCTION

Different tectonic settings support distinct magma generating processes.
These processes are indicated by the behaviour of the incompatible
elements, such as Ti, Zr and Y, used in discriminant diagrams. The
fundamental principle involved in the reconstruction of palaeotectonic
setting of ancient volcanic rocks using geochemical data has been the
comparison of major and trace element characteristics of the unknown
volcanic setting with those of recent, known tectonic settings (Pearce and
Cann, 1971; 1973; Pearce et al. 1975).

In this chapter, discriminant analysis is employed to identify the
palaeotectonic setting of the volcanic component of the BGB. The validity
of applying discriminant diagrams, constructed using data collected from
Phanerozoic volcanic rocks, on rocks of Archaean age is questionable
(Arculus, 1987). It has been suggested that the mantle has continuously
evolved through geologic time (Rogers, 1978) and therefore, any resulting
mantle derived melts should exhibit this variation. Pharaoh and Pearce
(1984) pointed out that greater than 80% of Rb and 50% of Ba have been
extracted from the primordial mantle. This is further compounded by
secondary processes which inevitably give rise to repartitioning of trace
and major elements. The assumption has to be made that for a specific
tectonic setting, the distribution of elements in the Archaean volcanic rocks
is similar to those of the present.

Despite some of the problems mentioned above, it has been shown that
the applications of immobile elements in discriminating tectonic setting for
the Archaean volcanic rocks is viable (Floyd and Winchester, 1976; Smith
and Smith, 1976; Pearce and Norry, 1979), providing that other

independent information, such as structural and sedimentological data are
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used in conjunction with geochemical results. Furthermore, the ratio of
Ti/Y, Zr/Y, Zr/Nb, Ti/Zr and TiOy/Al2,03 for low-magnesium basalt (MgO < or
= to 10%) have remained the same since the Archaean (Sun and Nesbitt,
1978). The similarity in element ratios does not suggest that the actual
abundances of these elements have remained constant. Whilst the
magmatic processes since the Archaean are not greatly different from the
present (Sun and Nesbitt, 1977;1978) the feasibility and applicability of
discriminant diagrams to differentiate the tectonic environment within

Archaean rocks is valid.

5.2 DISCRIMINANT DIAGRAMS AND THE BGB VOLCANIC ROCKS

To alleviate some of these difficulties discussed above, the effects of
allochemical metamorphism on the mobility of individual elements has
been examined in chapter 4. It has been shown that elements such as K
and Sr are relatively mobile, while Ti, Zr and Y are relatively immobile.

In Chapter 4, the BGB volcanic rocks were classified as having a
tholeiitic composition.  This classification does not indicate the possible
types of tectonic settings (volcanic arcs, ocean floor, ocean island or
intracontinental) in which these rocks formed. Further discrimination is
required to identify the tectonic setting. By using established discriminant
diagrams some of these possible settings can be ruled out.

On the Ti/100-Zr-Y(3) diagram of Pearce and Cann (1973); Figure 5.1,
approximately 75% of the BGB data falls within the oceanic floor basalt
(OFB) field with the remaining 25% within the calc-alkaline (CAB) field. The
applicability of this diagram to Archaean rocks have been substantiated by
the constant inter-element ratios for Ti, Zr and Y with time (Sun and
Nesbitt, 1978).  The results for the BGB rocks (Figure 5.1) are interpreted
to be real. The tight clustering displayed by the data further attests to the

immobility of the elements involved.
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Figure 5.1: Plot of volcanic rocks on Ti/100-Zr-3Y discriminant
diagram of Pearce and Cann (1973). WPB: within plate basalt; LKT:
low potassium tholeiite; CAB: calc-alkaline basalt; OFB: ocean floor
basalt. Symbols as in Figure 4.18.
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Pearce et al. (1975), proposed the TiO2-K20-P205 diagram based on the
principle that P05 and TiO) are resistant to alteration with each oxide
having a diagnostic concentration in oceanic and continental environments.
P20O5 is generally concentrated in continental environments while the
concentration of TiO2 is higher in the oceanic environment. The BGB
results when plotted on this diagram exhibit a strong tendency to be
drawn towards the K2O apex with the ratio of TiO2/P205 remaining
relatively constant (Figure 5.2). This suggests the mobility of K20 as was
documented in chapter 4. Regardless of K20 mobility, the majority of the
data falls within the OFB field.

On Figure 5.1 and 5.2, the BGB data falls within the OFB field. Howeuver,
on plot of Ti/100-Zr-Sr/2 (Figure 5.3), the reverse situation is observed,
where samples lie within CAB field. This contradictory result can be
explained by Sr mobility for the BGB volcanic rocks. Sr mobility, that is,
enrichment has occurred causing the data to be displaced towards the Sr
apex, placing the majority of the samples in the non-oceanic field (Smith
and Smith 1976). It should be pointed out that some of the samples in
Figures 5.1 and 5.2, which plot within the island arc or non-oceanic field
are relatively unaltered, suggesting that their composition reflects their

original chemistry.

5.3 SPIDERGRAMS

Documented settings in which tholeiitic basalts can be produced include
island arcs, marginal back arc basins and mid-oceanic ridges. To obtain a
better perspective of types of tectonic settings to which the BGB volcanic
rocks belong, spidergrams are employed. These diagrams are derived
from normalising the geochemical data of the sample of interest to that of
known tectonic setting. Figures 5.4 to 5.6 illustrate the use of such

diagrams. BGB samples with the highest (H), intermediate (I) and lowest



Figure 5.2: Plot of volcanic rocks on TiO2-K20-P205 discriminant
diagram of Pearce et al. (1975). Symbols as in Figure 4.18. Field A:
ocean floor basalt; Field B: non-oceanic basalt.
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Figure 5.3: Plot of volcanic rocks on Ti/100-Zr-Sr/2 discriminant

diagram of Pearce and Cann (1973).
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Figure 5.4, 5.5 and 5.6: Samples normalised to mid-oceanic ridge basalts
(MORB), island arc tholeiite (IAT) and marginal back arc basin basalts
(MBB). LL, and H represents samples with intermediate, low and high Mg
# respectively. Normalising values for MORB are from Condie (1976); IAT
from Jakes and White (1972) and MBB from Saunders et al. (1981).
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(L) Mg numbers , are normalised to an average mid-oceanic ridge basalt
(MORB), island-arc tholeiite (IAT) and marginal back-arc basin tholeiitic
basalts (MBB). The BGB data for incompatible immobile elements (Ti, Zr,
Y, P) appears to have a better correlation to MORB, (Figure 5.4), than with
either IAT or MBB (Figure 5.5 and 5.6 respectively). The source for ocean
floor basalts is suggested to contain higher concentration of HFS elements
and maintain a lower oxygen fugacity than those of island arcs (Jakes and
White, 1972). Support for a mid oceanic ridge affinity to the BGB basalts
can be seen in the relatively low oxygen fugacity necessary to account for
the negative Eu anomaly and the enrichment of Ti, V, and total Fe during

melt evolution (Chapter 4).

5.4 GEOCHEMICAL COMPARISON OF BGB WITH ANCIENT AND RECENT
OPHIOLITE

The data from Beardmore-Geraldton volcanic rocks are plotted on a
TiOp vs FepO3t/MgO diagram, together with representatives of Archaean
oceanic crust, the Yellwoknife volcanics (Helmstaedt et al., 1986) and
Phanerozoic oceanic crust, the Troodos Complex (Malpas et al. 1984), Figure
5.7. The majority of the BGB compositional data is observed to overlap the
data representing the Yellowknife volcanics and Troodos complexes. This
may suggest a comparable tectonic setting to that proposed for these
modern and ancient representatives of ocean floor material. One should
note that the Troodos Complex is grouped into an upper and lower
pillowed flow sequence. The upper flow is considered to be of island arc
affinity, while the lower flow is suggested to be of oceanic affinity (Pearce,
1975). The chemistry of the Troodos flow employed here is that of the

lower flow.
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5.5 DISCUSSION

Discriminant analysis on the palaeotectonic setting of the BGB are
summarised in Table 3. These results suggest that the majority of the BGB
volcanic rocks originated in an ocean ridge environment, and the BGB as a
whole, represents remnants of oceanic crust. An ocean ridge environment
for the BGB basalts is further supported by the predominance of tholeiitic
basalts within the 3 belts and the apparent lack of calc-alkaline material,
Figure 4.18 and 4.19. It is appropriate to point out here that the OTT to
the north of the BGB displays a calc-alkaline affinity (Kresz and
Zayachkivsky, 1986) and was previously interpreted by Thurston (1980),
and Amukun (1980) to represent an island arc complex.

One should note that even though the spidergrams documented above
appear to suggest a mid-oceanic ridge environment for the BGB, this does
not rule out the possibility of a marginal back-arc basin environment.
Marginal back-arc basins can be recognised in their early stages of
development by having a chemistry that reflects a subducted component,
i.e., one enriched in LILE, LREE and depleted in Nb and Ta (Tarney et al.,
1981). As the the back-arc spreading continues, the oceanic floor basalts
(sensu lato) produced in this environment will lose these chemical
characteristics as the back-arc spreading ridge migrates further away from
the subduction zone. As a result, these basalts will possess many
similarities, both petrographically and geochemically, to those generated in
a mid-oceanic ridge environment. Tarney et al. (1981) have suggested
variable sedimentary characteristics for the environments which flank
both sides of the arc. This high variability in sedimentary components and
similarities in the chemical characteristics of the basalts combined with the
lack of data on Ta and Nb data for the BGB samples makes the distinction
between MORB and MBB settings difficult.

Mixed chemical characteristics are found in the BGB. Miyashiro (1973),

has also documented such characteristics in the Troodos massif and the
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Table 3: A summary of the interpretation derived from discriminant diagra

DISCRI. DIAGRAM NOTES

Ti/100-Zr-Y X 3 75% IN OFB FIELD 25% IN CAB FIELD
Ti02-K20-P205 75% IN OFB FIELD 25% IN NON-OFB FIELD
Ti/100-Zr-S1/2 25% IN OFB FIELD 75% IN CAB FIELD

TiO2 vs FeOt/MgO OVERLAP WITH YELLOWKNIFE AND TROODOS VOLCANIC
SAMPLES NORMALISED TO BEST RESULT OBTAINED WITH MORB

MORB, IAT AND MBB.



99

Kurile Arc . These mixed geochemical characteristics could be interpreted
to result from the mechanical mixing of island arc basalt with ocean floor
basalt during a subduction event. However, field evidence is not
forthcoming on this suggestion. Another possible explanation for the
mixed geochemical characteristics could be attributed to post accretionary
intrusion similar to that described by Echeverria (1980), Jakes and Miyake
(1984) and Lash (1986). This latter explanation may be a probable
solution if one considers the fact that subparallel mafic intrusions are
observed in the adjacent sedimentary belts (Mackasey, 1975 and 1976)

and the proximity of known CAB rocks to the north.
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CHAPTER 6
OVERALL TECTONIC HISTORY

6.1 RARE EARTH DATA

The majority of the REE patterns for the BGB basalts are relatively flat,
Figure 4.20-4.23, (Section 4.6). The unfractionated nature of the REE
patterns imply that no crustal contaminants are involved in the formation
of most of the Group I volcanics of the BGB, suggesting the absence of a
sialic basement to these volcanics and further enhancing the oceanic
affinity of the BGB volcanics. In contrast, Group II BGB basalts, Figure 4.24,
(designated as CAB by Ti/100-Zr-YX3 discriminant diagram) exhibit a LREE
enrichment. = The minor calc-alkaline component within the BGB was
interpreted earlier to represent post accretionary intrusive material. CAB
has been shown to carry with it the inherited, contaminated nature of the
source region ( O' Nions et al.,, 1977; Mysen, 1979). Tarney et al. (1982)
have documented that CAB produced further from the trench axis tend to
have a higher degree of LREE enrichment than those originating nearer the
trench axis, with [Ce/Yb] N ratios of 2 to greater than 6. This change could
be a reflection of the changing nature of the source, variation in the degree
of melting or a higher contribution by one of the components involved in
the genesis of CAB, such as the crust. Higher overall abundances of REE,
away from the trench axis, towards the continental margin has also been
documented by Boettcher (1972), suggesting the greater involvement of
crustal material. From the observed REE profiles for the BGB CAB [low
(Ce/Yb) N = 2 to 3 and low total REE contents], it appears that either the
CAB originated in close spatial proximity to the trench axis, or that the
contribution of components enriched in incompatible elements (the crust
or the hydrated mantle wedge) is relative less than that observed in

modern settings. This may suggest that underplating instead of subduction
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has limited the involvement of the various components involved in the

genesis of the calc-alkaline magma.

6.2 DISCRIMINATION USING STRUCTURAL AND STRATIGRAPHIC DATA

Geochemical discrimination in itself should not be considered
independantly in defining the palaeotectonic setting of a suite of ancient or
modern volcanic rocks. Other geological displines (stratigraphy, structural
geology and sedimentology) should be considered. For the BGB published
structural and stratigraphic data is available to lend support to or refute
the geochemical interpretation.

Compilation of structural data from the Wabigoon, Quetico and Wawa
subprovinces by Williams (1986; 1987) has led to the erection of a tectonic
model, indicating arc-arc accretion. This model is similar to that of
Langford and Morin (1976) where northward merging island arcs,
represented by the Wawa, Wabigoon and Uchi subprovince, were proposed
for the development of the Superior Province. In the model, proposed by
Williams (1986; 1987), the BGB was suggested to represent an imbricated
metavolcanic-metasedimentary prism which is juxtaposed against volcanic
centers situated to the north of the Paint Lake Deformation Zone (Figure
2.1). The imbricated sequence was recognised on the basis of detailed
lithostratigraphic mapping and structural field data. Individual layered
sediment-volcanic tectonic units are separated by layer parallel shear
zones interpreted to be thrust faults. Such tectonic features are considered
to be common in convergent plate margins (Karig and Sharman, 1975) and
resemble the imbricate structures seen in the Southern Uplands of
Scotland, (McKerrow and Leggett, 1977) and on Signy Island, Antarctic
Peninsula, (Storey and Meneilly, 1985).

Sedimentological studies carried out on the sedimentary component of

BGB, by Devaney and Fralick (1985), suggests that this material represents
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a laterally continuous prograding sedimentary clastic wedge, produced in a
fluvial-marine environment. These conclusions were based on the
recognition of primary sedimentary structures, (swale cross-stratification,
rythmites, cross-stratified sandstone) and the variation in the proportion
of the various lithofacies within the 3 sedimentary belts. Devaney and
Williams (in prep.) further suggest that the presently observed alternating
sedimentary and volcanic belts was once a continuous sedimentary-
volcanic basin that has been broken up and repeated by thrust
imbrication. These sedimentological and structural interpretations coupled
with field evidence suggest a mafic volcanic basement to the sedimentary
material (Mackasey, 1975) and the presence of pillow lavas at the top of
each volcanic sequence, further supports the oceanic origin of the BGB

volcanic rocks.

6.3 IS BGB REPRESENTATIVE OF AN OPHIOLITE SEQUENCE?

From the preceding documentation, it appears, that geochemical
interpretation of the palaeotectonic setting of the BGB, using the various
discriminant diagrams is in agreement with complimentary studies carried
out by other workers. However, if these volcanic rocks within the BGB do
indeed represent remnants of oceanic crust, the recorded stratigraphy does
not resemble an idealized obducted oceanic crust (ophiolite). Typical
ophiolites, such as those seen in the Troodos Complex (Gass, 1980), are
characterised by chemical sediments, pillow lavas, sheeted diabase dykes,
gabbros and peridotite, in descending stratigraphic order. The individual
volcanic belts of BGB are characterised by clastic sediments, pillow lavas
and massive, fine to coarse-grained flows, in descending order. A similar
stratigraphic sequence was also documented in the Makimine Formation of
the Shimanto accretionary complex of Japan (Needham and Mackenzie,

1988). The lack of the typical ophiolitic sequence, that is, the absence of
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sheeted dykes and ultramafic rocks, in the BGB volcanic sequence could be
attributed to the high heat flow and high rate of magma supply during the
formation of the oceanic crust (Tarney et al., 1976). It has been suggested
by Gass (1980), that the sheeted dyke complex is formed when the
seafloor spreading is slow, and the cooling time is sufficient for a chilled
margin to form between dykes. High heat flow and an increased rate of
magma supply would presumably deter formation of the sheeted dykes,
forming medium-grained, structureless flows instead.

Lewis (1983), attributes the absence of sheeted dykes in some
ophiolites, to the depth at which the magma chamber is located within the
crust. A shallow magma chamber would tend to result in the production of
shorter dykes.

Another possible explanation for the absence of sheeted dykes can be
found in the rifting model proposed by Gibson et al. (1986). These authors
envisage that dykes were produced sequentially above a magma chamber
and subsequently rotated and transposed into a zone of decollement,
resulting in dykes becoming sheared out along this zone. Unfortunately,
field evidence for such zones of rotation and decollement are lacking in‘ the
study area, however, the volcanic rocks in the study area are invariably
sheared at their base. The nature of the exposed rocks therefore render
this explanation for the absence of sheeted dykes equivocal.

The absence of ultramafic rocks in the BGB volcanics suggests that only
the top portion of the oceanic crust was accreted and incorporated into the
imbricated prism during underplating.  Such incomplete sequences are
known to occur in obducted ocean crust (Condie, 1983) and have been
documented in Papua New Guinea (Lewis, 1983). The thickness of the
volcanic belts seen in Beardmore-Geraldton area is variable along their
length and less than the average thickness of most obducted oceanic crust
(the former is <5 km and the latter is approximately 8 km, Condie, 1983).

In addition, the <5 km thickness of the volcanic units in the BGB includes
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post-imbrication intrusion of mafic dikes. Accretion of an incomplete
sequence of oceanic crust into the BGB imbricate structure is therefore
another possible explanation for this less-than-ideal ophiolite stratigraphy.

If the above geochemical interpretation of the tectonic setting for the
BGB is valid, a probable tectonic setting would be similar to that shown in
Figure 6.1 This tectonic setting 1is also in agreement with the
lithostratigraphic and structural studies carried out by other workers for

the same study area.



Sediments
Oceanic  crust

Figure 6.1: A schematic diagram showing the hypothetical plate
tectonic configuration between the Wabigoon metavolcanic
subprovince and the Quetico metasedimentary subprovince. The
convergent plate suture zone is defined by the present linear
Beardmore-Geraldton Belt.

105



106

CHAPTER 7
PETROGENETIC MODELLING

7.1 BASICS OF PARTIAL MELTING

The equation (7.1) employed to model the melting process is that of
Shaw (1970), where the liquid phase remains in equilibrium with the
residual solid phases until removal.
7.1] CL/Co=1/Dpo+F(1-P)
where: F is the fraction of melting,
CQ is the initial trace element concentration of the solid/source and
CL is the trace element concentration of the liquid.
D is the bulk distribution coefficient for the starting mineral

assemblage and is defined by :-

7.2] DO = Xo2 Ka/L 4+ Xob Kb/L 4+ ... Xon Kn/L

where: Xo@ is the initial weight fraction of the phase "a" and
Ka/L is the solid - liquid distribution coefficient for phase "a".
P is given by :-
7.3] P =pa Ka/L 4+ pb Kb/L 4 pn Kn/L
where: p2, pb ... p? are the fractions of liquid contributed by each of the
phases observed in the source during melting.

This simplistic theoretical model assumes that the trace elements
involved in the modelling are dilute and abide by Henry's law, where the
activity of a solute component (ai) is considered to be proportional to its
mole fraction (xi), given by the expression:-

7.4] ai = kh xi,
where; kh is the Henry's law constant, its value being derived from
experimental work.

The use of Henry's law also assumes equlibrium conditions. Another

assumption is that partition coefficient values remain constant throughout

the course of melting. The applicability of equilibrium partial melting to
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natural process has been examined by Hart and Allegre (1980) and Haskin
(1984). Taking kinetic arguments into consideration, these workers
conclude that equilibrium melting is a more likely process than non-
equlibrium melting.

Crystal fractionation modelling was employed in the second part of the
petrogenetic study to test for a genetic link between samples from the
suite. The modelling was carried out using the Rayleigh equation (7.5) for
equilibrium fractional crystallisation, given by the expression:-

7.5] CL / Cj = F(Ds-1)
where: F is the fraction of liquid remaining,
Ci is the concentration of the original melt,
CL is the concentration in the differentiated liquid and
Ds is the bulk distribution coefficient given by:-
Ds = waga/l + wbkb/L + | wngn/L
where: K is the solid-liquid partition coefficient and

Wa represents the weight fraction of a in the crystallising phases.

This method of crystal fractionation modelling assumes that the mineral
phases involved maintain constant proportions throughout crystallisation
and the distribution coefficient for an individual element remains constant.
Though this model is simplistic compared to actual geological situations, it
is used here as a means to evaluate the possible relationships that exist
within the rock suite.

In this chapter, an attempt is made to model the least evolved basalt
reported in the study area (Group I basalts), sample PW105, by equlibrium
batch partial melting. Similar treatment is also employed for the Group II
basalts. Primary magma with REE abundance similar to that of sample
PW105 is then differentiated by fractional crystallisation in an attempt to
explain the evolution of the more evolved basalts within the Group I rock
suite.  This treatment is in accordance to the concept developed by Bowen

(1928); O'Hara and Yoder (1967) and Green and Ringwood (1967), that is,
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evolved basalts are an end product of polybaric crystal fractionation, as
reviewed by Wyllie (1980). Samples PW107 and PW109B were chosen for
this part of the modelling because they are in close spatial

lithostratigraphic position with each other.

7.2 SOURCE COMPOSITION

The concentrations of the REE recorded in a sample is a reflection of i)
the source concentration of these elements; ii) the extent through which
chemical fractionation occurs during melt separation and 1iii) the degree of
chemical fractionation that has occurred during magma ascent. There is
insufficent data and/or a lack of a general consensus on the exact
composition of the Archaean mantle, therefore the source composition is
speculative. =~ The REE pattern for the BGB Group I basalts are similar to
those reported for modern day mid-oceanic ridge basalts (Basaltic
Volcanism Project, 1981). This suggests that the late Archaean mantle
may have had a similar REE composition to that of the Cenozoic mantle.

The nature of the upper mantle, from which most basaltic materials are
believed to have originated, can be deduced from geophysics, mantle
xenoliths within basaltic flows and from obducted oceanic crust. In the
latter, a continuum of rock types ranging from dunite to lherzolite is
possible. In order to deduce a probable source for the BGB basalts,
material of upper mantle composition is needed. It is considered here,
from the discussion in Chapter 5, that the BGB basalts modelled are of
oceanic affinity. In this study, a spinel lherzolite (R717) from Ronda, Spain
was used as a source.. The source employed in this study was also
documented by Frey et al. (1985) to be a possible source for the mid-
oceanic ridge basalts (MORB). Kushiro (1972), based on major element
chemistry, has shown that partial melting of spinel lherzolite, at
temperatures between 1340-14600C and at pressure of 10 kbar (30 km),

yield tholeiitic basalts similar to those of mid-oceanic ridges. Similar
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pressure and temperature results were also suggested in the Basaltic
Volcanism Study Project (1981) and by Takahashi and Kushiro (1983). It
should be noted that these pressure and temperature values are for
modern oceanic basalts. In the Archaean, the depth of partial melting may
be shallower (Abbott and Hoffman, 1984).

The spinel lherzolite used here is slightly serpentinised (<10%),
however, the chemistry was considered to be essentially similar to those of
the unaltered samples (Frey et al. 1985). The spinel lherzolite is
recalculated on a spinel free basis. Such treatment was considered by
Schilling (1971) to have little influence on the conclusion derived from the
modelling, since the abundance of spinel is often less than a few percent.
The recalculated mineralogical modal abundance of this peridotite is 54%
olivine, 32% orthopyroxene and 14% clinopyroxene. The REE composition
of the source is given by Frey et al. (1985). The elements Sm, Gd, and Er

were not reported by these authors and interpolated values are used.

7.3 THOLEIITIC BASALT (Group I)

Results of batch melting for a representative sample is shown in Figure
7.1. The modelled melt gives a REE profile that is complementary to the
least evolved BGB basalts and is, at best, a first approximation since most
melts undergo some form of crystal fractionation during the course of
magma ascent. The result shown is obtained for 20% non-modal melting of
the spinel lherzolite source (R717). At this degree of melting, all the
clinopyroxene has been used up leaving behind a harzburgite residue
consisting of 66.25% olivine and 33.75% orthopyroxene. The disappearance
of clinopyroxene at 20% partial melting is in agreement with observation
based on experimental work on natural peridotite Green (1972) and Wyllie
(1979). The percentage of partial melting is in agreement with that
documented by Schilling (1975) for the genesis of tholeiitic oceanic basalts

by melting of a lherzolite source. The conclusions to be drawn here are: i)
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Figure 7.1: Chondrite-normalised rare-earth plot depicting rare-

earth content of tholeiitic basalts predicted by equilibrium non-
modal partial melting equation of Shaw(1970). Partition coefficients
for all basaltic liquids are from Arth (1977). Mineral percentages of
the source (spinel lherzolite), recalculated on spinel free basis are
54% olivine, 32% orthopyroxene and 14% clinopyroxene. After 20%
melting, all clinopyroxene has disappeared, leaving a residue of
66.25% olivine and 33.75% orthopyroxene. Profile being modelled is
that of the least evolved basalt (PW105) in the study.
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the source to the BGB basalts was depleted in incompatible elements
(LREE) and, ii) the source for the BGB basalts is similar to that which give
rise to ocean floor basalts, as shown by Frey et al. (1985).

The depleted nature of the source for ocean floor basalts has been
postulated by Gast (1968), Schilling (1971; 1975) and the Basaltic
Volcanism Study Project (1981) and the availability of a depleted mantle
in the late Archaean has been suggested by Sun and Nesbitt (1978). The
depletion of incompatible elements of the source could be achieved
through prior, previous low degrees of melting of a source with a 2X
chondritic, unfractionated REE distribution; assuming that the primitive
source has a flat chondrite profile. Such early melting could have occurred

during initial rifting of oceanic plate.

7.4 CRYSTAL FRACTIONATION

Results of crystal fractionation modelling are shown in Figure 7.2. The
modelling results suggest that samples, PW105 and PW107, can be related
to each other by 40% fractionation of 0.1% olivine, 82.1% clinopyroxene and
17.8% plagioclase. Similar proportions of clinopyroxene and plagioclase
have been documented by Arndt and Jenner (1986) for the Kambalda
basalts, Western Australia. This extracted modal proportion of mineral
phases is in accordance with the least square mixing modelling for the
major elements (Table 4). One should point out that this modelling is a
first approximation since least square modelling makes use of LILE and
trace elements which are usually documented to be mobile. The attempt
to model sample PWI109B wusing the same treatment has proven
unsuccessful.  This failure is attributed to the possibility that PWI109B
samples a separate flow, that may have been brought together by tectonic
juxtaposition. The 3 samples examined are separated from each other by

covered intervals and do not necessarily sample a single flow. The model
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element content of evolved tholeiites predicted by a model for 40%
fractional crystallisation of the least evolved basalt (PW105).
Equation used was that of Rayleigh for crystallisation of phases in
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Table 4: Fractional crystallisation model: Results of least-squares

petrographic calculation.

PW 105
PW107 Plag. Ol Cpx. Obs. Cal.
Si02 53.46 51.40 40.50 52.80 50.46 53.12
TiO2 00.88 00.61 00.00 00.61 00.70 00.76
AI203  14.01 29.50 00.00 2.61 14.03 11.79
FeO 10.46 00.45 10.70 5.42 9.47 8.49
MnO 00.22 00.00 00.15 0.18 0.20 0.19
MgO 6.94 00.25 49.10 16.90 9.41 9.28
G0 10.48 13.90 00.47 20.30 14.03 13.36
Na20  3.23 4.38 00.00 00.27 1.43 2.48
K20 00.23 00.01 00.00 00.00 00.21 00.15
P205 00.07 00.00 00.00 00.00 00.05 00.05

SOLUTION: 17.8% 1% 82.1%

Hypothetical phenocryst phases composition is from Frey et al. 1974,

Diff.
-1.06
-0.06
1.12
0.98
0.00
0.13
0.68
-1.05
0.05
0.00
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employed here suggests that some of these basaltic rocks can be related to

each other by fractionation of major rock forming mineral phases.

7.5 CALC-ATKALINE BASALTS (Group II)

Calc-alkaline basalts (CAB) are usually found in island arcs and
continental margin settings (Miyashiro, 1973; Best, 1982). Petrogenetic
models proposed for the genesis of CAB are variable and include 1)
fractional crystallisation of basaltic magma involving garnet and amphibole
(Hawkesworth and O'Nions, 1977); ii) contamination of basaltic magma by
sialic crust (Tilley, 1950); iii) mixing of melts contributed by the hydrated
mantle wedge, sediments and subducted slab (Fyfe, 1982; Ellam et al.
1988); iv) magma mixing between melts derived from the mantle wedge
and the subducted slab (Green and Ringwood 1968; Jakes and White 1972).
Current knowledge based on experimental work and geochemical results,
including isotopic data, show that all of the above models can be evoked to
explain the chemistry of the CAB (Boettcher, 1973; Condie, 1982). Isotopic
data (Sr, Nd and Pb) have been used as evidence for contamination
(Hawkesworth 1982; Ellam et al. 1988). Current trends appear to favour
the derivation of modern CAB melts by the mixing of three components,
that is, the melt derived from metasomatised mantle wedge, the crustal
component introduced during the course of melt ascent, and the melt
derived from the subducted slab, including the subducted sediment. The
number of components involved and their contribution, however, could be
constrained by the type of tectonic setting. For example, in immature
ocean island arcs, both crustal and sediment contribution are limited as
compared to continental margin.

From the above discussion and from the hypothesis postulated in
Chapter 5, that the, CAB represent post accretionary intrusions emplaced
an along existing fault system in the wedge complex, an attempt is made

here to model the origin of the BGB CAB by partial melting of the
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subducted slab. It is assumed that the geothermal gradient in the
Archaean is higher than present to cause the subducted slab to melt
(Ghomshei et al., 1988) and that underplating (<130 km) rather than
subduction is the likely mechanism for plate consumption (Burke et al.,
1976). The higher geothermal gradient in the Archaean also implies the
downgoing plate is slightly warmer, buoyant and younger than present
day subducting plate material, a prerequisite derived from geophysical
modelling (Sacks, 1983). Note that the lack of basalt-eclogite
transformation in the Archaean due to high thermal gradient also supports
an underplating mechanism rather than a subduction mechanism. If the
latter assumption is indeed valid, it also places a limit on the contribution
of the mantle wedge in the formation of the ancient CAB.  Other
assumptions made include the limited contribution by crustal
contamination and sediment contribution. The latter assumption 1is not
likely to be valid since sedimentary packages are found in association with
the volcanic rocks in the study area and is suggested by Ce anomaly, Figure
4,24. However, these assumptions are necessary to test the validity of the
hypothesis proposed in Chapter 5. Furthermore, the role of crustal and
sediment contribution are difficult to assess and quantify due to the
mobility of elements which indicate crustal involvement (e.g Sr, Ba and Rb)
and to the absence of isotopic data for Pb, Sr, and Nd.

Figure 7.3 depicts the results of REE modelling using equation 7.1
(Shaw's (1970) batch equilibrium melting). The source composition used,
sample OX101 is interpreted to represent typical subducted material,
assuming that the REE remain immobile during the course of phase
transformation (Green et al. 1972 and Jahn et al. 1987). During the course
of underplating, the oceanic slab is transformed to amphibolite facies
consisting of equal proportion of plagioclase and amphibole. Ten per cent
non modal melting of this amphibolitized slab yields a complementary REE

pattern to that for the observed CAB in the study area. The introduction of
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melting equation of Shaw (1970). Mineral percentage of the source
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Y(3) diagram.
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garnet (at greater depth) in the source mineral assemblage has also been
tested. The REE pattern produced from this parent yields a highly
fractionated HREE pattern which does not fit the profile of the observed
samples. This lack of garnet involvement is consistent with the situation
hypothesized by Abbott and Hoffman (1984) and Ghomshei et al. (1988)
where underplating (<100 km) is likely to prevail in the Archaean. The
feasibility of deriving an intermediate melt by partial melting of an
amphibolitised, subducted slab has been documented by Wyllie (1983)
based on experimental constraint, but this requires the subducting plate to
be warmer than modern day analogues. Similar degree of partial melting
of amphibolite mineralogies has also been suggested as a process capable
of explaining the major and trace element composition of some of
Archaean volcanics of intermediate composition (Condie and Harrison,
1976). The conclusion to be drawn is that the CAB observed in the BGB can
be modelled by partial melting of an amphibolitized underplated oceanic
slab at 1000-1045 © C represented by the BGB MORB type samples (Abbott
and Hoffman 1984).
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CHAPTER 8§
SUMMARY

8.1 THE DEVELOPMENTAL HISTORY OF BGB

From the above study, the evolution of the Beardmore-Geraldton Belt is
as follows:
i) Partial melting of a depleted mantle peridotite to yield parental magma
subsequently emplaced in an oceanic ridge setting.
ii) Translocation of oceanic crust to the consuming plate margin where
fragments of the oceanic crust are accreted and imbricated with the
sediments that flank the arc margin.
iii) Decoupling of oceanic crust at the consuming plate margin leads to
underplating of part of the overlying crust, which eventually results in the
transformation of oceanic rocks to amphibolitized rocks.
iv) Subsequent partial melting of the amphibolitized rocks to give rise to
the formation of calc-alkaline magma which migrates upwards into the
overlying accreted material along pre-existing parallel to subparallel fault
zones.
v) The imbricated complex, consisting of both volcanics and sediments, is
exhumed and eroded to the present exposure level. The exact timing of
the metamorphic events affecting the BGB could not be ascertained in this
study, however, Card (1986) has suggested that the major deformation,
metamorphism and plutonism in the Wabigoon subprovine occurred

between 2.7 to 2.66 Ga, as indicated by U-Pb zircon dating.

8.2 FURTHER WORK

The following work is suggested in order to better understand the

developmental history of the BGB volcanic rocks:
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i) Geochronological work to establish the relationship between the fine-
grained flows and coarse-grained gabbroic rocks.

ii) Microprobe analysis of mineral phases, especially the amphiboles, to
establish the pressure and temperature of metamorphism that the rock
have been subjected to.

iil) Further refinement on the petrogenetic modelling.  This can be
achieved through isotopic work on Sr, Pb, Nd. Rocks derived from a
common source should possess identical isotopic ratios (eg. 875r/868r). Sr
isotopes used in conjunction with Nd isotopes should provide further
insight to the source(s) for Group I and Group II basalts documented in the
study area.

iv) More field work to acquire a better distribution of samples from the 3

volcanic belts.

8.3 CLOSING REMARKS

It should be noted that the above proposed scenerio may change
through time as our understanding on Archaean geology develops. The
gathering of knowledge on Archaean geology is often marred by not only
field geology, but also on the lack petrological experiments under
conditions postulated for Archaean settings. In addition to this, the
geochemical aspects of the Archaean rocks are complicated by post
emplacement affects such as metamorphism. Insufficient outrcrops and

inaccessibility also tend to hinder the progress in data base acquisition.
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APPENDIX I
GEOCHEMICAL ANALYSES
The major elements concentrations including the loss of ignition
(LOI) are reported in weight per cent. Trace elements including rare
earth data are given in parts per million (ppm).
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SAMPLE #:

Si02
TiO2
Al203
Fe203
MnO
MgO
G0
Na20
K20
P205
a2
S
LOI
Total
Co
Cr
Cu
Ni

Sc
Sr

A"

Y

Zn
Zr

SAMPLE #:

Si02
TiO2
Al203
Fe203
MnO
MgO
GO
Na20
K20
P205
ax

S
LOI
Total
Co
Cr
Cu
Ni

Sc
Sr

A%

Y

Zn
Zr

117

31

95
PE108A

47.20
00.94
14.40
14.10
00.23
6.95
10.40
2.07
00.17
00.08
1.86
00.10
3.10
99.60
88
191
127
74

39
179
294
28
185
84

244

17

76
PE113B

48.40
1.01
14.20
13.80
00.23
6.94
11.80
1.61
00.26
00.08
00.35
00.09
1.40
99.70
76
175
113
93
36
251
305
25
112
97

KPP

49.90
1.69
12.90
16.80
00.22
4.91
7.64
2.75
00.32
00.32
00.22
00.01
2.10
99.50
63

33
29
35
113
304
55
94
156

PW105

48.90
00.68
13.60
10.20
00.19
9.12
13.60
1.39
00.20
00.05
00.32
00.02
1.90
99.80
76
277
255
124
36
143
244
18
70

63

PP101

48.00
1.06
13.80
14.60
00.23
7.18
9.29
3.02
00.15
00.08
00.17
00.14
2.50
99.90
83
229
124
98
34
136
308
28
120
92

PW107

51.50
00.85
13.50
11.20
00.21
6.69
10.10
3.11
00.22
00.07
1.14
00.04
1.90
99.30
60

12
199
39
40
156
318
25

68
77

BM104

46.90
00.80
13.10
12.80
00.21
10.50
9.54
2.59
00.28
00.20
00.12
00.01
3.00
99.90
62
865
28
164
22
467
241
25
111
98

PW109B CL104

43.10
1.04
16.00
16.20
00.26
8.01
8.71
2.58
00.14
00.10
00.97
00.01
3.20
99.30
87
141
144
183
38
114
362
30
153
87

S$301

48.80
1.05
13.80
14.10
00.20
7.56
10.80
1.42
00.24
00.10
00.08
00.08
1.40
99.40
717
146
142
74
25
159
208
27
139
93

51.00
1.12
13.60
15.00
00.23
4.74
8.31
1.86
00.16
00.11
1.66
00.01
3.50
99.60
78
43
166
33
37
163
289
30
109
112

PE104

49.30
1.38
13.70
16.66
00.26
5.83
8.40
2.15
00.22
00.14
00.55
00.03
1.70
99.70
78
108
96
47

35
89
361
41
145
119

CL112

48.10
00.67
15.80
9.59
00.19
7.56
13.80
1.57
00.22
00.05
00.11
00.02
1.50
99.50
70
146
140
81

37
199
247
20
67
72

PE104A

50.20
1.39
14.10
15.40
00.23
5.97
7.60
3.00
00.14
00.26
00.11
00.01
1.10
99.40
81
111
30
51
36
93
344
45
132
142

142



SAMPLE #: VMI104 RC106

Si02
TiO2
Al203
Fe203
MnO
MgO
CO
Na20
K20
P205
ax
S
LOI
Total
Co

Cr
Cu
Ni
Sc
Sr

\"

Y

Zn
Zr

SAMPLE#:

Si02
TiO2
Al203
Fe203
MnO
MgO
C0
Na20
K20
P205
a2
S
LOI
Total
Co
Cr
Cu
Ni
Sc
Sr

\Y

Y

Zn
Zr

48.00
00.73
15.50
11.00
00.16
7.30
11.60
1.47
00.08
00.07
1.09
00.03
3.50
99.40
57
262
137
97

30
206
252
20

75

78

OX115

43.60
1.27
15.50
18.20
00.25
7.02
8.84
1.83
00.16
00.11
00.08
00.02
3.10
99.90
60

30
177
40

24
160
364
32
146
116

48.40
00.72
14.40
10.90
00.19
8.02
12.70
1.74
00.07
00.05
00.15
00.01
2.10
99.30
91
172
159
92

41
105
270
20
70

58

B104

44.50
00.73
16.20
12.80
00.26
7.57
12.80
1.43
00.08
00.07
00.17
00.01
2.50
98.90
72
420
116
164
34
240
260
25
106
83

HWY101A S201

44.60
00.78
14.90
13.60
00.21
9.29
10.80
1.20
00.03
00.07
00.80
00.02
3.90
99.40
73
455
172
210
19
151
248
23
106
74

49.20
1.20
14.10
14.90
00.23
5.59
11.70
1.97
00.13
00.11
00.10
00.27
00.70
99.80
83
103
131
68
22
204
330
33
121
109

WD113

54.30
00.73
16.20
9.64
00.15
4.82
6.82
4.95
00.39
00.19
00.09
00.01
1.90
100.0
48
190
15
90

16
101
154
25

77
143

SA101

47.50
1.02
17.20
11.90
00.18
7.00
6.54
3.84
00.51
00.13
00.17
00.01
3.30
99.10
49
128
48
62

16
136
228
31
86
100

WwWD117

45.40
1.07
15.00
15.20
00.25
7.15
10.10
2.37
00.18
00.10
00.38
00.09
2.90
99.70
66
206
143
134
30
161
309
27
150
89

BLX

49.80
00.99
14.40
12.90
00.29
6.97
8.61
2.94
00.85
00.08
00.16
00.02
1.90
99.70
67
139
115
68
23
396
301
24

95
108

0X101

46.20
00.67
15.40
9.94
00.18
8.40
12.30
2.10
00.36
00.08
00.06
00.01
3.20
98.80
61
540
17
92
20
139
184
20
66
70

GGd

48.40
1.03
14.40
14.20
00.24
6.57
9.15
2.99
00.22
00.09
00.15
00.01
2.30
99.60

0X103

51.40
1.15
16.20
15.20
00.18
3.47
4.73
3.97
1.45
00.10
00.11
00.14
2.00
99.80
61
214
86
130
32
185
349
29

60
100

GC101d

46.10
00.62
15.90
12.40
00.17
7.87

10.80
1.93

00.05
00.05
00.52
00.01
3.40

99.30

143

0X113

47.80
00.80
14.10
13.80
00.23
7.57
10.70
1.36
00.48
00.06
00.08
00.05
2.60
99.50
62
225
146
83
29
172
284
20
101
78

BLXd

49.50
00.94
14.30
12.70
00.29
7.08
8.52
3.17
00.83
00.08
00.16
00.02
1.90
99.30
66
142
116
67

29
397
208
23
94
107



SAMPLE#: GGL

Si02
TiO2
Al203
Fe203
MnO
MgO
GO
Na20
K20
P205
axz

S
LOI
Total
Co
Cr
Cu
Ni

Sc
Sr

A"

Y

Zn
Zr

SAMPLE#: PWI110A

Si02
TiO2
Al203
Fe203
MnO
MgO
CaO
Na20
K20
P205
ax

S

LOI
Total
Co
Cr
Cu
Ni
Sc
Sr

\%

Y

Zn
Zr

49.90
1.05
13.90
12.80
00.20
7.35
9.29
2.23
00.26
00.07
00.12
00.05
2.30
99.30
82
172
95
161
38
137
280
30
114
94

48.30
1.21
14.30
16.10
00.22
6.59
9.47
2.34
00.13
00.08
00.08
00.15
1.10
99.80
71
131
159
55
42
173
355
32
153
98

NL124 VM107

GGD RM101

45.20  52.20

1.00 1.10

14.90 13.90

15.50 9.80

00.24  00.20

8.54 5.18

9.33 10.60

1.56 2.20

00.33  00.25

00.06 00.10

00.13 1.90

00.01 00.02

3.20 4.00

99.80  99.50

73 94

190 118

57 5

162 57

39 36

122 211

298 241

29 35

116 83

88 110
NL101
46.70  45.80
1.00 1.66
13.80 14.60
13.20  16.80
00.23  00.21
6.71 6.62
12.40  9.60
1.78 1.30
00.07 00.08
00.05 00.12
1.77 00.23
00.03  00.11
4.00 3.10
99.90 99.80
62 60
138 82
123 97
70 70
31 38
131 200
269 387
23 42
89 170
79 128

5202

48.70
1.30
14.30
14.70
00.22
6.25
10.60
2.36
00.24
00.08
00.40
00.25
1.00
99.70
55
84
164
47

39
284
328
30
69
107

48.60
00.76
11.70
11.20
00.21
7.96
11.90
2.23
00.06
00.04
2.65
00.01
4.60
99.30
55
29
68
53
45
100
272
22

81
66

PE108

45.70
00.69
15.30
14.20
00.21
10.00
8.63
1.53
00.34
00.03
00.20
00.02
3.10
99.70
75
136
157
215
23
164
224
21
101
66

PE114 PWI109A PWI109

46.00
1.21
15.80
12.80
00.28
6.63
10.40
2.76
00.37
00.08
1.98
00.19
3.00
99.30
73
128
125
89
38
209
316
35
99
102

49.30
1.12
12.70
13.10
00.28
4.96
10.20
2.29
00.15
00.05
3.93
00.01
5.70
99.80
69
78
118
58
42

91
332
30
131
88

VM108 VMI113 B1l16

49.60
00.70
12.50
10.00
00.16
9.34
10.30
2.50
00.14
00.03
1.70
00.03
3.90
99.20
68
393
66
129
36
75
213
20

68
60

47.00
00.75
15.10
12.90
00.20
7.39
10.60
1.69
00.05
00.04
00.15
00.01
3.20
98.90
97
260
59
76
32
127
243
20
50
75

50.20
00.90
14.20
13.90
00.25
6.05
6.47
3.36
00.03
00.05
1.10
00.09
3.60
99.00
54
76
127
46

37
100
278
24

98
86

45.10
1.08
11.90
11.40
00.39
5.22
11.10
1.45
00.12
00.07
7.33
00.01
11.20
99.00
49
144
82

48

38
61
282
29

89

84

OX105

50.70
1.12
12.80
14.00
00.21
6.07
9.68
3.16
00.11
00.08
00.11
00.01
1.90
99.80
64

78

7

44
44
111
346
38

81
103

144
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SAMPLE#: OX117 B107 J101 RC107 WDI107 CL112 RL101 GGLd

Si02 48.90 45.60 45.20 4450 58.70 48.40 53.30 49.70
TiO2 1.00 00.83 00.90 00.70 00.59 00.62 1.19 1.01
Al203 13.90 1440 13.10 13.30 1290 1590 12.50 13.80
Fe203 14.10 13.20 10.40 12.80 7.34 9.53 12.00  13.10
MnO 00.22 00.17 00.25 00.20 00.09 00.17 00.25 00.20
MgO 7.03 6.56 6.26 12.20  4.66 7.94 5.81 7.42
GO 10.00 12.90 10.50 9.18 4.72 7.94 11.00 7.42
Na20 1.89 0042 1.73 1.25 1.98 1.80 00.84 2.32
K20 00.14  00.02 00.07 00.15 1.17 00.23 00.22 00.26
P205 00.06  00.05 00.05 00.04 00.16 00.01 00.13 00.08
a2 00.07  2.57 6.12 1.48 3.53 00.21 00.16 00.12
S 00.09 00.09 00.09 00.03 00.01 00.02 00.01 00.05
LOI 2.50 5.40 10.10  5.20 6.80 1.80 2.00 2.20
Total 99.70  99.50 98.60 99.50 99.10 99.80 99.20 99.30
Co 62 53 61 72 36 64 67 82
Cr 63 92 141 45 148 125 157 173
Cu 147 104 123 88 26 134 37 93
Ni 55 77 66 255 125 81 91 160
Sc 38 38 36 25 14 -- 32 35
Sr 158 140 102 81 58 202 151 136
\% 290 279 265 182 107 -- 239 --

Y 29 22 24 17 20 17 35 29
Zn 108 87 86 99 74 62 90 115
Zr 98 81 88 63 148 67 114 92

SAMPLE#: WDI107d

Si02 59.00
TiO2 00.58
Al203 12.90
Fe203 7.41
MnO 00.09
MgO 4.83
6:0) 4.83
Na20 1.83
K20 1.18
P205 00.17
o2 3.48
S 00.01
LOI 6.70
Total 99.40
Co 36
Cr 147
Cu 27
Ni 124
Sc 15
Sr 58

\Y 108
Y 21
Zn 72

Zr 150
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Rare earth analysis results of 14 selected samples.

5202 OX101 OX115 GG BLX KPP PE104

La 3.424 2.659 5.341 3.795 2.681 6.803 4.811
Ce 9.714 7.442 13.597 11.115 7.532 19.586 13.472
Pr 1.535 1.092 2.019 1.734 1.140 2.823 1.902
Nd 9.001 6.037 10.606 9769 6.436 16.197 10.733
Sm 3.195 1984 3.345 3.151 2320 5.263 3.652
Eu 1.050 0.880 1.170 0.993 0.658 1.606 1.196
Gd 4234 2723 4.234 3932 3.137 7.157 4.905
Tb 0.752 0.507 0.817 0.751 0.550 1.297 0.847
Dy 4,749 3.320 5.051 4.768 3.704 7.996 5.648
Ho 1.021 0.698 1.112 1.021 0.783 1.664 1.243
Er 3.110 2.121 3.307 3.197 2279 5.301 3.900

Tm 0.437 0.287 0.451 0430 0.299 0.719 0.532
Yb 2.585 1.960 3.005 2.663 1.973 4.640 3.252
Lu 0.367 0.291 0.428 0.416 0.290 0.684 0.506

PW107 PWI105 PWI109B OX103 PE104A BM104 WDI113

La 1.868 1.544  2.888 3.610 3.613 7.184 11.827
Ce 6.284 4537 7.939 9.065 12.120 17.452 26.580
Pr 0.956 0.689  1.207 1.266 1.871 2.411 3.138

Nd 5.915 4.038  6.887 7.136  10.389 12.552 13.834
Sm 2.097 1.568 2.443 2713 3.860 3.350 3.267

Eu 0.781 0.531 0.930 0.899 1.060 0.994 0.883
Gd 2.666  2.347 3.332 3.741 5.019 3510 3.287
Tb 0.506 0.404 0.645 0.705 0.989 0.610 0.538
Dy 3.430 2.515 4.146 4.637 6.556 3.600 3.324
Ho 0.650 0.539 0.907 0.937 1.444 0.763 0.698
Er 2.055 1.555 2.823 2.929 4298 2.337 1.991
Tm 0.251 0.215 0.397 0.381 0.583 0.302 0.260
Yb 1.818 1.318  2.485 2.598 3.785 1.957 1.857
Lu 0.245 0.212 0.374 0.411 0.603 0.271 0.266

NORMALISING VALUES:
La C¢ Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
330 .880 .112 .600 .181 .069 .249 .047 .325 .070 .200 .030 .200 .034

Dy value is derived from Leedy Chondrite divided by 1.2 (Masuda, A., Nakamura,
N., Tanaka, T. 1973.

All other REE values are an average of nine chondrites derived from Haskin, L.A.,
Haskin, M.A., Frey, F.A. 1968.
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APPENDIX II
SAMPLE LOCALITIES



SAMPLE LOCALITIES.

SAMPLE

BLX

GG

ac

KPP
PP101
BM104
S301
PE104
PE104A
PE108A
PE113B
PW105
PW107
PW109B
CL104
CL112
VM104
RC106
B104
WDI113
WwWD117
0X101
0X103
0X113
OX115
HWY101A
SA101
5201
GGL
GGD
RM101
S$202
PE108
PEI114
PW109A
PW109
PWI110A
NL101
NL124
VM107
VMI108
VM113
RL101
B116
0OX105
OX117
B107
J101
RC107

THOLEIITIC
THOLEITIC
THOLEIITIC
THOLEITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEITIC
THOLEITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEITIC
THOLEIITIC
THOLEITIC
THOLEIITIC

CALC-ALKALINE

THOLEITIC
THOLEITIC
THOLEITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC

CALC-ALKALINE

THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEITIC
THOLEIITIC
THOLEIITIC
THOLEIITIC
THOLEITIC
THOLEIITIC
THOLEITIC
THOLENTIC
THOLEIITIC
THOLEITIC
THOLEIITIC
THOLEIITIC
THOLEITIC
THOLEIITIC

ROCK CLASSIFICATION (AFM) LATITUDE

49.66934
49.70760
49.71838
49.70309
49.67792
49.69588
49.65509
49.66551
49.66551
49.66643
49.66643
49.66891
49.66890
49.66623
49.65393
49.65453
49.64793
49.63062
49.59749
49.68501
49.68321
49.69714
49.69714
49.69983
49.69983
49.69203
49.67790
49.66043
49.70670
49.70670
49.68602
49.65900
49.66803
49.66946
49.66711
49.66693
49.66623
49.66217
49.64917
49.64975
49.65065
49.65784
49.62654
49.59424
49.69849
49.69966
49.58736
49.68027
49.61902

LONGITUDE

87.56541
86.94868
86.95561
86.95146
86.96812
87.07765
87.27986
87.40602
87.40602
87.40463
87.40463
87.45871
87.46425
87.45590
87.59155
87.64699
87.69676
87.86545
87.96036
87.80542
87.80678
87.58377
87.58377
87.58380
87.58380
87.69463
86.93486
87.30344
86.94868
86.94868
87.02219
87.30412
87.40562
87.40744
87.45868
87.45868
87.45618
87.64847
87.63930
87.69540
87.69542
87.69690
87.80695
87.96028
87.58379
87.58380
87.96637
87.53783
87.96701

TWSP.

LEDUC
ASHMORE
ASHMORE
ASHMORE
ERRINGTON
ERRINGTON
VIVIAN
LEGAULT
LEGAULT
LEGAULT
LEGAULT
LEGAULT
LEGAULT
LEGAULT
CLIST LAKE
VINCENT
VINCENT
McCOMBER
BEARDMORE
IRWIN
IRWIN
LEDUC
LEDUC
LEDUC
LEDUC
WALTERS
ASHMORE
VIVIAN
ASHMORE
ASHMORE
ERRINGTON
VIVIAN
LEGAULT
LEGAULT
LEGAULT
LEGAULT
LEGAULT
VINCENT
VINCENT
VINCENT
VINCENT
VINCENT
McCOMBER
BEARDMORE
LEDUC
LEDUC
BEARDMORE
LEDUC
McCOMBER
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WD107 CALC-ALKALINE 49.68910 87.86302 IRWIN
CL112 THOLEITIC 49.65608 87.59019 CLIST LAKE

See Figure 3.1 for mineral assemblage of each samples and their respective
location in  various traverses.
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