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ABSTRACT

Geological mapping has defined a distinct group of NNE
trending diabase dykes east of the Grenville Front in the
Chibougamau area. These dykes are found intruding Archean
orthogneisses within a narrow zone, the Parautochthonous tefrane,
bounded to the northwest by the Grenville Front and to the
southeast by the Allochthon Front. The best preserved dykes,
exhibiting primary igneous minerals and textures, are located
along the Grenville Front, whereas the most metamorphosed dykes
(i.e. amphibolites) are located along the Allochthon Front.

The dykes are tholeiitic to weakly alkaline and can be
divided into four main groups, based on texture and certain
major and trace elements: 1) low—Ti02 {average TiO2 1.19 wtk, K20
0.45 wtg, P205 0.13 wt%, Y 18ppm, Zr 92ppm, Yb 1l.8ppm), 2)
high-TiO2 (average TiO2 2.24 wt%, Kzo 0.82 wt%, 9205 0.33 wt%, Y
34ppm, 2r l76ppm, Yb 3.3ppm), 3) high—Ti02 segregations (average
TiO2 2.63 wty, K20 0.97 wt%, P205 0.58 wt%, Y Sippm, Zr 241lppm,
¥Yb S5.1ppm) and 4) high-A1203 (average A1203 23.3 wt%, Tio2 0.27
wt%, KZO 0.37 wt%, P205 0.04 wt%, Y 7ppm, Zr 34ppm, Yb 0.8ppm).
The 1ow—Tio2 dykes are similar to N-type MORB and to iow-TiO2
flood basalts, whereas the high-TiO2 diabase dykes and high-TiO2
pegmatoidal segregations are similar to high- Fe-Ti, continental
flood basalts. Comparison of the dykes with other dyke swarms of

the Grenville and Superior Provinces shows that the high-TiO2

group is most similar to the Grenville dyke swarm. The high-A1203
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group, characterized also by high Mg number and Ni contents, are
similar to high--Alzo3 basalts; however, they are considered to be
cumulate rocks.

Igneous minerals include olivine, augite, plagioclase,
magnetite, biotite, and pargasite. Igneous biotite forms single
corona layers around primary magnetite and pargasite occurs at
olivine-magnetite and olivine-plagioclase contacts. These early
formed corona layers are interpreted as products of late- to
post-magmatic equilibration with a fluid phase at grain
" boundaries. The chemical composition of primary (igneous) mineral
assemblages are for the most part not pristine because of
reaction and recrystallization during the formation of
post-magmatic corona structures. The olivine composition is
overall uniform and ranges from Fo45 to FOGO' Igneous
clinopyroxene varies from En40W039F521 to En44Wo39Fsl7.
Plagioclase composition ranges from An50 to Ang,. Primary biotite
flakes are uniform in composition with 3.14-3.19 wt% Ti02,
14.45-15-09 wt% Al,04, 2.87-3.31 wt% Fe,04, 15.87-18.29 wt% FeO,
and 11.49-14.38 wt} Mg0O. Post-magmatic amphiboles are pargasitic
in compbsition with low Tio2 (0.02-0.18 wt%) and high A1203
(17.0-21.0 wt%).

The principal metamorphic minerals are enstatite, hornblende,
spinel, corundum, garnet, albite, and quartz. The evolution from
primary to secondary minerals can be followed through several
complex reactions, four of which are:

1) olivine + plagioclase = enstatite + pargasite + A1203
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2) olivine + 02 = enstatite + magnetite

3) pargasite + plagioclase = garnet + diopside + albite + A1203
4) augite + plagioclacze = pargasite

5) biotite + plagioclase = garnet + pargasite + diopside
Reactions (1), (2), and (5) are spacially and temporaly
associated. The orthopyroxene pioduced by feaction (1) is mdre
magnesian-rich (Engq_ 458854 q9) than the orthopyroxene associated
with magnetite crystals (Engg ., FS3c oo) - Metamorphic
clinopyroxene varies from salitic éugitic to diopsidic in
composition. Metamorphic plagioclase compositions are sodic,
ranging from An20 to Anso. The chemical composition of
metamorphic amphibole is defined by high TiO2 (0.79-1.25 wt%) and
low A1203 (3.0-11.0 wt%) values. Garnet crystals produced during
reactisn (2) are magnesian-rich (Fe47“55M916_220a19_32) whereas
garnet crystals from reaction (4) are iron-rich
(Fegg_7oMd7.11C316-20 -

The development of metamorphic assemblages progressively
increases from the Grenville Front to the Allochthon Front; where
:the dykes have been affected by the Grenvillian Orogeny to
produce atoll garnet and hornblende.

A tentative P-T path of corona reactions (based on several
estimates of pressure and temperature from various
geothermometers and geobarometers) across the parautochthonous

terrane extends from 600°C to 950°'C at 6.0 to 9.0 kbars.
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INTRODUCTION

1.1 LOCATION

The study area is located aporoximatly 40 km southeast of
Chibougamau, Quebec (Figure 1). It covers most of the Chibougamau
and Riviere Mistassini map areas (32G, 32H) and the southeastern
and southwestern corners of the Lac Assimica and Baie Abatouche
map areas (32J, 32I). The study area lies within a narrow 60 km
wide zone, which separates the Superior Province to the northwest
from the Grenville Province to the southeast (see Figure 2).
Rivers and Chown (19286) have aefined this zone as the
"Parautochthonous Terrane",

The area under investigation is acceésible from Chibougamau
by highway 167, and is located on the Donahue property. Most of
the outcrops mapped and sampled by the author are situated along
gravel roads. Rock exposures are sporadic and where present are
most commonly covered by heavy vegetation. The field season

extends from approximately mid-May to early September.

1.2 PREVIOUS INVESTIGATIONS OF STUDY AREA

The first systematic mapping of the Chibougamau area was
carried out by the geologists of the Ministeare des Mines du
Québec (Imbault, 1950; Gilbert, 1951; Grenier, 1952; Deland,

1953; Neale, 1953; and Laurin, 1954). A compilation of this
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Flgure 1. Location of study area with respect to other dyke
swarms in the Superior and Grenville Provinces.
Figure modified from Ciesielski (1990)
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Figure 2. Litho-tectonic map of the Grenville Front in the
Chibougamau area, showing the distribution of the
NNE diabase dykes (Proterozoic meta-diabase) within
the Parautochthon domain (Ciesielski and Madore,
1989).
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mapping was completed by Avrantchev (1979). An area contiguous to
the Grenville Front has been investigated recently in detail by
Ciesielski and Ouellet (1985), Ciesielski et al. (1986), and
Ciesielski (1988).

1.3 PREVIOUS STUDIES OF GABBROIC DYKES IN THE GRENVILLE PROVINCE

Numerous metamorphosed gabbroic dykes and bodies occur in the
Grenville Province. They are characterized by a similar chemical
affinity of tholeiitic composition. Detailed petrographic
descriptions of these mafic intrusions, given by Whitney and
McLelland (1973), Grieve and Gittins (1975), Emslie (1983), Grant
(1988}, Rivers énd Mengel (1988), and Kretz et al. (1989), reveal
a great similarity in mineralogy and textures (e.g. corona
structures). The corona structures seem to be a diagnostic
characteristic of most dyke swarms and gabbroic bodies situated
in the Grenville Front area. Such corona structures, apparently,
have not been observed within the dykes of the Superior Province.

Several gabbroic complexes and diabase dykes from the
Grenville Province have been studied in detail and commonly
display well developed reaction rims around primary minerals such
as olivine, pyroxene, and oxides. From the western Grenville
Province, in the Georgian Bay area, several deformed gabbroic
masses have been mapped in detail by Grant (1985 and 1988)and
Davidson and Grant (1986). These gabbroic bodies commonly display

corona reactions about olivine and oxide minerals. The evolution
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of those corona structures can be followed through one or more
metamorphic events. Deformed fragments of Sudbury dykes are found
ir. the Grenville Front Tectonic Zone with well developed corona
structures around olivine (Bethune and Davidson, 1988). Felsic to
mafic coronitic metagabbros from the Ottawa region have been
described by Kretz et al. (1989) and they display similarities
with the metagabbros from the Georgian Bay area. From the
eastern Grenville Province, four gabbroic complexes have been
studied in detail. These gabbroic complexes are part of the
Otish-Seal node, as defined by Fahrig (1987). They are as
followé: a) the Otish sills (1800-1900 Ma) with associated
northeast trending dykes (1718 Ma, Chown and Archambault, 1987),
b) the coronitic Shabogamo Gabbro (1375 Ma) located at the
southern end of the Labrador Through, ¢) the Seal Lake Group
(1300 Ma) north of the Grenville Front, and d) the Michael
gabbros (1500 Ma) which consist of elongated sheet-like bodies
Ehat occur at the eastern end of Labrador (Fahrig, 1987). The

Michael gabbros trend socuthwest from the Grenville Front (Emslie,

1983).
1.4 PREVIOUS STUDIES OF CORONA STRUCTURES

Corona structures were first recognized in mafic and
ultramafic rocks by Tornebohm (1877) and Holland (1896). These
structures have been observed in troctolites (Huang and Merritt,

1954) and in metagabbros or metadolerites (Sederholm 1916;
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Brégger 1934; Buddington 1939, 1952; Shand 1945; Gjelsvik 1952;
Poldervaart and Gilkey 1954; Murthy 1958; Bose 1961; and others).

Corcna structures are characterized by concentric layers of
one or more different minerals about a central crystal. The
number of layers ranges from one to five depending on the stage
of evolution. The most common corona structure occurs at the
junction of olivine and plagioclase grains. This corona type is
generally composed of an inner layer of orthopyroxene adjacent to
the olivine, followed by an intermediate layer of amphibole -
spinel symplectite, and finally an outer layer of garnet. Well
developed corona structures are also found around central
pyroxene, garnet, and iron oxide minerals.

Five different, possible hypotheses have been proposed for
the formation of corona structures, according to Buddington
(1939) . Three of these hypotheses appeal to a magmatic origin,
and differ from each other in explaining corona formation by the
order of nucleation, by the interaction of early formed minerals
with a residual melt, or by intergranular deuteric alteration,
The other two proposed hypotheses for corona formation appeal to
a metamorphic origin, either by thermal or regional metamorphism,
which would involve the diffusion of components in a solid or
semi-solid state. The problem of distinguishing between manatic
and metamorphic corona structures is still controversial. The
mechanism(s) responsible for the formation of corona structures
is still not well understood and remains conjectural. The

formation of corona structures (i.e. hypotheses and mechanisms)

1
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and their tectonic and metamorphic significance will be discussed

in detail in Chapter 6 of this study.

1.5 PURPOSE OF THE STUDY

Most mafic dyke swarms are considered to have formed in rift
environments related to active intraplates or plate margins
(Halls, 1988). However, new evidence suggests that some
Przcambrian dyke swarms were emplaced during crustal uplift in
compressional tectonic environments such as those of continental
collisions. Examples of this situation are recorded by the 1250
Ma Sudbury dykes (Davidson and Bethune, 1988) and the Kapuskasing
dykes (Halls, 1988). Both of these dyke swarms are thought to
have been emplaced during compressional uplift. The narrow and
deformed fragments of the Sudbury dykes that are found in the
vicinity of the Grenville Front would represent the deeper levels
of the Sudbury dykes within the Superior Province that have been
brought to the surface. Evidence for petrological and geochemical
differences between these dykes of compressional tectonic
settings and those of extensional tectonic settings would provide
valuable criteria for the classification of Precambrian mafic
dykes (ilalls, 1988).

The purpose of the present study is to provide further
information on Precambrian dykes from a family of diabase dykes
in the Chibougamau area, Central Grenville Province; informally

named herein as "the NNE diabase dykes". The study examines in
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detail the primary (igneous) and secondary (metamorphic)
characteristics of this family of diabase dykes. The NNE diabase
dykes are characterized by distinct mineral assemblages and
corona structures, and therefore, systematic sampling of the
dykes across the parautochthonous domain provides good control on
analyzing the textural and mineralogical variation that occurs
within them. A detailed examination of the dyke minerals,
including their chemistry, is an integral part of the present
study, and forms the basis of an investigation of the corona
structures. The texture and mineralogy associated with each of
the corona structure types is indicative of varying P-T
conditions. Therefore, the evolution of corona structures may be
followed through a series of modelled reactions in P-T space.

In addition, this study discusses the controversial
hypotheses surrounding the origin of coronas and gives a brief
review of the irreversible thermodynamic models developed by
Fisher (1977) and Joesten (1977). Development of a pertinent
model for the different types of corona structure displayed in
the NNE dykes is another important aspect of this study. P-T
conditions are determined separately for each of the corona
structure types and their corresponding mineral assemblages, and
then they are compared with one another. Corona layers, when
modelled using irreversible thermodynamics, are assumed to be
part of a closed system, and thus should have recorded the
incremental P-T evolution through magma ccoling and metamorphism.

Therefore, a comparison of the P-T estimate of the mineral
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assemblages outside corona structures and the P-T estimate within
corona structures should permit verification of this assumption.

Another component of the study is a preliminary investigation
of the petrochemistry of the NNE diabase dykes. This entails
comparing the geochemistry of the NNE diabase dykes from the
parautochthon with some Precambrian dykes of the Superior
Province autochthon in the Chibougamau area {(i.e. the Abitibi,
Preissac, Mistassini swarms, and Otish sills).

The final component of the study discusses the tectonic
environment (s) responsible for forming corona structures in mafic
intrusions. The mineral assemblages of mafic rocks are quite
susceptible to variations in physical conditions, hence they are
possible indicators of the pressure(P)-temperature(T) conditions

of their tectonic environment (e.g. Rivers and Mengel, 1988).

Corona structures from mafic dykes and gabbroic bodies have

become increasingly used in this manner as P-T indicators of the
uplift history of an area. They provide a means of reconstructing
the P-T path of their emplacement and the subsequent
tectonometamorphic history of their gecological environment (i.e.
from the emplacement and cooling of the body to the subsequent
metamorphism) . This reconstruction is accomplished by studying
the mineral assemblages and the mineral reactions responsible for
the various types of corona structures found in variably

rmetamorphosed basic and ultrabasic intrusive rocks. It is with

‘this in mind that a study of the NNE coronitic dykes of the

parautochthonous domain was carried out. Possibly, the
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determination of the P-T conditions of the NNE diabase dykes from
the parautochthonous domain may reveal valuable information on
the amount of uplift movement that has been recorded by the
autochthonous domain during the Grenvillian tectonometamorphic

overprinting event.
1.6 METHODS OF INVESTIGATION

The study was carried out as part of a Geological Survey of
Canada (G.S.C.) field project. Field support and logistics were
provided by a G.S.C. field party under the direction of A.
Ciesielski.

Field work was carried out‘by the author and a field
assistant during the first three weeks of June, 1988. Mapping and
sampling of the dykes was achieved by traversing the logging
roads of the region. Field data were recorded on 1 inch = 1 mile
photocopies of aerial photographs and transferred to a 1:250,000
scale map.

Subsequent work in the office involved the study of
apprcximately 65 ithin sections, including some from samples
collected by A. Ciesielski. Most of the samples were chemically
analyzed in order to determine the chemical characteristics of
the NNE diabase dykes. Microprobe analyses of constituent
minerals were determined from representative coronitic samples in
order to characterize the igneous and metamorphic mineral

assemblages and to elucidate the post-magmatic evolution of the
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NNE diabase dykes. Details of the methods, standards, and
detection limits of the whole rock and mineral chemistry analyses

are found in Chapters 4 and 5, respectively.
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GEOLOGICAL SETTING

2.1 INTRODUCTION:

The study area is shown in Figures 1 and 2. It is situated in
the parautochthon (parautochthonous domain) of the Grenville
Province in a region 50 km southeast of Chibougamau, Quebec. The
parautochthon comprises one of three major components of the
Grenville Province as defined by Rivers and Chown {(1986) in their
new tectonic classification of the eastern Grenville Orogen. The
other two major components are the autochthon and the allochthon
which lie, respectively, to the northwest and the southeast of
the parautochthon. The autochthon consists, for the most part, of
lithological units that belong to older structural provinces
(e.g. Superior and Churchill). Locally, the autochthon includes
mildly deformed cover successions of early to middle Proterozoic
age. The parautochthon consists of a diverse package of reworked
autochthonous sequences (i.e. highly deformed equivalents of
autochthonous sequences found into the Grenville Province). The
parautochthonous domain defines a narrow zone of variable width,
which is 60 km in the study area. This domain extends from the
Labrador Trough to Southeastern Québec, where it narrows out in
the Val D'Or area (Rivers and Chown, 1986) .

The parautochthonous rocks, characteristically, have a well
developed Kenoran fabric locally superimposed by NNE Grenvillian

deformation which progessively increases in intensity towards the
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allochthon. The allochthon consists of high grade orthogneisses
and paragneisses of upper émphibolite to granulite facies, and
associated plutonic rocks. The autochthon and the parautochthon

are separated by a major litho-tectonic break, the Grenville

Front.

In many places, the Grenville Front is defined by an abrupt
lithological change from Archean metavolcanic-metasedimentary
sequences of the autochthon to Archean gneisses of the
parautochthon. However in other localities, the change is not
lithological but is structural and/or tectonometamorphic.
Similarly, *he parautochthon and the allochthon are separated
*fromﬂeach other by a major litho-tectonic break, the Allochthon
Front as defined by Ciesielski (1988 and pers. comm.).

Q.

2.2"'R‘l‘_§hI.GIONAL GEOLOGY OF THE STUDY AREA:

Three major tectono-lithological domains and two discordances
are recognized in the Chibougamau area (Ciesielski, 1988). The
three lithological domains are defined respectively as the
Superior Province, the reworked orthogneisses (mainly relatively
homogeneous grey orthogneisses), and the Grenvillian tectonites,
and these correspond respectively to the autochthon, the
parautochthon, and the allochthon of Rivers and Chown (1986). The
two discordances are namely the Grenville Front (GF) and the
Allochthon Front (AF). The Grenville Front extends from Georgian

Bay to the Labrador Coast and represents the southern limit of
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the Superior Province, whereas the AF marks a lithological
boundary between the orthogneisses and the granulites of the
Grenville Province (Ciesielski, 1988). Both fronts are remarkably
well defined on an aeromagnetic map mainly because of the
contrasting low magnetic profile exhibited by the
parautochthonous domain (Fig. 3, from Rivers et al., 1989). This
low magnetic profile results from the combined effects of a) the
low magnetite content of the parautochthonous rocks, b) the
presence of mafic intrusive rocks, and c¢) the occurrence of some
high grade metamorphic rocks in association with the

orthogneisses {(Ciesielski, 1988).
2.2.1 The Autochthon

The autochthon, in the Chibougamau area, comprises two groups
of Archean metavolcanic-metasedimentary sequences, the Roy Group
and the overlying Opemisca Group. These Archean Groups of the
Superior Province are in turn overlain by three Proterozoic
meta-sedimentary formations. The intrusive rocks associated with
the Archean supracrustal sequenées are comprised of the Lac Doré
complex, and the Chibougamau, La Dauversiére and Frances Lake
plutons.

The structures within the rocks of the autochthonous domain
reveal two episodes of deformation that are related to the
Kenoranigrogeny (circa 2700 Ma, Daigneault and Allard, 1984). The

first phase of deformation is associated with local plutonism,
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whereas the second phase is responsible for the development of
east-west trending synforms and antiforms. Three sets of faults
transect Lhe Archean supracrustal sequences: 1) the east-west
Kapunapotagen faults, which probably result from the second phase
of deformation that produced the east-west foliation, 2) the

northeast Gwillim fault, and 3) the north-northeast Mistassini
l* .

'jaults, which are Proterozoic in age and transect the two earlier
fault systems. The latest faults are distributed along the
Grenville Front in a zone that penetrates circa 40 km into the
autochthon and approximatly 10 km into the parautochthon. The
Mistassini faults are believed to have been reactivated during
the Grenvillian deformation that has affected the autochthon in
the vicinity of the Grenville Front.

The autochthonous domain situated along the Grenville Front
‘has recorded the effects of the Grenville Orogeny. These effects
are expressed by the incomplete rotation of the Kenoran east-west
foliation towards the north-northeast, the presence of a
northeast trending crenulation and southeast plunging lineations,
the development of the Mistassini fault system, and the increase

in metamorphic grade to amphibolite facies towards the east.
2.2.2 The Grenville Front

The Grenville Front is highly variable in character,

depending on its structural and lithological geometry along

' strike. It can be defined as a lithological boundary, a
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geochronological boundary, a fault boundary (e.g. it coincides
with: major faults such as the Mistassini faults) and/or a
tectonic boundary (i.e. a zone characterized by the presence of

high strain rocks).

The Grenville Front, in the Chibougamau area, is
characterized by a sharp lithological break which separates
Archean metavolcanic-metasedimentary secquences and associated
syn- to post-tectonic intrusions of the Superior Province from
Archean orthogneisses, tectonites and intrusive rocks of the
Grenville Province.

In the Grenville Front area, the supracrustal rocks and
associated intrusive rocks show evidence of polyphase deformation
and metamorphism. The most prevalent deformational and
rmetamorphic event recorded in the rocks is thought to be
principally the product of the Grenvillian Orogeny {(Rivers and

Chown, 1986; among cothers).
2,2,3 The Parautochthon

In the Chibougamau area, the parautochthonous domain is
principally composed of Archean orthogneisses that range in
chemical composition from tonalitic to trondhjemitic. The texture
of the orthogneisses varies from a fine-grained tonalite to a
coarse brecciated diatexitic granodiorite (Ciesielski, 1988). In
the vicinity of the Grenville Front, the parautochthon comprises

large inclusions of anorthosites and meta-anorthosites bordered
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by north-northeast faults. To the southwest of the Grenville
Front, large inclusions of amphibolites are present and are
related to the supracrustal sequences of the autochthon. In
general, the parautochthon orthogneisses include various reworked
fragments of volcanic and sedimentary units equivalent to the
Archean autochthon. Most of these inclusions have reached the
upper amphibolite facies as indicated by their epidote - garnet -
clinopyroxene - hornblende assemblages. In most places, the
parautochthonous gneisses have retained microstructures of the

" east-west trending Kenoran Orogeny, but superimposed on the
Kenoran structures are the effects of the Grenvillian
deformation. These effects are locally expressed by the
incomplete rotation of the east-west foliations and associated
fold axes into a north-northeast trend, and as well by the strong
development of a mineral lineation plunging to the southeast. The
parautochthonous rocks have undergbne Grenvillian metamorphism of
greenschist to middle amphibolite grade.

In summary, the parautochthonous domain within the study area
is considered to represent the basement to the autochthonous
metavolcanic-metasedimentary sequences of the Superior Province.
This parautochthonous domain has been thrusted over the
autochthon by the Grenville nappes which did not reach the

Grenville Front (Ciesielski and Ouellet, 1985)}.

- 2.2.4 Diabase Dyke Swarms
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Several swarms of diabase dykes occupy the Superior Province
{i.e. the autochthonous domain) in the Chibougamau area. One of
these is the east-northeast trending Abitibi swarm (1140 Ma)
which consists of ten principal dykes and contains the longest
dyke in the world (i.e. the Abitibi Dyke, approximiately 600 km
in length). This swarm extends from Georgian Bay to the Abitibi
Belt (Fahrig, 1987). The other swarms include: 1) the
east-northeast trending Preissac swarm (214U Ma) which extends
from the Grenville Front to Hudson Bay and from Lake Superior to
the Chibougamau area, 2) the north-northwest Mistassini swarm
(2140 Ma), which radiates from Mistassini Lake and extends
northeast of Chibougamau up t¢ Hudson Bay, and 3) a family of
north—northeast trending (NNE) diabase dykes that are located
along the Grenville Front parallel tc the Mistassini fault
system (Fahrig, 1987). The latter dyke family may belong to the
"Otish dykes" of the Otish Mountains, although no dating has been
done on this family (Chown and Archambault, 1987). Ciesielski
{(1288) has suggested that may belong to a different swarm which
he informally called the "Grenville Front dyke swarm".

Semi-detail mapping by Ciesielski (1988) revealed the
presence of north north-east trending (NNE), coronitic diabase
dykes in the parautochthonous domain., Ciesielski (pers. comm.,
1988) believes that these dykes may be of the same parentage as
those in the autochthonous domain along the Grenville Front. The
tectonic implications of the dykes in the parautochthonous domain

(Ciesielski, 1988) promoted the initiation of this study.
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2.3 GEOLOGY OF THE NNE DIABASE DYKES

A family of NNE diabase dykes intrude grey orthogneisses and
subordinate pargagneisses and amphibolites (Fig. 5) of the
parautochthonous domain, and crosscut the transposed east-west
regional foliation (Fig. 4). This family of dykes is oriented
parallel to subparallel to the Grenville Front which forms the
boundary between the Superior and Grenville Provinces. The
distribution of these dykes within the parautochthonous domain
appears to be fairly uniform on the basis of the aeromagnetic
pattern defined by the dykes. The dykes do not appear to be
continuous over long strike lengths, but instead form en-echelon
patterns. Their distribution and extent outside the
parautochthonous domain is not known. The average strike of the
NNE diabase dykes is approximately 025°, The dykes are dipping
vertically to subvertically (> 75° ESE).

NNE diabase dykes occurring in the vicinity of the Allochthon
Front are crosscut by granitic pegmatite dykes of Grenvillian age
{(Ciesi=lski, 1988) which would give a pre-Grenvilllian age to the
NNE diabase dykes (Fig. 6).

Most of the diabase dykes are narrow (less than 10 m,
typically 1 m in width) and discontinuous, cropping out over
short distances ugr to several hundred meters in length. A few
large dykes are present and they outcrop as prominant ridges up

to 30-40 meters in width and one kilometer in length.
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Figure 4.

Close-up of intrusive contact of metamorphosed
NNE diabase dyke with grey tonalitic orthogneiss.
The width of the field of view is 1 meter.
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Figure 5. Metamorphosed NNE diabase dyke (on the right)
crosscutting amphibolitic¢ bands within the grey
orthogneiss. The field of view is 0.5 meter.
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Figure 6.

Sharp walled granitic pegmatite dyke cutting
across metamorphosed NNE diabase dyke near the
Allochthon front. The width of the field of view

is 1 meter.
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The dyke contacts are generally sharp and regular. However in
some places, the contacts are irregular and exhibit "flame-like"
structures (Fig. 7). These "flame-like" structures are composed
of several small penetrative fractures extending into the
basement gneisses. These fractures are oriented parallel to
subparallel to the margins of the dykes. Angular fragments of
gneiss are observed at the boundary of the dykes. The fractures
extend over a distance ranging from a few centimeters to a few
meters and commonly show evidence of being pulled apart.

Most of the diabase dykes are mildly deformed with a weak
foliation having developed along the dyke margins. However, some
of the dykes are more strongly deformed, which is indicated by
boudinage or pull-apart structures. Metamorphism appears to be
contemporaneous with the deformation. Alteration to amphibole
generally occurs along fractures, but in other instances, a
patchy pattern of amphibole alteration is developed within the
dyke interior. In most cases, the foliation developed in the
dykes is discordant with the foliation of the host rock (i.e.
orthogneisses).

Field observations show that a great number of the NNE
diabase dykes crosscut the lit par lit amphibolite units within
the grey orthogneisses. The amphibolite units are mostly
characterized by internal layering composed of hornblende-rich
and garnet porphyroblast-rich layers. When in contact with the
country rock amphibolites, the NNE diabase dykes typically

contain large garnet porphyroblasts at their margins (Fig. 8).

_24_



Figure 7. Diabase dykes crosscutting grey orthogneisses and
showing "flame-like" structure along the boundary.
The field of view is 0.5 meter.
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Figure 8.

o

Pods of garnet porphyroblasts occurring at the
margin of NNE diabase dyke where in contact with
garnet-bearing amphibolite bands. The dyke is
situated at the bottom of the photograph.
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Also, pods of garnet-rich porphyroblasts occur sporadically in
the dyke interiors.

The NNE diabase dykes are commonly a dull black to rusty
brown color on weathered surfaces. The texture is generally
massive with igneous microstructures well preserved, except at
the dyke margins. Their grain size varies from fine-grained to
coarse~grained, depending on the thickness of the dyke under
consideration. Not uncommon, the dykes show an increase in grain
size towards their centers, however, the opposite relationship
has also been observed.

Most dykes that are thicker than one meter are mostly
composite dykes and their internal boundaries are distinguished
by differences in grain size. In most cases, the internal
boundaries are irregular and generally parallel to the strike
direction of the dyke. In other instances, the dyke interior
displays a very irregular texture composed of various zones
richer in felsic or mafic phases (Fig. 9). Evidence of a
secondary pulse is observed in only one dyke (CMD-16). The
secondary pulse is characterized by two small veins (1 to 3 cm
thick) and is composed of very fine grains of garnet with minor
clinopyroxene and plagioclase. The veins are cutting across a
medium-grained host dyke along its strike. The fine-grained pulse
exhibits a brownish pink color due to the presence of abundant
garnet.

The primary minerals are commonly observed in most of the

dykes, however, a few dykes have experienced partial to complete
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Figure 9.
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irregular shaped mafic mineral cluster found within
typical coronitic diabase dykes. The field of view
in the photograph is approximatly 0.5 meter.
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alteration to amphibole. The best preserved dykes exhibit ophitic
to subophitic textures (Fig. 10), and are typically composed of
olivine, plagioclase, pyroxene, and oxide minerals, with lesser
amounts of biotite, apatite, hornblende, orthopyroxene, garnet,
spinel, and corundum.

An increase in metamorphic grade from northeast to southwest
is observed in the study area along the Grenville Front, and this
is defined by the appearence of hornblende, garnet, spinel and
corundum. In general, primary textures and mineralogy are partly
obliterated but corona structures are still preserved. According
to Ciesielski (personal communication, 1988), an increase in
metamorphism has been recorded by the supracrustal amphibolite
units, along the Grenville Front. This increase in metamorphism
is thought to be the result of a narrowing of the Parautochthon
Domain to the southwest, hence, allowing the effects of the
Grenville Qrogeny to be recorded deeper into the Parautochthon
domain and the Superior Province.

The dykes are also characterized by a porphyritic texture
consisting of large phenocrysts of plagioclase up to 4 cm long.
The phenocrysts are generally oriented parallel to the dyke
margin (Fig. 11).

Locally, igneous layering occurs in some large dykes and is
defined by alternating mafic-rich and plagioclase-rich bands. The
layering is generally parallel to the dyke margin but may also be
oblique to the dyke margin (i.e. cross banding, Fig. 12a and

12b) . In some cases, the occurrence of flow structure may be
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Figure 11. Diabase dyke displaying large phenocrysts (up to
4 cm long) of zoned plagioclase. Field of view
from left to right is approximatly 1 meter.
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Figure 12a. Isomodal layering displayed within the central
portion of a thick (>10 meters) diabase dyke;
possibly indicating different magmatic pulses.

2

Figure 12b. Crosscutting modal'laye;ing within a thick (>10
o meters) diabase dyke.
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confused with the foliation. Within massive dykes, flow-like
textures (i.e. possibly shear bands) have developed (Fig. 13).
These are defined by the alignment of pyroxene and especially
plagioclase phenocrysts. The flow-like structure is generally
heterogeneously developed where present, and hence gives a
raft-like or agmatitic character to the dykes. The layering
displayed by some dykes is caused by mineralogical and textural
variations.

Corona structures are observed on the outcrop surface of
medium-to coarse-grained dykes. Characteristically, corona
structures have developed between primary olivine and
plagioclase. The corona structures can be discerned with the
naked eye on the outcrop surface of medium- to coarse-grained
diabase dykes. These corcna structures are highly variable in
mineral content, and the number and thickness of corona layers.
Some are relatively simple with only a single corona layer
present, whereas others are more complex with double or triple
layer corona structures present. This change is apparently the
result of progressive metamorphism, since the initial double
layer corona structure appears to have evolved to a triple layer
corona structure by the addition of a metamorphic garnet shell.
AE more advanced stages of metamorphism, most of the primary
mineralogy has recrystallized and the relict corona stuctures are
pseudomorphed by circular chains of garnet surrounding a mosaic
of recrystallized primary minerals.

Characteristic of the fine- to medium-grained diabase dykes
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Flgure 13, Medium-grained diabase dyke displaying flow-like
structure (shear bands) defined by the allgnment
of pyroxene and plagioclase phenocrysts.
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is the presence of coarse-grained (pegmatitic) segregations (Fig.
14) which are variable in shape and consist of the same mineral
assemblage as the host dyke, except for the abundance of
hornblende and the absence of riotite. They generally occur in
the central portion of the dyke, however some "ball-like"
segregations have been observed along the margin of one dyke
{CMD-49) . They are typically composed of hornblende, augite,
plagioclase, minor K-feldspar, trace amounts of quartz, and
locally contain abundant garnet. The coarse-grained pegmatitic
segregations grade sharply into a fine- to medium-grained host

dyke.
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Figure 14.

Felsic mineral segregation within typical
coronitic diabase dyke. The segregations have
sharp to gradational contacts, irregular shapes,
and pegmatitic textures.
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DESCRIPTION OF THE
NNE DIABASE DYKES

3.1 MINERALOGY AND TEXTURE
The NNE diabase dykes have a variety of mineral assemblages

and textures. All of the dykes have been metamorphosed to some

degree which in part explains the extreme variety observed in the

‘dykes. They contain between 10 and 90 percent secondary

(metamorphic) phases. Despite the alteration and metamorphism,
primary (igneous) minerals and textures are commonly well
preserved, especially in the least metamorphosed samples which
are located near the Grenville Front. Exceptions are those
samples collected near the Allochthon Front where the dykes are
extensively overprinted by the Grenvillian Orogeny, and those
samples from the dyke margins where they are partially to totally
recrystallized to well foliated amphibolites. However, in some
samples with abundant secondary mineral phases, it is possible to
deduce the primary assemblages on the basis of textural criteria.
The loration of the dykes sampled in this study is presented

in Figure 15 {in backpocket). The distribution of mineral

_assemblages observed in the NNE diabase dykes with respect to

their sample location is given in Figure 16 (in backpocket).
Note that different symbols have been assigned to the various
mineral phases, and those indicated with small letters are

secondary phases. The distribution of mineral assemblages reveals
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an increase in metamcrphic grade, from lower to upper amphibolite
facies, towards the Allochthon Front. The mineral assemblages of
the NNE diabase dykes situated along the Allochthon Front are
composed mainly of hornblende, plagioclase, garnet, sphene, and
calcite. Detailed petr-.graphic descriptions of only those samples
probed for mineral compositions are given in Appendix A.

The NNE diabase dykes are commonly massive and relatively
fresh (i.e. < 10% altered) with grain sizes ranging from 1 to 10
mm (i.e. medium- to coarse-grained). Most dykes have relict
subophitic to ophitic (i.e. diabasic) textures. Some of the dykes
are plagioclase-phyric. Well developed igneous layering was
observed in several dykes, and is defired by alternating
plagioclase—rich‘and mafic-rich layers. The NNE diabase dykes
‘range in composition from Mg-rich gabbro (olivine bearing) to
Fe-ricﬁ gabbro {ilmenite and magnetite bearing)} with Fe-rich
varieties seemingly being more common.

The freshest dykes consist mainly of olivine, randomly
oriented plagioclase laths, and augite which partially to
completely enclose the olivine and plagioclase crystals.
Ti-magnetite, reddish brown biotite, amphibole, and apatite occur
in minor amounts in most samples. Mineral assemblages of the NNE
diabase dykes are represented in Table 1.

Olivine grains are present in the least altered samples (e.g.
CMA-LAl18) and one metamorphosed sample (CMA-27.6.5). They
- constitute less than 5 modal percent of the rock. The olivine

grains may be partly or completely enclosed by primary
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clinopyroxene or may occur as individual grains in contact with
plagioclase. They appear as euhedral to rounded phenocrysts
and/or megacrysts, ranging in size from 0.5 to 3.0 mm. Smaller
olivine phenocrysts with euhedral to anhedral shapes are found
occasionally aggregated together (CMA-LA18). The olivine grains
are pale yellow color with a weak pleochroism. They are euhedral
to anhedral, commonly rounded and fractured, and altered to
serpentine on grain margins and along fractures. Further
alteration has resulted in the formation of bowlingite (i.e. a
mixture of chlorite and goethite), and finally deep red
iddingsite (i.e. a mixture of smectite, chlorite, and gcethite or
hematite) and calcite (e.g. CMD-043, CMA-27.6.3, CMD-025).
Primary clinopyroxene grains comprise approximately 15 to 20
modal percent of the samples. They occur mainly- as anhedral to
subhedral grains, which range in size from 0.5 mm up to 4.0 mm in
length. They are typically found comprising ophitic to subophitic
textures, in which they form intergrowths with plagioclase
grains. Sometimes, they are partially enclosing olivine and
Ti-magnetite grains. They are also found as interstitial phases
between plagioclase laths. Clinopyroxene grains observed in the
least altered (e.g. CMA—LAlB) and the weakly metamorphosed (e.q.
CMA-LGY and CMA-I1G6 with minor amounts of garnet crystals)
samples are light brown to light green in plane light, and they
exhibit a pleochroism that varies from pale green or pale brown
to dark green or reddish brown. The clinopyroxene grains found in

sample CMA-LAla'are characteristically inclusion-free, whereas
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those found in samples CMA-LGY and CMA-LG6 contain very
fine-grained exsolution blebs of magnetite (note: the
mineralogical composition of these exsolutions were determined
iinder reflected light). AC more advanced stages of
recfystallization, the clinopyroxene grains take on a dark green
to dark brown color because they are heavily clouded with
fine-grained exsolution crystals of magnetite.

Plagioclase grains make up 25 to 45 modal percent of most
samples. They occur either as randomly oriented laths
{(phenocrysts) up to 3 ¢cm in length or as groundmass laths. The
phenocrysts and the groundmass laths have a similar composition.
Typically; the plagioclase grains are partly to completely
recrystallized but primary compositions can still be found in the
least altered samples. Together with augite and olivine they
define an ophitic texture in most of the dykes. They show a well
defined twinning, commonly albite and Carlsbad twinning which is
locally deformed. Normal zoning is characteristic of plagioclase
phenocrysts. Sparce inclusions of spinel crystals are found
within the plagiocclase grains in proximity to the corona
structures around olivine. The plagioclase grains occasionally
contain inclusions of clinopyrbxene within a zoned arrangement in
the plagioclase cores (Figs; 17a and 17b). The outer edge of
" these zoned plagioclase grains is mostly inclusion-free,

Primary (igneous) biotite is a common accessory mineral,
constituting 1 to 4 modal percent of the least altered samples.

It is usually intimately associated with opaque mineral and

e
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Figure 17a.

Figure 17b.

A plagioclase crystal containing augite grains
which were presumably trapped within the
plagioclase structure at the time of crystal
growth. Plane-polarized light (sample CMA-LGY).
The field of view is 3.5 mm across.

Same photomicrograph under cross-polarized light.
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apatite grains in the interstices between the major mineral
grains. The biotite grains typically exhibit a strong pleochroism
from light brown to dark reddish brown. Biotite occurs in three
forms: as elongated to stumpy independant flakes, as stumpy to
elongated flakés that partially to completely enclose apatite and
opaque mineral grains, and as partial to complete reaction rims .
around opaque mineral grains. There are no compositional
differences, on the basis of petrographic and chemical criteria
{see Chapter 5 on mineral chemistry), between these different
forms of biotite. Hence, the biotite reaction rims are considered
to have formed during a late magmatic reaction.

The Ti-magnetite crystals occur as anhedral grafns, which
vary in size from 0.15 to 4.0 mm in diameter and exhibit ilmenite
exsolution lamellae. Trace amounts of sulfide minerals (pyrite,
chalcopyrite, pyrrhotite, and pentlandite) are commonly
associated with the Ti-magnetite crystals.

Apatite grains are present in all samples. They are usually
associated with biotite and opaque mineral grains. They also
occur within plagioclase laths as tiny equant or tabular euhedral
grains up to 0.5 mm in size, and occasionally along plagioclase
grain boundaries.

Zircon grains are rare but where found are most commonly
associated with biotite flakes.

Trace amounts of quartz and K-feldspar grains, commonly as
interstitial material, are observed in a few samples.

Within the least altered sample (i.e. CMA-LAl8), calcic
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amphibole occurs as extremely thin rims around olivine and iron
oxide. The thickness of the rims does not exceed a few
micrometers. These amphibole rims exhibit a pale green <olor in
plane light and show a pleochroism ranging from pale green to
yellow green, They are considered to be, ir part, igneous in
origin. This is alluded to because the corona structures are thin
and the igneous grains have, in general, well-preserved grain
boundaries. Also, the occurrence and textural features of the
calcic amphibole rims around the iron oxides are similar to those
of the biotite rims mentioned above. Both the calcic amphibole
and biotite rims are associated with interstitial biotite, and
appear to have crystallized at the same time. Metamorphic
minerals and textures are highly variable in nature and
abundance, depending upon the degree of recrystallization of the
sample. The textures vary from narrow simple cofona layers in the
least recrystallized dykes to grancblastic in the cémpletely
recrystallized dykes. For all cases of the completely
recrystallized dykes, the igneous minerals and textures, as well
as the corona structures, have been completely obliterated and
replaced by metamorphic mineral assemblages.

The metamorphic minerals which occur in the corona structures
include orthopyroxene, diopside, amphibole, plagioclase, spinel,
magnetite, ilmenite, and garnet. Corundum plates are found
associated with the corona structures but not within the actual
corona- structure. Other metamorphic minerals, within either

coronitic or non-coronitic dykes, include hornblende,
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cummingtonite, serpentine (and its alteration products),
chlerite, epidote, sphene, leucoxene, quartz, K-feldspar,
calcite, and sericite.

A brief description of the metamorphic minerals will be part
of the following description of corona structures and the
subsequent description of completely recrystallized dykes.

It should be noted here that the metamorphic clinopyroxene
arains have been classified into two main textural types:

1) in the first type, magmatic textures are completely

preserved and metamorphic clinopyroxene (i.e.
salitic augite or diopside/ferrosalite) partially or
entirely replaces the primary clinopyroxene.,

2) in the second type, magmatic minerals and textures are
partially to completely recrystallized and reconstituted
to equilibrium metamorphic textures (i.e. granoblastic
with triple point grain boundaries) with the
crystallization of metamorphic clinopyroxene (i.e.

diopside/ferrosalite).
3.2 DESCRIPTION OF CORONA STRUCTURES

Four major corona types and two subtypes are recognized on
the basis of mineralogy. The different layers of each corona type
are named from the center of the corona structure to the margin

that is in contact with plagioclase grains. These types are as

follows:
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Type 1) an olivine corona structure composed of double or

triple layers,

olivine {(core) olivine (core)
orthopyroxene orthopyroxene
amphibole amphibole
garnet
plagioclase plagioclase

© Type 2) an orthopyroxene-magnetite symblectite—cored
corona structure characterized by double or

triple layers,

orthopyroxene-magnetite orthopyroxene-magnetite
symplectite (core) symplectite (core)
orthopyroxene orthopyroxene
amphibole amphibole
garnet
plagioclase plagioclase

The orthopyroxene - magnetite core occasionally is broken
down in the later stages o7 rorona development to a core

comprising only orthopyroxene. This subtype is as follows:

orthopyroxene (core)
amphibole
garnet
plagioclase

Type 3) a primary clinopyroxene (augite} ccrona structure

. typically composed of double or triple layers,

v

augite (core) augite (core) -
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amphibole amphibole

Na-plagioclase Na-plagioclase
garnet
plagioclase plagicoclase

The breakdown of primary clinopyroxene (augite) results
in the formation of granoblastic diopside. This subtype is

characterized by a triple layer corona structure,

augite ——-> diopside (core)
Na-plagioclase (moat)
amphibole ,
garnet (with inclusions of diopside)
plagioclase

Type 4) a Ti-magnetite corona structure composed of double or

triple layers,

Ti-magnetite (core) Ti-magnetite {(core)
biotite biotite
amphibole amphibole

garnet
plagioclase plagioclase

The distribution of corona structures with respect to their
;ample location is shown in Figure 18 (in backpocket). The
distribution of corona types in the Parautochthonous Domain does
,ﬁot reveal any particular relationship. Most corona types occur
in the central part, whereas pairs of corona structures are
characteristic within the wvicinity of the Grenville Front.

Progressive increase of metamorphism and alteration in thesén\

rocks can be followed through the evolution of the corona

structures, as well as by the appearance of new metamorphic and
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3.2.1 Olivine Corona Structure

Typically, a two layer symmetrical corona structure has developed
where olivine is surrounded by plagioclase (Fig. 1%a). The inner
layer is composed of a thin (10 pm) prismatic to columnar
orthopyroxene layer in contact with olivine. The outer layer is
cémposed of columnar grains of light green pargasitic amphibole
which forms a sharp contact with the orthopyroxene layer. This
outer layer is continuous and is approximately 0.10 mm thick
(Note: thickness is dependent on section cut). Little or no
reaction rim is observed when olivine is completely enclosed in
primary clinopyroxene., An asymmetrical corona structure has
developed where olivine and Ti-magnetite are found partly
.enclosed in clinopyroxene and in direct contact with plagioclase
(Figs. 1% and 19). In some cases, & thin layer of up to a few
microns in thickness is observed at the contact between olivine
and clinopyroxene.

At a more advanced stage of disequilibrium and reaction, the
corona growth around the olivine grains is thick and consists of
columnar orthopyroxene and pargasitic amphibole layers.

With further reaction (i.e. approaching equilibrium
conditions as indicated by the formation of granoblastic

textures), the olivine corona structure is characterized by
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Figure 18%a.

Figure 19b.

Symmetrical (upper left) and asymmetrical corona
structures developed arcund olivine grains. The
symmetrical corona structure is composed of a
thin layer of prismatic orthopyroxene in contact
with olivine, followed by a outer layer of
acicular pargasite.

In the center, a partly enclosed olivine grain
within primary augite shows an asymmetrical
corona structure where in direct contact with
plagioclase. No reaction occurs between olivine
and augite (sample CMA-LA1B).

Mineral abbreviations:

0l = olivine Pl = plagioclase
Id = iddingsite Aug = augite .
Prg = pargasite Opx = oerthopyroxene
Mag = magnetite Spl = spinel
Crn = corundum Grt = garnet

Asymmetrical corona structure developed around
Ti-magnetite that is partly enclosed by augite
grains. The corona layer consists of acicular
pargasite at the contact with plagioclase
(sample CMA-LAl8).

Note: Figures 19a, 19b, 19c, 19d, 22a, 22b, 243, 24b, 25a,
and 25b were sketched from photographs. ‘
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Figure 19b

1.0mm



idioblastic garnet crystals forming an additional layer around
olivine (Figs. 19¢ and 19d). It is observed in those samples with
minor garnet that the anhadral crystals of garnet started
nucleating within the amphibole layer at the
orthopyroxene/amphibole interface. As these garnet crystals
become larger, they completely replace the amphibole layer and
show inclusions of the former. The garnet crystals generally form
idioblastic terminations in contact with the plagioclase grains.
An increase in the abundance of corundum plates occurs with
nucleation of garnet. These corundum places are found within
plagioclase grains in pro&imity to the triple layer corona
structure thét is developed around olivine.

Also associated with the above mentioned olivine corona
structures is the progressive clouding of plagioclase laths. This
is responsible for imparting a light brown to dark brown color to
the center of grains. The spinel crystals are colorless to pale
green. In addition, needles of more sodic plagioclase have
exsolved from the primary, more calcic plagioclase laths (Figs.
20a and 20b). Miror amounts of corundum plates are also observed
along the (001) and (010) planes. The sodic plagioclase
exsolutions exhibit very complex patterns. They are generally
randomly oriented within the (001) and (010) planes }ﬁigs. 21a,
21b, and 21c). These exsolutions are visible due‘ﬁo the optical_
contrast prévided by the distribution of the spinel dust around
them (Figqg. 22b, the composition of the microcrystals of

plagioclase, spinél, and corundpm‘were confirmed by SEM traverses
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Figure 18c.

Figure 1%d.

Olivine corona structure displaying a triple
layer consisting of prismatic to acicular
orthopyroxene, anhedral garnet, and acicular
pargasite, in contact with plagioclase
(sample CMA-27.6.5).

Preserved anhedral fragments of olivine included
in primary augite. The olivine shows extensive
replacement into orthopyroxene. Primary augite
crystals are rimmed by zoned garnet grains.
Garnet zoning consists of a inner turbid zone
rich in amphibole inclusions, and an outer
inclusion-free zone that forms idioblastic
termination in contact with plagioclase. The
plagioclase laths are partly clouded by tiny
inclusions of spinel (sample CMA-27.6.5).
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Figure 20a.

2

20b.

Photomicrograph of randomly oriented
microcrystals of more sodic plagioclase within
primary calcic plagioclase laths, under plane
polarized light. The field of view is 3.5 mm
across (sample CMA-79DI).

7

—

same. field of view-as above but in cross-
pelarized light. R s

e
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Sample: CMA-79 Di (B)-86

Figure 2la. Plagioclase crystal displaying randomly oriented

plagioclase microcrystals.
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Sample: CMA-79 Di (B)-86

Figure 21b. Plagioclase crystal displaying (a) randomly
’ oriented plagioclase microcrystals and
- {b) albite and Carlsbad twins.
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Sample: B 79 Di-2 - 86

displaced twinning

bent twinning
= .
| ;§§§§§§§S\\:jijkt .

Figure 2lc. Randomly oriented microcrystals of plagioclase
within a plagioclase grain.
a) plagioclase microcrystals
‘b) deformed twins
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Figure 22a.

Figure

22b.

Orthopyroxene and magnetite symplectite corona
structure characterized by a double layer
consisting of an inner prismatic orthopyroxene
and an outer acicular pargasitic amphibole
layers. Ti-magnetite corona structure is also
present and exhibits a double corona layer of
biotite and acicular pargasite (sample CMA-LG7).

Primary augite exhibiting a corona structure
composed of prismatic pargasitic hornblende and
sodic plagioclase. Aggregates of idioblastic
garnet grains are present in the plagioclase
laths. The plagioclase laths are characterized by
abundant inclusions of spinel that are
distributed around more sodic plagioclase
exsolutions (sample TMA-79Di).

o
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across plagioclase crystals). Eventually, with further
recrystallization and reaction, there is a decrease in spinel
clouding. This decrease is caused by aggregation and annealing
of the spinel dust into discrete, coarser grained, dark green
spinel crystals. Alteration of the primary plagioclase grains is
defined by the formation of more sodic plagioclase at the grain
margins and by the presence of fine epidote grains and sericite
crystals within the cores. Sericite crystals replace
preferentially the corundum plates and they develop at the margin
of garnet inclusions. Recrystallization of primary plagioclase
grains is initiated zt the grain boundaries (i.e. synchronous
with granulation) and within the crystals, hence forming collars
(term from Barker, 1990) of sodic plagioclase subgrains.
Furthermore, primary plagioclase grains, which contain
clinopyroxene intergrowths within their cores, show replacement

of the inclusions by hornblende and magnetite.

3.2.2 Orthopyroxene - magnetite Symplectite-cored

Corona Structure

This corena structure consists of a double corona layer
developed around an orthopyroxene - magnetite symplectite core.
The coroné layers are typically composed of an inner
layer of prismatic orthopyroxene (0.10 to 0.20 mm) and an outer
layer of acicular pargasitic amphibole (Fig. 22a). According to

Goode (1974), the'orthopyroxgne - magnetite symplectite is
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suggestive of a late stage oxidation reaction of olivine.
However, in most cases, textural evidence does not support this
relationsip {(e.g. the presence of trace amounts of iddingsite
associated with orthopyroxene and magnetite symplectite). The
amount of magnetite present in the symplectite core is variable.
Magnetite vermiculite may be so predominant that the core looks
similar to that of the Ti-magnetite corona structure. In some
cases, the distribution of magnetite vermiculite in orthopyroxene

grains may exhibit a zoning pattern (Figs. 23a and 23b}.
3.2.3 Clinopyroxene Corona Structure

At a more advanced stage of recrystallization and reaction
(i.e. relative to the corona structure development about
olivine}), primary clinopyroxene grains have developed a double
layer corona stfucture {(type 3) composed of a continuous inner
layer of pargacitic hornblende and a discontinuous outer layer of
sodic plagioclase and pargasitic hornblende crystals (Fig. 22b).
This corona structure does not exceed 0.30 mm in thickness. At
this time of corona structure development around clinopyroxene,
'the'primary clinopyroxene varies in color from light brown to
dark brown or dark green. The patchy exsolution patterns (note:
possibly exsolved crystals) of tiny magnetite inclusions within
the clinopyroxene grains is the cause of this change in colcr.
With further recrystallizétion, some eiements within the

Ti-magnetite inclusions evidently diffuse out of the crystal
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Figure 23a. Photomicrograph of orthopyroxene and magnetite
symplectite under plane polarized light (1.5 mm
across, sample CMA-LGY).

Figure 23b. Same texture as above under reflected light.
Vermicular magnetite crystals are distinct
(1.5 mm across).
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Figure 23b



lattice to produce needles of rutile. At more advanced stages of
recrystallizacion, the augite is replaced by diopsidic pyroxene,
most commonly along the grain margins (Fig. 24b). The diopside is
recognized by its light green color under plane light and by a
different birefringence under cross polarized light. The diopside
crystals may form granoblastic aggragates, which are in contact
with primary augite or as independent aggregates within
plagioclase laths associated with secondary biotite, calcite,
sodic plagioclase, and hornblende. Corona structures may be
present around the diopside aggregates, consisting of an inner
layer or moat of sodic plagicclase, an intermediate granoblastic
hornblende layer, and anlouter idioblastic garnet layer (Fig.
25b) .

Within some thin sections, the primary clinopyroxene does not
breakdown into secondary diopside, but instead is directly
altered to hornblende (Fig. 24a). This replacement is initiated
along grain boundaries and within fractures, and progressively
evolves towards the center of respective grains. Small elongated
hornbiende crystals are found along the cleavage planes,
Intensive replacement has generally destroyed the delicate
hornblende corona structure. However, in some cases, the
prismatic horﬁgiende corona structure has evolved to a columnar
hornblende corcna layer that surrounds granoblastic hornblende of
a different compﬁsition. At more advanced stages, the aggregate
of small hornblende crystals may:be recrystallized into a single

large grain of hornblende.
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Figure 24a.

Figure 24b.

Lo

Extensive replacement of primary augite by
hornblende. The relic augite grain is heavily
clouded with minute exsolutions of magnetite and
minor rutile. Hornblende forms granoblastic
aggregates. Small idioblastic garnet crystals are
disseminated throughout the sample. Plagioclase
laths have recrystallized and show a granoblastic
texture. (sample CMA-144)

Replacement of primary augite by light green
diopside. The replacement takes place at the
grain boundary and along fractures. Commonly as
shown, pyroxene is rimmed by zoned garnet grains.

Y
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Figure 24b
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Figure 25a.

Figure 25b,

Small aggregate of orthopyroxene surrounded by a
double layer corona structure consisting of
granoblastic hornblende and zoned garnet grains.
This corona structure is thought to represent a
more evolved version of the orthopyroxene and
magnetite symplectite corona structure.
Plagioclase laths are heavily clouded with spinel
and corundum inclusions.

Corona structure developed around an aggregate of
fine-grained diopside crystals. The corona
structure is composed of an inner moat of sodic
plagioclase and an outer layer of garnet
crystals. The plagioclase laths contain abundant
corundum inclusions. =
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3.2.4 Ti-magnetite Corona Structure

Ti-magnetite crystals are surrounded by continuous to
discontinuous corona layers consisting of biotite and acicular
pargasite (Fig. 19b). Most of the Ti-magnetite crystals have
experienced recrystallization and reaction and consist of an
aggregate of ilmenite and magnetite grains.

With further recrystallization and reaction, the reddish
brown biotite corona layer around the Ti-magnetite core is
partially to completely replaced by blue green pargasitic
amphibole. The appearance of the orthopyroxene - magnetite
symplectite-cored corona structure is observed at this stage.

The layers of garnet crystals that have formed around iron
oxide minerals, commonly, have developed with an internal zoning
pattern. This zoning pattern is composed of an inner turbid zone
in contact with the iron oxide mineral and an outer
inclusion-free zone. In some cases, when in contact with primary
augite, the outer zone consists of vermicular clinopyroxene.
These two zones may be further subdivided according to the nature
of the inclusions. Fbr instance, the inner zone may be divided
into an inner part consisting of biotite-rich inclusions and an
cuter part consisting of amphibole-rich inclusions. The outer
zone, when occupied by cliﬁopyroxene, grades from fine to coarse
vermicular inclusions (Fig 26). The outer, inclusion-free zone
generally displays idioblastic terminations in contact with

plagioclase grains.
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Figure 26. Ti-magnetite grain surrounded by a two layer
corona structure. The inner layer is composed of
biotite and the outer layer of zoned garnet. The
garnitiferous layer is comprised of an inner
biotite-rich zone, and an intermediate hornblende-
rich zone, anéd an outer vermicular clinopyroxene-
rich zone, under plane polarized light (sample
CMD-49) . The field of view is 1.5 mm across.




3.2.5 Garnet Atolt (Non-corona) Struciure

Subhedral to euhedral garnet crystals typically form an
additional layer around primary olivine, orthopyroxene/magnetite
symplectite, Ti-magnetite, and primary augite corona structures.
Their size does not exceed 0.1 mm in diameter. Garnet generally
nucleated within the amphibole layer or at the
amphibole/orthopyroxene and amphibole/oxide interfaces. At these
interfaces the garnet crystals progressively replace the
amphibole layer of the corona structure. At advanced stages of
garnet formation (> 2 tc 3 modal percent), euhedral garnet
crystal are observed forming discontinuous shells around most of
the ferromagnesian minerals. They may also form small aggregates
within plagioclase laths. The formation of abundant garnet
crystals is typically associated with heavily spinel clouded
plagioclase laths and the presence of corundum plates. Where
discontinuocus chains of idioblastic garnet crystals are observed,
they are found rimming most rock-forming minerals (i.e. apatite,
primary biotite, plagioclase, and augite). They commonly occur
around primary c¢linopyroxene grains and at the margins of
plagioclase grains. These garnet crystals differ from those that
fortted around olivine and iron oxide corcona structures. They are
generally small (<1 mm), and contain inclusions of corundum when
found within plagioclase laths. The spatial and temporal
relationship between the garnets around olivine and iron oxide

corona structures and the discontinuous chains of garnet around
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the clinopyroxene corona structure is not clear., The habit of
these chains of garnet suggests that they are different from
those found within the corona structures around ¢livine and iron
oxide minerals. In some instances, the garnet crystals are found
replacing hornblende within the corona structure that surrounds
clinopyroxene, whereas, in most cases the garnet crystals are not
found in direct contact with the hornblende of corona structures.
At this advanced stage of recrystallization, most primary
minerals have been recrystallized and most of the corona
structures have been destroyed. Large garnet grains may be found
surrounding an aggregate of granoblastic hornblende crystals,
which mark the location of an earlier formed corona structure
(Fig. 27). Primary plagioclase laths have been recrystallized
into a mosaic of sodic plagiocclase grains. Garnet chains are
often found circling these sodic plagioclase aggregates, which
define the original grain boundaries. Despite the intensive
recrystallization experienced by some diabase dykes, the original
igneous texture is still preserved, which possibly indicates the
relative absence of tectonic stresses exerted on these dykes.

The final stage of recrystallization is represented by
mineral assemblages composed of hornolende, plagioclase, garnet,
and minor amounts of oxide minerals, quartz, calcite, and sphene.
The hornblende is coarse-grained and generally zoned. The zoning
consists of a central core of poikiloblastic hornblende replacing
primary clinopyroxene and an outer zone of massive

{inclusion-free) hornblende crystals (Fig. 28). The central core
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Figure 27.

Figure 28,

Mecamorphesed corona structures consisting of
aggregates of hornblende crystals surrounded
by idicoblastic garnet grains, under plane
polarized light (sample CMA-F-1236, 3.5 mm
across).

Metamorphosed diabase dyke composed of hornblende,
garnet, biotite, plagioclase, and sphene.

The hornblende grains are medium- to
coarse-grained, and display well developed
cleavages at 120°, Disseminated oxide minerals are
replaced by sphene. Plagioclase grains are
completely recrystallized into a granoblastic
texture. Advanced metamorphism has destroyed all
evidence of earlier formed corona structure
(sample CMA~-F-1236, 3.5 mm across).
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Figure 27

Figure 28



is rich in plagioclase and quartz inclusions. The outer zone may
form as a2 polygonal aggregate or a single crystal. A mosaic of
fine-grained plagioclase grains is present between the hornblende
grains. Garnet crystals are found associated with the plagioclase
aggregate and are generally inclusion-free. The oxide minerals
are disseminated within hornblende grains and are replaced by
sphene and calcite. The texture may be massive or may show a
foliation displayed by the presence of plagiocclase-rich layers;
At this stage, all evidénce of primary mineralogy has been

destroyed.
3.3SUMMARY OF CORONA STRUCTURE DEVELOPMENT

A summary of mineralogical and textural evolution of
coronitic diabase dykes is given in Table 2. From Table 2, it is
possible to state that the first reactions occurring in the
diabase dykes resulted in the formation of double layer corona
structures between olivine and plagioclase, as well as single or
double layer corona structures between Ti-magnetite and
plagioclase. Primary augite, stable during the above reéctions,
later reacted with plagioclase to produce double layer corona
structures of pargasitic hornblende and sodic plagioclase. At
this stage, double layer corona structures of orthopyroxene and
pargasitic amphibole have formed around orthopyroxene and
magnetite symplectite. Subsequent corona reactiocns involved the

formation of garnet at the expense of amphibole and biotite
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reactions, represented by the

"y

zages ¢f corena

Tarer st
side and orthopyroxene corona structures,

: of diopsi
ed by the breakdown of primary augite and the orthopyroxene -

isom

najnetite symplectite, respectively. Further reactions resulted

- rthe total destruction of earlier formed corona structures and

rhnis involved extensive recrystallization into granoblastic

rextures.
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WHOLE-ROCK CHEMISTRY OF
NNE DIABASE DYKES

4.1 ANALYTICAL METHODS

Rock samples were cut to remove all weathered surfaces, and
then ground into a fine rock powder (< 80 mesh) . To minimize
contamination, the crushing dish was cleaned with compressed air
and acetone after the processing of each sample. Futhermore,
quartz chips were crushed after every fifth sample in order to
remove contaminants from the crushing dish.

The powdered samples were submitted-for geochemical analyses
to the Analytical Services Section of the Central Laboratories
and Technical Services Division of the Geological Survey of
Canada. The samples were analyzed for major and some trace
elements with an automated energy-dispersive ﬁ-ray fluorescence
instrument (XRF). An estimate of the validity of results for this
analytical technique is listed in Table 3.

FeO, H,y0n, COyqr and S were determined by rapid chemical
methods; FeO by cold acid decomposition and back titration with
K2Cr207, H20T by fusion in a Penfield tube and a Karl Fisher
titration. E‘QZO3 was calculated using the formula: F6203 = §e203
(XRF) - {1.11134 x FeO (volumetric)).

Analyses of minor and rare earth elements were determined
using ion-exchange separation columns (i.e. for REE’s and Y) and

inductively coupled plasma - atonic emission spectroscopy_
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Table 3, Estimates of validity of results for the major

elements. Abs absolute analytical error,

Rel relative analytical error,

Det = detection limit, and
28 = (abs + rel), which is the confidence limit
(i.e. precision) expressed as 2.0 times standard
deviation.
For example, if Al 05 is 15.6 wt%, then 2S5 for this
value is * 0.556 weSS(i.e. = 0.40 wt$ = [1% of 15.6
wt%] at 95% confidence level).

Wavwv - v
Abs (= wt%) Rel (= %) Det (wt%)

510, 0.40 1 0.40
720 0.02 1 0.02
A1283 0.40 1 0.40
cr2o3 0.02 1 0.02
Fe203 0.10 1 0.10
Feb 0.20 2 0.20
Mno 0.01 2 0.01
MgO . 0.10 1 0.10
ca0 0.10 1 0.10
Na.O 0.50 1 0.50
K23 0.05 1 J.05
H,0, 0.10 5 0.10
co 0.05 3 0.05
9285 0.02 1 0.02
s 0.04 5 0.04
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(ICP-AES) . Detection limits and precision estimates of this

method are presented in Table 4.
4.2 CHEMICAL CHARACTERISTICS OF NNE DIABASE DYKES:

Fifty four samples of NNE dykes were analyzed to determine
the composition of the dykes and to examine the relationship of
these dykes with other well known diabase dyke swarms of the
Chibougamau area. Appendix Dl presents the chemical analyses,
CIPW norms, and certain ratios for the NNE dykes from the
Parautochthonous Domain. The average analyses of representative
groups of the NNE diabase dykes are shown in Table 5, and are
presented with other gabbroie dykes and basaltic volcanics of the
Grenville and Superior Provinces, and other continental basalt

provinces (i.e. for comparison).
4.2.1 Alteration

It is well known that alteration can be a major problem to
the intefpretation of the geochemistry of rocks, especially those
from highly metamorphosed terrains where elements are more likely
to be mobile. Therefore, before discussing the overall chemical
attributes of the NNE diabase dykes, the problem of alteration
{i.e. the degree and nature of alteration processes) must be
addressede To overcome this problem, it is essential to identify

the geochemical effects of the alteration processes that have
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Ba
Be
Co
Cr
Cu
Ni

Zn
ir

Table 4. Estimates of validity of results for minor and
rare earth elements using ICP analytical technique.
Abs = absolute analytical error,

Rel = relative analytical error, and

note that 25 (the precision) is determined by the

same procedure as in Table 3.

Minor Elements by ICP
Abs (= wt%) Abs (= ppm) Rel (= %)
0.01 - 5
- 0.5 5
0.01 5 5
0.01 10 5 v
0.01 10 5 -
0.01 10 5
0.01 5 5
0.01 5 5
0.01 - 5

E

La
Ce
Nd
Sm
Eu
Gd

Yb

Abs (= ppm)  Rel (= %)
0.5 5
0.5 5
0.5 5
0.3 5
0.1 5
0.2 5
0.2 5
0.1 5
1.0 5

N
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Table 5a. Source reference for Table 5.

1. l-ligh-Al203 NNE diabase dykes, this study.

2. Low-TiO, NNE diabase dykes, this study.

3. High-TiO, NNE dmbase dykes, this study.

4. High-TiO, pegmatitic segregations, this study.

5. Grenville dykes, Ouer Lake area, Kretz et al. (1985).

6. Grenville dykes, Georgian Bay, Bethune and Davidson (1988)
7. Grenville dykes, Hostings area, Holm et al. (1986)

8. Sudbury dykes, Georgian Bay, Bethune and Davidson (1988)

9. Low-TiO., continental flood basalts, Keweenawan Reference Suite, Basaltic Volcanism
Study Project (BVSP, 1981)

10. High-TiO, continental flood basalts, Keweenawan Reference Suite, BVSP (1981)

11, Low-'l‘iO2 continental flood basalts, Columbia River Basalt Reference Suite, BVSP (1981)
12. High-TiO, continental flood basalts, Columbia River Basalt Reference Suite, BVSP (1981)
13. Continental Rift Basalts, Taos Platean Volcanic Field, New Mexico, BVSP (1981)

14. Low-TiO, flood basalis, Serra Geral, Brazil, Fodor (1987)

15. High-'l‘io2 flood basalts, Serra Geral, Brazil, Fodor (1987)

16. Atka basalts, Aleutian Volcanic Arc, Alaska, Myers et al. (1986)

17. Tholeiitic sills of the Ferrar Group of Portal Peak, Antartica, Hergt et al. (1989)

18. N-MORB sub-types, DSDP/IPOD leg 82, Viereck et al. (1989)

19.N-MORB sub-type;. DSDP/IPOD leg 82, Viereck et al. (1989)

20, E-MORB, Wilson (Il989)

8]
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affected the rocks being studied.

A multitude of approaches have been used to evaluate the

extent of secondary (post-magmatic) chemical remobilization.

These include:

1)

2)
3)

4)

5)

6)

identification and rejection of rocks that are too
modified (i.e. chemically altered) on the basis of H,0 and
C0, analysis, the presence of anomalous minerals in Ehe
CI@W norm, the existence of anomalous minerals in the
rock, and the position of the chemical data on variation
and discrimination diagrams,

comparison of altered rocks with equivalent fresh rocks,

analysis of relict mineral phases for comparison with
whole-rock chemical data (i.e. to test whether the
magmatic affinity (e.g. tholeiitic) indicated by mineral
phase(s) are consistent or compatible with the determined
rock compositions),

analysis and comparison of trace element and isotopic
abundances,

identification of broad chemical trends on Harker-type or
similar diagrams, and subsequent confirmation or rejection
by use of immobile elements (e.g. Ti, Nb, ¥, 2r, etc.),

identificdtion of element mobility by means of Pearce
element ratio (PER) or molecular proportion ratioc (MPR)
diagrams (Pearce, 1968).

Many authors have shown that high field strength (i.e. high

ionic potential) elements such as Ti, Nb, ¥, and 2r are commonly

immobile during amphibolite and granulite grades of metamorphism

(Smith and Smith, 1976; Pearce and Norry, 1979; among others).

The Ti/Zr ratio of the NNE diabase dykes (Figure 29a) divides

the rocks into two distinct groups: 1) a group with relatively

high Ti/Zr ratios (i.e. > chondritic values) and 2) a group with

relatively low Ti/Zr ratios (i.e < chondritic values). Except for
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Figure 29a. Plot of Ti/Zr versus Zr (ppm) for the NNE
diabase dykes. Chondrite value from Beswick
(1983).

Figure 29b. Plot of Zr/Y versus Zr (ppm) in the NNE diabase
dykes. Chondrite value from Beswick (1983).
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two samples, the high Ti/2r group shows a systematic trend that
is consistent with magmatic differentiation in basic rocks of a
comagmatic suite. The low Ti/Zr group also defines a systematic
trend with some scatter, but in general the Ti and Zr values have
not been appreciably affected by alteration processes (as shown
later in the chapter by conserved trace element plots). The
petrological implications of the low Ti/Zr group will be
discussed later in the chapter. The Zr/Y ratio and the Mg#
(100+Mg/ (Mg+Fe) - molecular) versus 2Zr (Figure 28b and Figure
30a) also are good indices for distinguishing igneous procuesses
from alteration processes. Except for a few (approximatly 6 to 8)
samples, the consistency of the results on Zr/Y versus 2r and Mg#
versus 2Zr diagrams suggests that these elements have remained
essentially unchanéed during alteration processes. Alteration
processes are considered unlikely to produce such consistent
patterns in variation diagrams using immobile elements (and their
ratios, Cox et al.,, 197%, Wilson, 1989). In additioh, these
elements and ratios show no correlation with the volatile‘
contents of the rocks. However, the effects of closure (i.e. the
principle of constant sums) must be kept in mind when using
variation diagrams, since closure enhances correlation
(Rollinson and Robertg, 1986; Pearce, 1987).

A relatively reéent,approach for recognizing element mobility
in rocks, especially altered mafic and ultramafic metavolcanics,
is that of Pearce element ratio (PER) diagrams (e.g. Pearce,

1968; Beswick, 1982; Barnes, 1985; among others). These diagrams,
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Figure 30a. Mg# {molecular) versus zZr (Pppm) diagram.

Figure 30b. Ni/2r versus 2r (ppm)} diagram. Note the
inflection at approximatly 120 ppm Zr.

-82-



100

Fig. 30a | I B
a n
% - a2 ° ‘? At =
a 2 %a el
o o w —
50 P— ]
‘ = LT T " ‘-1 .
L ™ o -
= s O
e = q 0 R
S o i | |
7 0 100 200 300 400
i Fig. 30b 4 ] ; T
) a
: A
3. s L a
A
a
‘ . .
" B - —
.\‘ E 2 .
By A
= a A
a Aa L 4
n A -
1 . "a
| ¢ AU,
| - q ; ™ .
0 1 T W
P 0 100 200 300 400
‘/4/’1

iy



which show wvariations in ratios of molecular proportions, can
differentiate trends produced by primary magmatic processes from
those produced by secondary (alteration or metamorphic)
processes. A necessary prerequisite for using PER diagrams is the
determination of at least one conserved constituent (i.e. an
element that has remained constant during the primary and
secondary processes that have affected the rocks). Conserved
constituents can be determined quite easily by knowing the system
under investigation, including the phases and their compositions
that comprise the system. For example in the NNE diabase dykes,
olivine, plagioclase, clinopyroxene, and Ti-magnetite are the
major phases. In this case, several elements, including K, P and
Zr, are expected pot to have changed in their absolute abundances
in'the fractionation chamber via igneous processes because the
elements are not major constituents of these phases. A means of
evaluating‘the conserved nature of these and other elements is by
constructing conserved constituent diagrams. A plot of Ti/2r
versus P/Zr (Figure 31) shows three distinct (tight) clusters
that plot on a line with a slope close to =, This indicates that
either Ti or Zr, most likely 2r, is not conserved for the data
set as a whole, but instead is conserved for subgroups of the
data set. This suggests that three distinct suites of rocks make
up the NNE diabase dyke family (they may or may not be comagmatic
to one another). This also applies if Mn (Figures 32 and 33) or K
(not shown, also used with caution since K islgenerally véry

mobile) is used in place of either P or Zr. The Ti/Zr ratio
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Figure 31.

Note:

010
0.08 F
0.06
0.04 |
0.02
n=53
0 1} 1 2 1 1 1 i L] i 1
0 0.02 0.04 0.06 0.08 0.10

P/Zr

Pearce Element Ratio (PER) diagram of Ti and

P normalized to Zr. The field with vertical
stripes corresponds to the high aluminum group,
the field with horizontal stripes to the high
Ti/Zr group, and the field with oblique stripes

to the low Ti/2r group.

Ti and P were calculated, respectively, from the
weight percent of TiO, and F.0., whereas Zr was
calculated from parts“per mifllon Zr. This has the

effect of the scale being 10 000 times less than
actual. ‘ -
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Flgure 32, PER diagram of Mn and P normalized to Zr. The
data comes ftrom the high-Ti/Zr group. The tight

cluster of analyses implies that they are from a
comagmatic suite of rocks.
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Flgure 33. PER diagram of Mn and ? normalized to Zr, The
data are from the low—T1/Zr group. Test of ratio
of elements that are conserved during fractional

crystallization. Tight cluster indicates that
the rocks are comagmatic.
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appears to set apart the three suites, which are:

1) a high-Al,05 group with high Ti/Zr ratios,

2) a low- to high—TiO2 group with high Ti/2r ratios,

3) a low- to high-TiO, group with low Ti/2r ratios.

Hence on this basis, PER diagrams can and will be used to
evaluate the causes of chemical diversity within each of the
three distinct comagmatic suites.

To summarize, the overall effects of alteration on the
chemistry of the NNE diabase dykes appears to be minor, as
indicated by the similarity of chemical variation patterns
between strongly metamorphosed and weakly to unmetamorphosed
dykes. However, in some rocks, Si02, A1203, Fe203, Cao, Na20,
K20, Ba, and Sr have been mobile to varying degrees during
metamorphism. Hence in this study, more weight is placed on the
chemical evidence obtained from chemical variation patterns of
those elements normally thought to be immobile (i.e. Ti, P, Ni,

2r, ¥, Nb, and some REE).

4.2.2 Composition

The NNE diabase dykes show a relatively large degree of
compositional variability. For example, TiO2 varies from 0.26 to
3.78 wt% and MgO from 3.34 to 10.22 wt%. Maximum and minimum
values for the other oxides also differ to the same degree.
Selected major elements (3102, A1203, K20, P205, and FeOT) and

trace elements (Cr, Ni, V, Zr, etc.) have been plotted against
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Mg0 and Tio2 {(Appendix D2). On these and other Harker-type
diagrams, most of the oxides and elements display relatively well
defined distribution patterns, which most likely are indicative
of primary magmatic trends despite some scatter induced by
alteration processes. As mentioned previously, caution must be
exercised in interpreting these trends because of the closure
problem, especially with negatively correlated trends. A closure
problem most likely exists, but does not matter if one can find
the petrogenetic process responsible for the trend (therefore,
the trend is wvalid but in part spuricus). In general, the NNE
diabase dykes show a broad continuum from compositions with
relatively high MgO and CaO contents to compositions with
relatively low MgO and Ca0 contents. In addition, there exists an
inverse correlation between Mg0 and CaQ with Ti02, Feof; Kzo, and
9205. Similarly, there exists a positive correlation between MgO
and Ca0 with most compatible elements (e.g. Ni and Cr), and a
negative correlation between Mg0 and Ca0 with most incompatible
elements (e.g. Ba, La, Ce). The compositions with relatively high
Mg0 and CaQ contents are comparable to low-K tholeiites, whereas
those with low MgO and Ca0 contents are similar to Fe-tholeiites.

The NNE diabase dykes are mainly olivine normative
tholeiites (44 of 53), the rest are either quartz normative (8 of
53) or nepheline normative (5 of 53, 3 of which are also olivine
normative) .

The above mentioned geochemical characteristics of the NNE

diabase dykes, combined with petrographic observations, suggest
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that the dykes can be divided into groups on the basis of Tio2
(confirmed with FeOT and 9205 contents) and A1203 contents. This
approach is similar to the one used by Bellieni et al. (1986),
Fodor (1987), and others in identifying the existence of two
types of basalt (a 1ow—Ti02—P205 type and a high-Ti02—9205 type)
in the Parand flood basalt province.

The NNE dykes are éubdivided into two major groups, including
a subgroup, and one minor group, respectively: 1) a low-TiO2
group, 2) a high—'rio2 group, 3} a high—TiO2 pegmatitic
segregation subgroup, and 4) a high—A1203 group with very low
TiO2 contents.

The low~Ti02 group, consisting of 19 samples, is
predominantly olivine normative (16.06 - highest value) to
slightly quartz normative (3.06 - highest value). This group has
a Mg# (molecular MgO/MgO+Fe0T) ranging from 0.65 to 0.51. The
characteristic oxides/elements of this group show values ranging

as follows:

TiO2 - 0.56 to 1.61 wt% (average = 1.19 wt%)

K20 - Q.26 to 0.52 wt% (average = 0.45 wt%) |

P205 - 0.07 to 0.21 wt% (average = 0.13 wt%) i
Y - 8 to 22 ppm (average = 18 ppm) 2
Zr - 54 to 137 ppm (average = 93 ppm)

Yb - 0.9 to 2.9 ppm (average = 1.8 ppm)

The high--TiO2 group, comprising 27 dyke analyses, ranges from
olivine normative (19.46) to marginally quartz normative (12.2)

and nepheline normative (6.56). This group is characterized by a
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Mg# ranging from 0.56 to 0.28. The oxides/elements of this group

are as follows:

Ti0, - 1.38 to 3.22 wt% (average = 2.24 wt%)
K,0 - 0.58 to 1.63 wt% (average = 0.82 wt¥%)
9205 - 0.11 to 0.57 wt% (average 0.33 wt%)
Yy - 23 to 84 ppm (average = 34 pPpm)
Z2r - 72 to 337 ppm (average
¥b - 2.4 to 7.6 ppm (average

176 ppm)
3.3 ppm)

The NNE diabase dykes often have pegmatitic segregations
(i.e. residual liquid pockets) of irregular shape. These
segregations are composed of a mineralogical assemblage which is
very similar to that of the host dyke. The chemical composition
of six analyzed segregations have been c;assified as a subgroup
of the high—TiO2 group. This subgroup is olivine normative
{(13.21) to quartz normative (17.93) with its Mg# falling between
0.53 and 0.32. The characteristic oxides/elements are as follows:

TiO2 - 1.12 to 3.78 wt% (average = 2.63 wt%)
Kzo - 0.32 to 1.40 wt% (average = 0.97 wt%)
P205 - 0.17 to 0.95 wt$% (average = 0.58 wt%)
Y - 23 to 75 ppm  (average = 51 PPM)
Zr - 116 to 339 ppm (average = 241 ppm)
Yb - 2.3 to 7.3 ppm ({average = 5.1 ppm)

The pegmatitic segregations are typically depleted in Cr and ﬁi,
but enriched in Ti, Fe, K, REE, 2r, Y, and Ba. The segregations
are interpreted to represent mineral phases that have
crystallized from late-stage reéidual liquids.

The third group is defined by extremely high—A1203-contents.
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Two samples fall into this category and they are olivine

normative (15.78) to quartz normative (1.97). The oxides/elements

ranges as follows:

A1203 - 22.9 to 23.8 wt% (average = 23.3 wt%)
TiO2 - 0.26 to 0.28 wt% (average = 0.27 wt%)
K,0 - 0.36 to 0.38 wt% (average = 0.37 wt%)
P,0; - 0.03 to 0.05 wt% (average = 0.04 wt%)
b4 - 3 to 11 ppm (average = 7 ppm)
Zr - 28 to 41 ppm (average = 34 ppm)
¥b - 0.3 to 1.2 ppm (average = 0.8 ppm)

The éharacteristic features of the high—A1203 group are the
high values of Mg# and Ni, and the low values of incompatible
(e.g. Ti, 2r, Ba, Y, and possibly Nb) and partially compatible
elements (e.g. V) when compared to the low- and high—TiO2 groups.
In addition, the low-TiO, group is distinguished from the
high-TiO2 group by its consistently lower contents of
incompatible and moderately compatible elements and higher values
of Mg# and Ni. The cqarse—grained pegmatitic segregatiqns,
commonly found in the diabase dykes, have an enrichmené‘in most
incompatible and partially compatible elements.

The 1ow4TiO2 group represents the most primitive magma
compositions, on the basis of its high MgO, Cao0, Ni,_and Cr\
values, and its low values of alkali, incompatible, partially
compatible, and rare earth elements.

3
The high-A1203 group has the lowest values of trace and ghre

earth elements.
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Figure 34 (backpocket) shows the distribution of the above
mentioned geochemical groups with respect to sample locations.
The distribution of those groups does not suggest any regional

pattern or tectonic implications.
4.2.3 GEOCHEMICAL CLASSIFICATION DIAGRAMS:

As shown above the NNE dykes have been classified according
to their Tio2 and Al,05 contents. How does this classification
scheme relate to commonly used discrimination diagrams?

Conventional major element discrimination diagrams such as
the AFM ternary plot (Alkalies-FeOT-MgO) and the Jensen Cation
Plot (Al-Fe+Ti-Mg) indicate the tholeiitic affinity of the NNE
diabase dykes, despite some superimposed effects of alteration.
The NNE diabase dykes show a distinct enrichment trend from low
Fe0 (i.e the low-TiO2 group) to high Fe0 (i.e. the high-—TiO2
group) on the [Na,0 + K20]-Fe0T—MgO triangular diagram ( Figure

35, after Irvine and Baragar, 1971). Furthermore, on the Jensen

Cation Plot (Jensen, 1976), the low—TiO2 group plots in the

~

;'high-magnggiﬁm:thpleiite field, whereas the high—TiO2 group plots

mostly in the high-iron tholeiite field (Fig. 36). The two

‘analyses from the high-A1203 group are characterized by a

calc-alkaline affinity.
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Figure 35. AFM ternary plot (Alk—FeOT-MgO) form Irvine and
Baragar (1971). The NNE diabase dykes shows an
enrichment trend from the low-FeO (i.e. low—TiO2
group) to high-Fe0 (i.e. high-TiO2 group) .

a High-A1203

A Lt:uw-'l‘:i.O2

[ High-TiO2

] Segregations

Figure 36. Jensen Cation Plot (Al-Fe+Ti~Mg) from Jensen
(1976) . The low-TiO, group plets in the high-Mg
tholeiite field, whéreas the high—TiO2 group plots
in the high-Fe tholeiite field,

i

&
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4.3 PETROGENESIS

In this section, I evaluate how the different types of NNE
diabase dykes might be related to one another with respect to
similar or different mantle source regions, and to variations in
conditions of melting and fractional crystallization processes.
Also, the author will attempt to answer the question whether the
geochemical characteristics of the mantle source are retained in
these rocks or whether processes of fractional crystallization
‘and/or crustal contamination have destroyed the fingerprints of
the mantle source.

Several questions must be answered in order tc properly
interpret the geochemical results of the NNE diabase dykes:

1) Do any of these rock compositions approximate silicate

liquid compositions (i.e. a primary magma)?

2) Do the range of rock compositions reported herein
represent a spectrum of differentiated (i.e. more
Sioz—rich and less mafic-rich) magmatic liquids? If so,
how are they related to the primary magmas? - by processes
of fractional crystallization., magma mixing, and/or
crusﬁal contamination.

3) Are the rock compositions original (i.e. have they been
modified by alteration and metamorphic processes)? As
mentioned above, most of the samples have not been
modified substantially by these secondary processes.

None of the NNE diabase dykes have compositions that are
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capable of coexisting with any proposed mantle compositions,
even the most Fe-rich of acceptable mantle compositions: This
conclusion is supported by several facts:

1) The most primitive NNE-diabase.dyke has a Mg# of 0.65.
This Mg# is less than one of a primary basalt magma that
is capable of being in equilibrium with olivine
cémpositions of a residual mantle (Carter, 1970; Basaltic
Volcanism Study Project, 1981).

2) The low Ni contents of the NNE diabase dykes are not
compatible with mantle olivine compositions.

3) The NNE diabase dykes plot near the low pressure basalt.
cotectic of olivine-clinopyroxene-plagioclase, mostly
within the plagioclase field or the boundary of the
olivine and plagioclase fields at 1 atmosphere pressure.

Therefore, the most primitive NNE diabase dykes were likely
evolved from magmas that had undergone limited differentiation.

The compositional variation of the NNE diabase dykes is

large. This makes it necessary to evaluate the processes of
fractional crystallization, magma mixing, and crustal
contamination for esﬁ;blishing the origin{s) of the dykes. The

general trend of increasing Tio2 with increasing FeO,, and

T
decreasing Mg# suggests that the NNE diabase dykes have
compositions which are largely controlled by fractiocnal
crystallization plus or minus an assimilation component. This is
sgpported by the following evidence:

1) The transition ‘from Mg-rich to Fe-rich dykes is marked, in
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2)

3)

4)

5)

most cases, by increasing incompatible and decreasing

compatible elements.

Incompatible elements generally show positive

correlations with one another (Figures 37a and 37b).

The NNE diabase dykes plot well below the field of liquid
composition in the MgO versus total FeO “sail" diagram
(Figure 38, from Hanson and Langmuir, 1578). This implies
that if the dykes were generated from a mantle source of
pyrolite composition, then they have undergone large
degrees of fractional crystallization. This is also
indicatecd by the distinct trend sub-parallel to the FeO
(molar) axis. This trend is diagnostic of significant
plagioclase fractionation, as well as some (%-2) Fe oxide
fractionation.

The NNE diabase dykes define two parallel linear trends

on the Ti/Zr versus Zr diagram (Figure 29a). Each trend is
parallel to sub-parallel with the 2Z-axis and this is
consistent with a fractionation relationship between
compositions falling on the same linear trend. More
evolved compositions lie to the right of primitive
compositions. The position of the two parallel trends
suggests a variation in parental magmas, either the result
of different source regions, different degrees of partial
melting, or crustal contamination.

The likelihood of a fractionation origin is also confirmed

by comparing trends among incompatible and compatible
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Flgure 37a. Plot of Y (ppm) versus T102 (wt%) for the
NNE diabase dykes. .

Figure 37b., Plot of ¥ (ppm) versus Zr (ppm) ‘of the NNE
diabase dykes.
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Fig. 37a
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Fiqure 38. Plot of MgO versus total Fe as FeO (cation mole

k¥

ix

o

percent) for the NNE diabase dykes. The melt
and residue fields (sail) are contoured on the
basis of temperature and extent of melting to
represent the olivine saturation surface in
coexistence with a mantle source of pyrolite
composition (after Hanson and Langmuir, 1978).
The NNE diabase dykes plot outside the field of
partial melting of a mantle source, hence they
are not primary magmas.
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elements. A 2r-log Ni diagram (Figure 39, after Rajamani
et al. 1985) is quite suitable for readily distinguishing
fractional crystallization and partial melting effects.
Also, Ni and Zr are among the least mobile elements
during alteration and metamorphic processes that affect
mafic rocks. On this diagram, the NNE diabase dykes
define several elongated clusters which suggest
fractional crystallization processes were involved. The
data array also indicates that crustal contamination was
probably involved in the generation of some dyke rocks,
most likely those with high Zr wvalues.

6) The distinct correlation between Ni and Mg0 (and Cr and

Mg0) favours a fractional crystallization origin,

The next question to be'answered is: What phases were
involved in the fractional crystallization process? Petrographic
observations indicate that olivine, plagioclase, and
clinopyroxene were the major phases involved in the fractional
crystallization processes that produced the compositions of the
NNE diabase dykes. The involvement of these phases in the
fractional crystallization processes can be rigorously confirmed
by several methods:

1} graphically, using methods of Cox et al. (1979) and Wilson

(1989), |
2) mathematically, using mass balance calculations, and
3) statistically (also graphical and mathematical), using

PER diagrams (Pearce, 1968; among others).
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Figure 39.

Plot of Zr (ppm) versus Ni (ppm, log scale) of
the NNE diabase dykes. Solid lines I and II
represent theoretical partial melting trends of
a mantle source. Dotted lines III and IV
correspond to theoretical fractional
crystallization trends of the primary magma.

Calculated trends and mantle source are from
Rajamani et al. (1985).
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Figures 40, 4la and 41b, graphically illustrating the variation
in A1203 versus MgO, TiO2 versus MgQ, and FeQ + Fe203 versus Mgo
indicate that the diversity of compositions in the NNE diabase
dykes can be interpreted in terms of olivine plus plagioclase
fractionation from primary magmas. These covariant plots also
indicate that clinopyroxene, although present, did not
participate significantly in the fractional crystallization
process. Major element mass balance calculations (Tables 6a, 6b,
6c, and 6d) support, in general, these conclusions. However,
clinopyroxene is a minor fractionating or accumulating phase in
some of the fractionating assemblages.

Mass balance calculatibns (Tables 6a, 6b, 6c, and 6d) using
the major elements indicate that the most primitive dykes are
similarly related to one another by olivine or olivine and
plagioclase fractionation.

The phases that control the fractional crystallization
processes (es) can also be ascertained from PER diagrams. These
diagrams which show variations in ratios of molecular proportions
(MPR) are more direct because they facilitate comparisons between
whole-rock compositions and mineral compositions. They also
eliminate the closure effect (i.e. summing to 100%) by use of a
constant parameter as a common denominator. In Figures 42a and
42b, and Figures 43a and 43b, the high Ti/Zr dykes and low Ti/Zr
dykes, respectively, lie on trends intermediate between olivine
and plagioclase control. These trends also lie closely to a

clinopyroxene dominated fractionation trend, but other PER
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Figure 40. Al 03 versus Mg0 diagram of the NNE diabase dykes.
MoSt~“of the data (field defined by crosses) can
be explained in terms of plagioclase and olivine
fractional crystallization. The bulge in the data
array is interpreted in terms of combined
assimilation-fractional crystallization (AFC).
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Figure 4la. Harker-type diagram of TiO, versus Mg0 for the
NNE diabase dykes (field dénoted as in Figure 40)
Note the titanium enrichment trend, which is

explained by plagioclase and olivine
fractionation.

Figure 41b. Harker-type diagram of FeO+Fe,0, versus MgO for

the NNE diabase dykes (field aeﬂoted as above).

Note the iron enrichment trend. The extension of

the data array past the Thingmuli fractionation

trend can be explained in terms of:

1) plagioclase and olivine fractionation with
plagioclase dominant over olivine,

2) crustal contamination, and/or

3) late fractional crystallization (hence,
accumulation) of iron oxide minerals.
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Table 6a. Results of mass balance fractional crystallization
calculations involving olivine, plagioclase, and

clinopyroxene.

INPUT DATA:

PARENT OL-75 PL-75 CPX3 DAUGHTER
510, 47.30 38.40 49.27 49.53 47.30
710 0.56 0.00 0.00 1.00 0.87
Al 83 17.80 0.00 32.51 3.61 17.90
Fe 10.46 22.96 0.00 11.65 10. 64
Mno 0.16 0.00 0.00 0.24 0.18
MgO 10.22 38.65 0.00 14.54 9.30
Ca0 9.81 0.00 15.33 18.85 10.12
Na.0 2.00 0.00 2071 0.00 2.20
K25 0.26 0.00 0.17 0.08 0.80
(PARENT ~ MINERALS = DAUGHTER)

PARENT: CMD-37
DAUGHTER: CMD-12
SOLUTION % CUMULATE
CMD~37 1.000
OL-75 -0.048 44.567
PL-75 ~0.058 53.011
CPX3 -0.003 2.422
CMD—12 0.891
R SQUARED = 0.400

PARENT DAUGHTER DAUGHTER WEIGHTED

ANALYSIS ANALYSTIS  CALC. RESID.
510, 47.95 47.86 48.38 -0.53
Ti0 0.57 0.88 0.63 0.25
Al 83 18.05 18.11 18.13 -0.02
Feb 10. 60 10.76 10.62 0.15
MRO 0.16 0.18 0.18 0.00
Ca0 9.95 10.24 10.11 0.13
Na.0 2.03 .23 2.10 0.13
K28 0.26 0.25 0.28 -0.03
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Table 6b. Results of mass balance fractional crystallization
calculations involving olivine, plagioclase, and

clinopyroxene.

INPUT DATA:

PARENT OL-75 PL-70 CPX1 DAUGHTER
sio, 47.30 38.40 50.52 50.55 47.40
7i0 0.56 0.00 0.00 0.73 1.05
Al 83 17.80 0.00 31.68 3.54 17.70
Fed 10.46 22.96 0.00 12.09 11.64
MnO 0.16 0.00 0.00 0.32 0.18
MgO 10.22 38.65 0.00 14.91 8.66
ca0 9.81 0.00 14.35 18.55 9.65
Na.0 2.00 0.00 3.29 0.00 2.40
K28 0.26 0.00 0.17 0.00 0.39
(PARENT - MINERALS = DAUGHTER)

PARENT = CMD-37
DAUGHTER = CMD-01
SOLUTION % CUMULATE
CMD-37 1.000
OL-75 -0.098 29.506
cPX1 -0.048 14.313
CMD-01 0.667
R SQUARED = 0.671

PARENT DAUGHTER DAUGHTER WEIGHTED

ANALYSIS ANALYSIS CALC. RESID.
5102 47,95 47.80 48.48 -0.69
710 0.57 1.06 0.80 0.26
Al 63 18.05 17.85 17.92 -0.07
Feb 10. 60 11.74 11.67 0.07
MnO 0.16 0.18 0.22 -0.04
MgO 10.36 8.73 8.77 ~0.04
cao 9.95 9.73 9.57 0.16
Na..0 2.03 2.42 2.12 0.30
K26 0.26 0.39 0.35 0.05
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Table 6c. Results of mass balance fractional crystallization
calculations involving plagioclase, clinopyroxene,

and magnetite.

INPUT DATA:

SiO2
Tio
Al 63
Fea
Mno
MgO
Cao

Na.,O
ko8

PARENT

47.50
2.31
15.30
14.90
0.21
5.20
9.48
2.70
0.85

(PARENT - MINERALS = DAUGHTER)

PARENT
DAUGHTER

CMA-LG7-87
PL-70

CPX3

MAG1
CMA-79DI

R SQUARED

5i0
TiO
Al

Fe
MnoQ
Mg0O
Ca0
Na

0
K,0

8

3

CMA-LG7-87
CMA-79DI

= 3.002

PARENT
ANATYSIS

48.13
2,34
15.50
15.10
-0.21
5.27
8.60
2.74
0.86

SOLUTION

1.000
-0.151
~0.090
-0.003

0.757

DAUGHTER
ANALYSIS

47.57
3.64
13.27
18.15
0.32
4.10
8.10
2.45
1.43

CPX3 MAG1 DAUGHTER
49.53 0.39 46.60
1.00 2.13 3.57
3.61 1,52 13.00
11.65 90.34 17.78
0.24 0.09 0.31
14.54 0.00 4.02
18.85 0.08 7.94
0.00 0.00 2.40
0.08 0.00 1.40
% CUMULATE

61.979

36.920

1.101

DAUGHTER WEIGHTED

CALC. RESID.
47.62 -0.05
2.97 0.68
13.73 ~0.46
18.23 -0.08
0.25 0.06
5.23 -1.12
7.58 0.52
2.76 -0.51
1.09 0.33
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Table 6d. Results of mass balance fractional crystallization

2

=107~

calculations involving olivine, plagioclase, and
clinopyroxene.

INPUT DATA:

PARENT OL-75 PL-75 CPX3 DAUGHTER
510, 47.30 38.40 49.27 49.53 47.60
T3i0 0.56 0.00 0.00 1.00 0.26
Al 83 17.80 0.00 32.51 3.61 23.80
Fed 10.46 22.96 0.00 11.65 6.72
MnO 0.16 0.00 0.00 0.24 0.10
MgO 10.22 38.65 0.00 14.54 5.54
cao 9.81 0.00 15.33 18.85 11.08
Na.,0 2.00 0.00 2.71 0.00 2.90
K26 0.26 0.00 0.17 0.08 0.38
(PARENT - MINERALS = DAUGHTER)

PARENT = CMD-37
DAUGHTER = CMD-49
SOLUTION % CUMULATE
CMD-37 1.000
- OL-75 -0.057 -30.653
PL-75 0.342 183.625
CPX3 -0.099 -52.973
CMD-49 1.186
R SQUARED = 0.339

PARENT  DAUGHTER  DAUGHTER WEIGHTED

ANALYSIS ANALYSIS CALC. RESID.
5102’ 47.95 48.36 48.65 -0.29
Ti0 0.57 0.26 0.39 -0.13
21,0, 18.05 24.18 24.32 -0.14
Fed 10. 60 6.83 6.84 -0.01
MnO 0.16 0.10 0.12 -0.01
MgO 10.36 5.63 5.63 -0.00
cao 9.95 11.26 11.23 0.02
Na,0 2.03 2.95 2.49 0.45
K. 0.26 0.39 0.27 0.12
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Figure 42a. PER diagram of Al and Si normalized to P for
the high-Ti/2r group.
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the low-Ti/Zr group.
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diagrams suggest that clinopyroxene is only a minor phase. It
should be noted that the intercepts of the low Ti/2Zr dyke trends
are closer to zero then those of the high Ti/Zr dyke trends. This
may imply that crustal contamination or alteration is affecting
the fractional crystallization (AFC) trends to produce the same
mineral assemblages but in differing proportions. The
fractionating mineral assemblage tends to be enhanced in
plagioclase (hence more siliceous and residual). Several
petrological processes could account for the relative position of
the trend lines of the low Ti/Zr dykes. Howevef, evidence for .
crustal contamination is far greater. Some of this evidence
includes:

1) the high Zr and LREE contents of the most evolved dykes,

2) the quartz normative nature of some evolved dykes
{including pegmatitic segregations),

3) the position of some evolved dykes in the hypersthene
field of CMAS diagrams (Figure 44),

4) the significant increase of Y/Zr ratios with increasing 2Zr
{(note: this cannot be explained by different degrees of
partial melting or different source regions},

5) the presence of "balls" of similar composition to
pegmatitic segregations (Ciesielski, per. comm., 1990,
interprets these as partially digested xenoliths, either
country rock material or fragments of an earlier dyke
pulsé)

6) the position of the pegmatitic gabbro segregations and the
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Figure 44. Analyses of NNE diabase dykes projected from or
- towards diopside onto the C.A-S-M plane (wt%)
using the CMAS system of O’Hara (1968).
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high—A1203 dykes in Al-Si space (Figure 45, Francis et al.
1983y .

In summary, olivine-plagioclase fractionation is the
mechanism of fractional c¢rystallization in the high Ti/Zr dykes,
and olivine-plagioclase fractionation with variable crustal
contamination is the mechanism of fractional crystallization in

the low Ti/Zr dykes.

4.4 COMPARISON WITH DYKES OF THE GRENVILLE, SUPERIOR,
AND ( HER PROVINCES

The average analyses of the NNE diabase dykes of this study
are presented in Table 5 in cbmparison to dther typical basaltic
dykes and mafic volcanic suites of the Grenville Province, other
continental provinces, and some modern-day environments.

The high-Alzoj NNE diabase dykes are most similar to the
Jurassic plagioclase-rich dolerites of the Ferrar Group
(Antartica) . There are, however, distinct differences such as
slightly higher values of MgO, and A1203, and slightly lower
values of Ti02, V, ¥, and Z2r. They are also similar to the Atka
basaltic lavas of Alaska, but are ﬁore evolved and therefore may

represent residua or cumulates to primary high—A1203 basaltic

liquids.
The low:TiO, NNE diabase dykes exhibit similar chemical
compositions to other tyﬁical low—TiO2 basalts and associated

dykes of continental provinces, such as those of the Columbia
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Figure 45.

Al,0., versus SiQ, in cation mole percent for
th% aNE diabase %ykes. The "sail" represents the
field of liquid compositions that are capable of

coexisting with a mantle source of pyrolite-3
composition.
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River Basalt Province, the Taos Plateau, and the Parana Basin
Plateau {(i.e. analyses 11, 13, and 14, of Table 5). All of the
continental low—TiO2 basalts are characterized by low Ti02, P205,
and K20 values, high A1203 values, and moderately high Mg
numbers. Except for their light REE enrichment pattern, the least
evolved members of the low—TiO2 group are guite similar to |
N1-MORB (analysis 18). Fodor et al. (1985) have proposed a 9:1
mixture of N-type and P-type MORB components as the source
material for the Parana Basin continental flood basalts.
High—-TiO2 NNE diabase dykes are the most abundant group
within the parautochthonous domain. Based on the comparison of
chemical compeositions of other Grenville dykes, this appears to
be the case throughout the Grenville Province, The high-TiO2 NNE
diabase dykes resemble high-TiO2 basaltic rocks of other
Grenville dyke localities (e.g. analyses 5, 6, and 7 of Table 5)
and other typical continental provinces (e.g. analyses 8, 10, 12,
15 of Table 5; see Basaltic Volcanism Study Project, 1981, for
others). All of the high-TiO2 basalt suites are characterized by
enrichment in highly to moderately incompatible elements (e.g.

LREE) . However, there are distinct variations from suite to

©  suite, and these can only be explained by variably enriched

mantle sources or assimilation fractional crystallizaticn
processes (AFC) or a combination of processes. This problem will
not be assessed any further because isotopic data and additional
geochemical data is needed to properly resolve this problem

(Fodor, 1987; Condie et al., 1987) for the NNE diabase dykes.
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their chemical composition is the

Segregations occur mostly within high—Tio2 NNE diabase dykes.

As mentioned in section 4.4.2,

most evolved of the rocks in this study. They are most similar to

the high—Ti02 basalts of the Colombia River Basalt Province

(analysis 12 of Table 5).
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MINERAL CHEMISTRY

5.1 ANALYTICAL METHODS

. Eleven representative samples of the NNE diabase dykes were
selected from the parautochthonous domain for microprobe analyses
of minerals. Eight of these were chosen to study the evolution of
corona structures through increasing metamorphic grade. Several
thin section traverses across different types of corona
structures were performed. Microprobe analyses were also carried
out on mineral pairs of three non-coronitic samples for
pressure-temperature (P-T) determinations. Several grains of the
same mineral, from each thin section, were analyzed to determine
grain to grain homogeneity. In addition, several analyses on
single grains were also determined to study internal
compositional zoning (i.e. if present) and to test analytical
reproducibility.

The mineral analyses were obtained at the Geological Survey
of Canada using a Materials Analysis Company electron microprobe
equipped with a Kevex Model 5000A energy dispersive spectrometer,
and automated to produce simultaneous multi-element analysis.
Data reduction was calculated using the method of Plant and'
Lachance (1973), through the program SICOM on a Hewlett Packard
1000 computer. Operating conditions of the electron microprobe
are 20 kv accelerating voltage, specimen current of 10
nanoamperes measured on a standard of kaersutite, and counting

times of 100 and 50 seconds. Natural silicate and oxide standards
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were used.

The amphibole, pyroxene, and garnet minerals were analyzed
for 10 elements using kaersutite (Al, Mn, Mg, Ca, Ti),
amphibole-1 (Fe,Si), labradorite (Al, Ca, Na), orthoclase (K),
and chromite (Cr) as standards. Plagioclase, biotite, and olivine
grains were analyzed, respectively, using the G.S.C. labradorite,
biotite-20, and forsterite-60 standards. The opaque minerals were
analyzed using the G.S5.C. ilmenite and magnetite standards.

Counting times of 100 seconds were used on each of the
standards and 50 seconds on each of the analyzed specimens.
Mineral analyses have a precision (at 1 standard deviation) of 2
percent of the amount present in the samples for major elements.
A beam diameter of approximately 1 um was used for most of the
minerals being analyzed. Minerals not analyzed with this beam
diameter were clouded plagioclase and dusty clinopyroxene grains,
where a 10 to 20 um diameter beam was used to estimate the

contribution of the minor phases to their host mineral.

5.1.1 STOICHIOMETRY |

Olivine formulas have been calculated on the basis of 3
cations or 4 oxygen ions using the general formula of A,BO,,
where A refers to octahedrally coordinated cations (Fe,Mg), B
refers to tetrahedrally coordinated cations (Si) and O refers to
anions (0).

Pyroxene formulas have been calculated on the basis of 4

cations or 6 oxygen ions using the general formula:
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x1-pY1+pT206
where X = Ca, Na

Y = Mg, Fe?¥, Mn, Al, Fes*, Cr, Ti

and T = §i, Al

Values of Fe203 have been assigned to satisfy the charge balance.
Plagioclase analyses have been recalculated on the basis of

32 oxygens using the general formula:

XYZZZOB

where X = Na, K
Y = Ca, Al

Z = Aal, Si

Magnetite formulas have been calculated on the basis of 3

cations and 4 oxygens according to the formula:

2+_ 3+

Fe™ Fe 0

274
Values of Fe203 are estimated on the basis of charge balance and
idealized stoichiometry.
Ilmenite stoichiometry has been calculated on the basis of 2
cations and 3 oxygens according to the formula:
FeTiO3
Biotite formulas have been calculated on the basis of 22

oxygens using the general formula:
Xp¥g-4Tg020 (OH) 4
where X = K, Na, Ca

Y = Al
T = Al

Ti, Cr,‘Fe3+, Fe2+, Mn, Mg

8i, Fe Ti

VI’
v/

If

v’ v
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The values of E‘e203 are estimated assuming a ratio of 0.86 for

FeO/FeOT.

Amphibole stoichiometry has been calculated on the basis of
23 oxygens using the general formula of calcium-rich amphibole,

which is expressed as:
Vi Vi v
AO-l(M4)2(M1'2'3)5 (Tl)q (T2)4 022(01-1)2

where A = K, Na

T = Si, Al
2+
M4 = Fe™ , Mn, Ca, Na
M1,2,3 = AL, Fe>', Ti, ‘zr, Mg, Fe?*

The Fe,0; values were estimated using the method described by
Stout (1972) and Robinson et al. (1982). First, the structural
formalas were calculated on the basis of 13 cations, excluding K,
Ca, Na, and Mn. This calculation generates the maximum value of
o3

Fe>' that is permitted in the amphibole stoichiometry. Secondly,

the structural formulas were calculated assuming 15 cations,
excluding K and Na. The resulting calculated Fe3+ is the minimum
value permitted in the amphibole stoichiometry. The mean value of

3+ 3+

Fe™ , derived by averaging the Fe from the two calculation

methods (i.e. by 13 cations and 15 cations), gives the closest
3+

estimate of the real value of Fe in the amphibole structural

formula. An example of this method is given in Appendix G.
Garnet formulas have been calculated on the basis of 16

cations and 24 oxygens using the general formula:

X3¥5230,5
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2+

where X = Ca, Fe” , Mg, Mn
vy = a1, Fe3%, cr
Z = 8i
The values of Fe3+ have been estimated assuming a full octahedral
occupancy.
5.2 Introduction

Microprobe analyses of constituent minerals, igneous and/or
metamorphic, were determined on the following samples: CMA-LAlS,
CMA-LGY, CMA-27.6.5, CMA-27.6.3, CMA-LG6, CMA-LG7, CMA-0153,
CMA-M-V01l, CMA-79DI86, CMA-M-RO1A, and CMA-146. The analyses are
listed in Appendix E. Average mineral composition of these
samples is presented in Table 7.

Please note that "primary (igneous) minerals" are defined iﬁ
this study as those crystals which because of textural criteria
are presumed to have crystallized from a magmatic liquid (i.e.
from a melt not in the solid state). Also, it should be noted
that the composition of these primary minerals may have been

variably modified by post-magmatic processes.

5.3 Primary (igneous) Minerals

Primary (igneous) minerals were analyzed for the following

reasons:

1) to characterize the transformation of primary
minerals to secondary minerals,

2) to characterize the late- to post-magmatic
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crystallization events of the NNE diabase dykes,
3) to understand the evolution of corona structures
from late-magmatic to early post-magmatic

conditions to metamorphic conditions

5.3.1 Otlivine

The olivine compositions range from Fo45 to F°60 (Table 7).
The olivine composition is overall uniform within individual
grains, but is highly variable between some grains (e.g.
CMA-LA18). Chemical zoning within grains is generally absent, but
where detected, it is restricted to grain boundaries. The zoning
is characterized by a slight decrease in magnesium from the core
to the margin. Chemical zoning does not exceed 1 mole percent Fo,
whereas grain to grain chemical variation ranges up to 7 mole
percent Fo. The olivine composition in sample CMA-LAl8 ranges
from F°66 to Fog,, whereas the olivine composition in sample
CMA-27.6.5, which contains metamorphic mineral assemblages,
ranges from F051 to F°45' The chemical variation of olivine
grains shown in sample CMA-LAl8 appears to reflect magmatic (i.e.
early) re-equilibration of olivine where in contact with
plagioclase grains. The most magnesium—ricﬁ olivine grain (Foso)
analyzed in sample CMA-LAl8 is partly enclosed by primary augite
and does not exhibit any disequilibrium textural features. This
olivine composition is considered to be the closest estimate of
the primary olivine composition. The iron-enriched olivine grains

analyzed in CMA-27.6.5, most likely, represent re—equilibration
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of primary olivine grains during metamorphic conditions.

- 5.3.2 Clinopyroxene

The composition of the primary (igneous} clinopyroxene grains
in sample CMA-LAl8, expressed as end member constituents, is
relatively constant between En40Wo39F321 and En44W039Fsl7 (Table
7) . The primary clinopyroxene grains are augite according to the

pyroxene quadrilateral (Appendix F).

5.3.3 Plagioclase

Primary plagioclase ranges from An60 to Anso (Table 7) in the
least metamorphosed samples (CMA-LAlS8 and CMA-LGY), Al:Si is
consistently near 0.54 (ADSO—GO)' This is suggestive of
restricted mobility of Al and Si within these dyke samples. Minor
amounts of spinel inclusions are responsible for the small
amounts of Fe0 (i.e. 0.28 to 0.77 wt. percent) and Mg0O in the
plagioclase analyses. Most grains show normal chemical zoning.
Plagioclase laths found in contact with the least evolved olivine

corona structures are not significantly different from those a

few mm away.

5.3.4 Magnetite/Iimenite

The opague minerals analyzed (Appendix E) in the least
metamorphosed NNE dykes are always Ti-magnetite with minor

amounts of fine exsolution lamellae of ilmenite. They

-125~



occasionally contain tiny inclusions of hercynite. The igneous
magnetite crystals are titaniferous and are richer in chromium

and aluminum than the metamorphic magnetite crystals.

5.3.5 Biotite

The composition of the primary biotite grains is uniform
within and between individual samples (Appendix E). Within the
least altered samples, their Tioz, A1203, Fe203, FeQ, and MgO
contents, respectively, are 3.14 - 3.18% wt. percent, 14.45 -
15.09 wt. percent, 2.87 - 3.31 wt. percent, 15.87 - 18.29 wt.

percent, and 11.49 - 14.38 wt. percent.

5.3.6 Amphibole

Based on the nomenclature of Leake (1978), the analyzed
calcic amphiboles (Appendix E) fall into the pargasite field.
They are typically characterized by low T:'LC)2 (0.02 - 0.18 wt.%)
and high A1203 {(17.0 - 21.0 wt>%) wvalues.

5.3.7 Apatite

Apatite is the only analysed accessory mineral (Appendix E).
Its composition is close to a fluor-apatite (Deer et al., 1978),
as indicated by 3.5 wt% (average value) Fl. Minor chlorine (0.25

wt%) is present.

5.4 Metamorphic Minerals

Metamorphic minerals were analyzed for the following reasons:
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l) to characterize the metamorphic mineral

assemblages,

2) to study the metamorphic paragenesis in order to

decipher the evolution of corona structures,
3) to be able to write guantitative mineral
equations for the corona reactions,
4) to compare the P-T conditions of coronitic
assemblages with those of noncoronitic

assemblages

5.4.1 Orthopyroxene

Orthopyroxene is homogeneous within individual grains (Table
7), but composition varies with respect to grain location in the
samples (i.e. dependant on association with different corona
types). For example, the orthopyroxene that forms around olivine
grains is more magnesium-rich (Engq_9 F527_39) than the
orthopyroxene that is associated with magnetite crystals (En38_64
FS36-62)' The composition also varies within the orthopyroxene
aggregates, which are slightly more magnesium-rich (En65-80
F320_35) than those surrounding the olivine grains, The Mg/Fe+Mg
ratio (XMg) of the orthopyroxene within the olivine corona
structure is characteristically higher than that of the
associated olivine grains. Although the ng of olivine and

orthopyroxene are variable, the KD=x°1/1-x°l . 1—x°px/x°9f varies

from 0.56 to 0.64 in sample CMA-LA18 and from 0.52 t& 0.59 in

sample CMA-27.6.5. The A1203 content of the orthopyroxene within
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the olivine corona structure ranges from 0.01 to 0.54 wt%.
Orthopyroxene elsewhere is extremely aluminum-rich, as much as
5.61 wt% in. the orthopyroxene and magnetite symplectite layers of

more evolved corona structures.

5.4.2 Clinopyroxene
The composition of the metamorphic clinopyroxene grains,

expressed as pyroxene type with X (= molecular ratio Mg/Mg+Fe)

Mg
values, ranges from salitic augite (0.64 - 0.71) to diopside
(0.73 - 0.81), salite (0.50 - 0.75), ferrosalite (0.45 - 0.50),
and ferroaugite (0.35 - 0.45). The variable mineral chemistry is
characterized, in general, by a loss of A1203 and Tioz, and a
gain of Ca0 and Na,0 as the metamorphic clinopyroxene evolves

from salitic augite to other varieties, especially those of the

diopside-hedenbergite series.

- 5.4.3 Plagioclase

Metagprphic plagioclase is common in all of the more evolved
samples (i.e. those either than CMA-LA18 and CMA-LGY). In the
less metamorphosed samples, it occurs at the edges of and along
fractures within magmatic plagioclase crystals. In most cases,
it is depleted in the anorthite component when compared to the
nearby primary plagioclase crystals. In more metamorphosed
samples, magmatic plagioclase crystals are characterized by
spinel- and corundum-bearing clouds. In general, the clouding is

more intense in the plagioclase cores and it is pseudomorphic
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after the original zoning within the magmatic plagioclase laths.
The clouded plagioclase cores are typically calcium-rich, but
they exhibit distinct chemical differences within and between
individual grains (An34_60). This is indicative of their highly
variable degree of alteration and recrystallization. Some of the
more highly altered and heavily clouded cores have very fresh
rims. These clear grain margins are more sodic in composition
(Anzo_so). Several samples contain plagioclase grains with
extreme variations in composition between grains, as indicated by
their highly variable Al:Si ratios (0.32 to 0.69). Samples
CMA-27.6.5 and CMA-146 are characterized by more stable
pPlagioclase compositions with Al:Si ratios of 0.47 to 0.54.
Sample CMA-79DI exhibits extreme variation in composition
between plagioclase grains. Plagioclase grains analysed in the
coarse-grained segregations are characterized by very calcic
cores (An.,_g4) and sodic rims (Anlo_sg). However, for
plagioclase laths adjacent to the clinopyroxene corona structure,
a reverse zoning is observed. The plagioclase cores, which are
relatively inclusion-free, become calcium depleted, whereas the
margins, which are spinel clouded, become calcium enriched. It
appears that the nucleation of garnet crystals near the
plagioclase cores is responsible for the annealing of the spinel
dust and progressive loss of calcium in the plagiqclase cdres.
Sample CMA-79DI is also characterized by the presence of
complex exsolution morphologies developed within primary

plagioclase laths. This particular texture has been described in
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Chapter 3. The chemical composition of the microcrystals could
not be determined using the electron microprobe; however,
gqualitative determination by Scanning Electron Microprobe (SEM)
reveals that the exsolutions are more sodic than their host

plagioclase grains (Fig. 46)
5.4.4 Biotite

its chemical composition does not show significant variations of
Tioz, A1203, and Fe,05. The principal oxides that vary are FeO
and MgO, which suggests E‘eMg_1 exchange within the octahedral
site. Fe0 varies from 11.7 to 13.1 wt% and Mg0 from 8.22 to 29.2
wt%.

Sample CMA-79DI with segregations contains biotite grains
with the highest titanium content (5.79 wt%). The biotite makingu
up the matrix is generally more Fe-rich (19.7 wt%) than the
biotite found within the segregations (16.3 wt%). On the other
hand, MgQ and A1203 are slightly depleted in the matrix (9.22 to

. 11.5 wt%) compare to the segregation (12.9 to 15.1 wt%).

5.4.5. Amphibole

. Amphibole grains from the NNE diabase dykes show a wide range
of compositions, which are distributed about a "pargasite trend"®,
. that connects pargasite and actinclite end-members (Fig. 47).

Amphibole grains from the least altered samples plot mainly
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Figure 46.

Plagioclase crystal showing randomly oriented
exsolution of more sodic plagioclase. Qualitative
analysis by Scanning Electron Microprobe shows
that the exsolution are more sodic than their host
plagioclase. Two dots on the photograph indicate
the position of the analyses. (G.5.C.)
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within the pargasite field, whereas those of the most
metamorphosed samples plot within the edenitic hornblende to
actinolite fields. Based on the nomenclature of Leake (1978), the
amphibole compositions may be divided into two main groups : 1)
the pargasite group, which comprises pargasite and parocasitic
hornblende, and 2) the hornblende group, which includes edenitic
hornblende, tschermakitic hornblende, hornblende, actinolitic

hornblende, and actinolite.

Amphibole grains from the pargasite group contain low TiO2
values, ranging from 0.02 to 0.28 wt%, and high A1203 values,
ranging from 17.0 to 21.0 wt%. The Fe/Mg ratio of these amphibole
varies from 0.31 to 0.48. Characteristically, they show a
decrease in TiQ, content that is accompanied by an increase in )
A1203 values and Fe/Mg ratios. Pargasitic amphibole layers thaﬁ
form within olivine corona structures and orthopyroxene/magnetite
symplectite corona structures have similar Fe/Mg ratios as
sudjacent orthopyroxene layers of these corona. The pargasitic
amphibole layers that form within corona structure around primary
augite are characterized by higher values of TiO2 (0.77 to 0.79)
and A1203 (16.0 wt%). The Fe/Mg ratio of these pargasitic
amphibeole layers is higher than the adjacent primary augite
grains.

Amphiboles comprising the hornblende group are characteristic
" of the most metamorphosed samples. These amphiboles are defined

by higher TiO2 (0.79 to 1.25 wt%) and lower A1203 (3.0 to 11.0

wt%) values when compared to those of the pargasite group. The
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Figure 47. Plot of Al

v versus (Na+K),. The symbols refers to
the amphibole layer surrounding different corona
structures. The solid line represents the
pargasite trend tying pargas;te and actinolite
end—members.

Pg Hbl = pargasitic hornblende; Ed Hbl = edenitic
hornblende; Act Hbl = actinolitic hornblende; and

‘Ts Hbl = tschermakitic hornblende.

3+

Figure 48. Plot of A1V versus A site ions + A1V® + Fe3t &

\.\

2Ti. The trend line shows predicted values for
perfect substitution. Diagram after Pe-Piper G.
(1988)
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Fe/Mg ratios of the amphiboles of the hornblende group are
generally lower than the adjacent pyroxenes. In addition, these

Fe/Mg ratios are lower than those of the pargasite group.

Substitution:
It has been proposed by Pe-Piper (1988) that there is
continuous chemical variation from pargasite to hornblende and
from actinoiitic hornblende to actinolite. The expression of

those variations are illustrated by coupled substitutions.

v

Substitution of Al for S8i in tetrahedral sites in both

amphibole groups is mainly compensated by substitution of AlVI,
Fe3+, and Ti in octahedral sites and partial occupancy of the'A
site by Na an& K, as illustrated by the linear relationship in
Figure 48. The trend line with a slope of 1.0 on Figure 48
defines perfect substitution. The excess charges produced by this
substitution is balanced by the substitution of Na for Ca in the
M4 site. In addition, with increasing metamorphic grade, the
values of AlVI in the octahedral site decreases with increasing
Ti and Mg values from the same site. Therefore, it is suggested
that the substitution of Ti for AlvI is accompanied by a decrease
of Na within the M4 site from post magmatic pargasite to
metamorphic hornblende. Furthermore, the E‘e2+ content within the
M4 site decreases with increasing Si values, which suggests the
lcoupled substitution of Fe2+ and Na for Ca in the M4 site.
Substitutions of AlIv plus (Na+K)A for Si and A-site vacancy

is illustrated in Figure 49. The amphibole grains, analysed from
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Figure 49. Plot of Al'Y versus A site - Na (M4).

Red = CMA-146
Green = CMA-M-RO1A
sample slope correlation number of colour
coefficient analyses
CMA-27.6.3 0.97=0.25 0.913 5 blue
red
CMA~146 0.46=0.28 0.502 10 |
1.49+=0.84 0.662 6 n]
CMA-M-RO1A 1,04=0.19 0.943 6 green

.
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the least to the most metamorphosed dykes, define linear trends
which have slopes that vary from 0.46 = 0.28 to 1.23 = 0.76 for
pargasite and hornblende, to 1.49 = 0.84 for actinolite. The
analysed amphiboles of the least metamorphosed dyke (CMA-LA18)
define a trend with a slope of 1.23 = 0.76 and a correlation
coefficient of 0.752. This trend line shows the substitution
within pargasite in the olivine and orthopyroxene/magnetite
corona structures. Within more metamorphosed dykes (CMA-LG7,
CMA-27.6.3, CMA-RO1lA, and CMA-146) the trend lines define the
substitution within pargasite and hornblende layers formed around
primary augite and oxide minerals. The slopes and correlation
coefficients of these trend lines are 0.63 = 0.59 and 0.468 in
CMA-LG7; 0.97 = 0.25 and 0.§13 in CMA-27.6.3 and CMA-RO1A; and
0.46 = 0.28 and 0.502 for pargasite/hornblende, with 1.49 = 0.84
and 0.663 for actinolite in CMA-146.

The diagram (Figure 50) display substitution of a1tV

for Ti
(octahedral) illustrates two different trends. The positive trend
is defined by actinolitic compositions and the negative trend is
defined'by pargasitic/hornblendic compositions. This substitution
is observed in pargasitic amphibole arbuﬁd primary augite and
oside minerals, but does not occur in pargasitic amphibole around
oliyine or orthopyroxene/magnetite symplectite corona structures.
The trend displayed by the pargasitic amphibole exhibits a slope
of -4.86 = 1.53 and a correlation coefficient of -0.747.

Contrastly, the actinolitic amphiboles from sample CMA-146

display a positive trend with a slope of 16.69 = 6.54 and a
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Figure 50. Plot of a1tV versus Ti showing different trends

sample
coefficient

CMA~27.6.3
CMA-146

CMA-M-RO1A

for a) pargasite and hornblende, and b) for
actinolite.

slope correlation number.of colour
analyses
2.22=0,52 0.928 5 blue
-4.84=1.53 -0.747 10 red =
16.6926.54 0.787 6 red O
-1,98=1.56 -0.536 6 green

P
A
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correlation coefficient of 0.787.

In Figure 51, pargasite shows a positive correlation between
ALIV and Mg ratio (Mg/Mg + Fet) in sample CMR-LAl8, whereas
pargasite and hornblende show strong negative correlations in
samples CMA-27.6.3, CMA-RO1A, and CMA-146. The negative trends
are characterized by similar slopes but different intercepts
along the X axis (i.e. at different Mg ratios: CMA-RO1A > CMA-146
> CMA-27.6.3).

In Figure 52, the Mg ratio increases from pargasite to
hornblende and actinolite; however, it also decreases with
increasing metamorphic grade. The diagram of Mg ratio versus Si
reveals a coherent positive trend for sample CMA-146 and a
négative trend for sample CMA-LAl8. The positive trend indicates

an increase in Mg ratio with increasing Si content from late- to

post-magmatic pargasite to metamorphic hornblende and actinolite.
5.4.6. Garnet:

Garne£ has a constant composition within individual grains
but the composition varies depending upon the corona types. For
instance, garnet crystals forming around olivine corona
~ structures generally contain more Mg (Fe47_55Mg16_22Ca19_32),
whereas Fe enrichment (FEGB-TZMQT—llcaiG—ZO) is observed around
oxide mineral corona structures. Also, a distinct chemical
variation of garnet cbmpositions is observed with further

recrystallization (i.e. with changing metamorphic conditions), as
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Figure 51. Plot of AlIv versus Mg/ {Mg +Fe,.) which exhibit
three trends of similar slope, “defined by samples
CMA-RO1A, CMA-146, and CMA-27.6.3.

samples slope correlation number of colour
coefficient analyses
CMA-27.6.3 -3,72=1.,18 -0.87¢6 5 . blue
CMA-146 -5.87=0.36 -0.975 16 red
CMA-M-RO1A  -8.45=4.03 -0.723 6 green
RS
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Table 52. Amphibole plotted on a Mg/ (Mg + Fe,) versus silV
diagram. Metamorphic amphibole are’commonly

enriched in silica.

samples slope correlation
coefficient
CMA-27.6.3 0.21=0.06 0.87¢6
CMA-146 0.17=0.01 0.976
CMA-M-RO1A 0.06=0.03 0.723
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indicated by the increase in Fe0 content and the decrease in Mg0
content. The chemical variation observed in garnet crystals from
dyke to dyke is also a reflection of the bulk rock chemistry. In
fact, garnet is more magnesian within dykes with higher Mg
numbers. The MnO content of the garnet crystals does not exceed
1.0 wt% in all samples and characteristically decreases with
increasing CaQ content.

The chemical compositions of coronitic garnet crystals and
non-coronitic garnet crystals are similar for most samples. Some
differences are observed in CMA-79DI between garnet crystals from
the host dyke and those from the segregations. In general, garnet
compositions from the host dyke are morxe Fe-rich
(Ferq_geMIg_11C319-03) s Whereas garnet compositions from the
segregations are more calcium-rich (Fe4lMg12Caq3). The chemical
compositi&hs of the different minerals within a thin section are

plotted together in Figures 53a, 53b, and 53c.
T

~=
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Figures 53a,

53b, and 53c.

Chemical composition of co-existing mineral
phases from representative dyke samples
(CMA-LAl18, CMA-LGY, CMA-LGY, CMA-27.6.5,
CMA-79Di, CMA-27.6.3, CMA-M-V0l, CMA-LG6, -
CMA-LG7, CMA-M-R01A, CMA-146, and CMA-M-(015a)
plotted on a Ca-Mg-Fe quadrilateral diagram.
Bach analysis plotted on the quadrilateral
diagram represents an individual mineral
grain in the thin section (e.g. 4 individual
amphibole grains were analysed in sample
CMA-LA18) . Solid solution diagrams of olivine
and plagioclase are plotted beneath their
respective quadrilateral diagrams. On the
plagioclase diagram, the open circles represent

the core compositions, whereas the filled circles
are margin compositions.

Note: For sample CMA-79Di, a) corresponds to the
chemical composition of minerals from the
pegmatitic portion of the dyke, whereas
b) corresponds to mineral compositions from
the host dyke portion.

LEGEND
[ | Clinopyroxene
u] Orthopyroxene
+ Garnet
0 Amphibole
. Biotite

%‘
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Figure 53a
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ORIGIN AND IMPLICATION
OF CORONA STRUCTURES

6.1 INTRODUCTION

In this chapter, the petrographic observations of Chapter 3
and the mineral analyses presented in Chapter 5 will be used to
examine and model the development of corona structures in the NNE
diabase dykes. First, to facilitate this examination and
modelling of corona structures, a review of the origin and
development of corona formation, including the responsible
variables and mechanisms, is presented. Finally, in combination
with P-T estimate work, the physicochemical changss recorded by
the corona structures will be used in an attempt to locate the
P-T path ({(i.e. the reaction history) of the NNE diabase dykes.
Ultimately, this can be related to the metamorphic conditions
. established elsewhere for the latter stages of the Grenvillian

- Qrogeny.
6.2 ORIGIN AND DEVELOPMENT OF CORONA STRUCTURES

Corona structures are formed when two or more minerals are
no longer stable together under the ambient conditions. The
mechanism of corona formation is controversial, not well
understood, and generally considered to be complex.

Many different origins have been proposed for corona
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formation. Sederholm (1216) discussed this problem in terms of a
secondary origin versus a primary magmatic origin. He concluded
on textural grounds that corona formation is metamorphic (i.e.
subsolidus) rather than magmatic. He favoured regional
metamorphism over other types of metamorphism because of the
widespread occurrence of corona structures in many different
metamorphic terrains. Vogt (1921) suggested their formation as
being a "deuteric" process, and Broegger (1934) also suggested a
deuteric origin, but in a much broader sense. Later work by Shand
(1845) and Murthy (1958) rejected this deuteric origin and
suggested instead thermal metamorphism and regional metamorphism,
respectively. Later, Griffin and Heir (1973) provided evidence
that corona textures are the consequence of cooling from high-T
conditions during constant or increasing pressﬁre (i.e.
subsolidus re-equilibration). Esbensen (1978) examined some
coronites from Norway and concluded‘that corona formation was the
result of extended magmatic cooling from high-T, possibly
synchronous with regional metamorphism. Hence, tﬁe formation of
COoronas was one continuous process. Esbensen.could not
distinguish between a syn—to.post—magmatig (i.e. deuteric) and a
regional metamorphic process being responsible. Whitney and
McLelland (1973) suggested a sequential growth origin for the
garnet-bearing coronas of the Adirondacks. Mongkoltip and
Ashworth (1983) examined some coronitic intrusions in NE
Scotland from a physicochemical point of view. They concluded

that.the corona reactions took place during slow cooling within
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retrograde conditions of regional metamorphism. However, Emslie
{1983) and Whitney and MclLelland {1983) argued that the time
sequence of various corona reactions is difficult to establish
with certainty. Hence, the conventional, favoured interpretation
of corona development by regional metamorphism (i.e. either
prograde or retrograde) is not conclusive. However, the
consistent textural relationships observed in gabbros from
high-grade metamorphic terranes have tended to support the
general idea of a metamorphic origin for corona structures by
reaction and exchange between solid olivine and plagioclase. This
interpretation is strongly favoured by Grieve and Gittins (1975),
Mork (1986), and Bhattacharyya and Mukherjee (1987). Furthermore,
Mongkoltip and Ashworth (1983) and Nishiyama (1983) have pointed
out that an inter-granular fluid (i.e. metamorphic) is a
necessary catalyst for dissolution and reaction in corona
development.

 Griffin and ‘Heier (1973) challenged earlier hypotheses of
metamorphig‘origin and propoéed that corona structures formed
' during posé:empl%cement cooling of a deep-seated body and that
sﬁbsequeht metamorphism would tend to destroy the delicate corona
structure. This other alternative has been accepted by Gardner
.and Robins{(1974), Johnson and Essene (1982), and Joesten
(1586a), among others. Joesten (1986a) argued on the basis of
textural evidence that some corona textures are of magmatic
origin. He discussed the definition and the role of sequential

and simultaneous growth in the formation of corona structures.
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Simultaneous growth would be responsible for the early corona
structure of orthopyroxene - amphibole and spinel - plagioclase
around olivine, whereas sequential growth would be the cause of
garnet-bearing corona layers. On this basis, Joesten (1986a)
proposed a magmatic origin followed by annealing for ;he coronas
from Risor, Norway. Ashworth (1986) replied vehemently to this
interpretation of Joesten (1986a and 1986b) and proposed that the
coronas in question are consistent with the widely accepted
metamorphic origin.

An alternative to the igneous and metamorphic hypotheses is
one that favours a combined igneous and metamorphic origin for
corona structures (Esbensen, 1878; Emslie, 1983; Grant, 1988).
This would involve a late magmatic crystallization and cooling
stage (i.e. by interaction with a late residual melt oi hydrous
phase) for the formation of simple corona structures followed by
a2 second more evolved metamorphic stage, which overprinted the
earlier structure with a more complex corona structure consisting
of metamorphic minerals.

Recehtly, Grant (1988) considered and evaluated the merits of
the igneous and metamorphic origins for corona formation. She
suggested a single stage subsolidus cooling mechanism for corona
growth during cooling and subsequent high-grade meﬁamorphism of
the coronitic metagabbros. This hypothesis agrees with the single
step cooling process from igneous temperatures, proposed earlier
by Griffin and Heier (1973). However, Grant (1988) has not ruled

out the prograde regional metamorphic origin for corona growth,
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until some age dates become available. Emslie (1883) also
suggested that isotopic dating of amphibole and biotite would
help to confirm or reject one or the other of these hypctheses.

t

6.2.1 Mechanism(s) of corona formation

As mentioned above, the debate on whether the coronas
represent an igneous history or a metamorphic phenomenon
continues; Recent work by Joesten (1977, 1986a, and 1986b),
Foster (1981), Mongkoltip and Ashworth (1983), Nishiyama (1983),
and (Fant (1988) has attempted to model the disequilibriuhicorona
gfgiétures by use of irreversible thermodynamics. This work
demonstrated that many factors are the cause of corona
structures. These factors include:

1) pressure (P),

2) temperature (T},

3) Pyaor

4) the bulk composition of the system under consideration, '

5) the chemical composition of the coreona minerals and thé;

primary minerals,

6) kinetics (i.e. reaction and diffusion kinetics)'of the

corona structure, and

7} the nature of the system (i.e. open or closed) under

consideration.

The pressure, temperature and PH20 conditions gould control the

stability fields of the mineral phases of the corona structure.
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Temperature and pressure appear to be the two most important
factors controlling the growth of corona structures. They
contribute to the stability fields of the mineral phases of the
corona structure. Vernon (1976) discussed the influence of
physical conditions on the morphology of corona structures.
Emplacement of the gabbros at shallow depth does not permit the
formation of corona structures, whereas emplacement at
intermediate and great depths will tend to produce spherulitic
and granular corona structures, respectively. The depth of
emplacement of diabase dykes is regarded as an important factor
in controlling the mineralogy of corona structures. Whitney and
McLelland (1978) observed the development of spinel symplectite
layers (amphibole and spinel) around olivine in basic rocks from
the Adirondack Lowlands (estimated pressure of 6-7 kbars) and the
presence of garnet shells around olivine in similar rocks from
the Adirondack Highlands (estimated pressure of 7-8 kbars). The
garnet shells around olivine indicate emplacement at greater
depths, and suggest that the rock never entered the spinel
stability field or the rock passed through it and
re-equilibrated. If spinel was once present, then upon entering
the garnet stability field, the spinel symplectite assemblage
would become unstable and breakdown to garnet.

The fluid phase would control the reaction rates of minerals,
hence the development of corona structures. Water is an important
factor which can greatly control the reaction rates of minerals,

and hence the growth of minerals. Water is an excellent catalyst
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which can speed up the reactions, which are otherwise extremely
slow. The absence of water may arrest the formation of coronas,
so that each corona layer may represent a new supply of Hzo. The
compositions of the primary minerals (i.e. reactants) and corona
minerals (i.e. products or later on as reactants) are needed in
order to establish and understand the variation in bulk
composition across the corona structure. Recent work on coronas
shows that the composition of the corona minerals have a certain
interdependence to the composition of the primary minerals. This
interdependence is conplex and not fully uhderstood, but is
somewhat ordered, since the concentrations of oxides vary in a
systematic, stepwise fashion across the corona structure (Grant,
1988). The corona structure probably represents a series of
mineral phases that were in equilibrium at a particular point or
increment in time. Therefore, the corona structure is a reaction
zone that records the increments of changes in compositional
gradients produced and controlled by the reaction and diffusion
kinetics of the systen. \

For example, the early reaction of olivine and plagioclase
results in a double layered corona structure consisting of
orthopyroxene and pargasite plus spinel, This corona structure
anq other types are interpreted as disequilibrium textures
(Barker, 1990; among others) which formed as a result of
different elements diffusing along chemical potential gradients ”
in an attempt to maintain local equilibrium between adjacent

minerals by eliminating incompatibilities. The resulting product
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is composed of a two layer mineral assemblage in which each layer
is in equilibrium with the layer and mineral bounding it. These
reaction layers (i.e. reaction zones) record in part (possibly
reset) the increments of changes in compositional gradients
produced and controlled by the reaction and diffusion kinetics of
the system.

Presently, most workers regard the great variety of corona
structures as products of high-temperature subsolidus
re-equilibration (meta-stable --> stable) during changing
physicochemical conditions. It is generally considered that the
growth of coronas is highly diffusion-controlled. Vernon (1976)
proposed that the rate of diffusion is the major controlling
factor responsible for growth of corona structures. It is known
that this diffusion-controlled growth mechanism varies with
pressure, temperature, and water activity, and is possibly
initiated during cooling from magmatic temperatures. Later growth
(i.e. reactions) is complex and multistage with the
diffusion-controlled mechanism of corona formation being under
the influence of amphibolite or granulite facies conditions
(either retrograde or prograde). The next section (6.2.2) will
review the diffusion and reaction conditions of this corona
growth mechanism.

Determination of corona structure reactions invariably leads
to the question of open versus closed systems. For instance, a
closed system would imply no transfer of matter into or out of
the system. Hence, the corona structure would be considered as an
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isochemical system (i.e. closed with element migration only
between the reactant minerals (e.g. olivine and plagioclase) and
their products of the corona structure). Alternatively, the
system could be open, thus permitting the introduction of
components transported over large distanées. A more realistic
approach would be a hybrid of the two mentioned above, in which
one considers the system in terms of partial ionic (open system)
reactions taking place at the site(s) of the mineral(s) in
question. The ions produced by the partial ionic reactions in one
part of the corona structure would be consumed elsewhere in the
corona structure. The result in the sum of the different partial
ionic reactions would yield mass-balanced reactions, hence in
essence closed system reactions (Rivers and Mengel, 1988). This
concept has been confirmed by Kretz et al. (1989) who concluded
that corona reactions behave essentially as closed systems,

except for volatiles such as F and Cl.

6.2.2 Diffusion And Reaction Conditions (i.e. thermodynamics)

Of Corona Formation

If cocronas form by subsolidus reaction and mass transport
(i.e. ion exchange) between primary minerals (and their products;
i.e. reactant dissolution and/or product absorption), then the
conditions of diffusion and reaction are the most important
factors of corona formation. More explicitly, the

rate-determining factors of corona formation, according to Fisher
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(1977), are:

1) the diffusion of chemical components between two reactants
in which the diffusive flux of the slowest diffusing
chemical component controls the reaction rate, and

2) the rate of reaction or chemical potential gradient at
each interface or reaction boundary.

The rate of reaction is a function of the differences (i.e.
relative chemical potential) between the diffusive fluxes of each
of the chemical components on each side of the reaction
interface. Therefore, the change in concentration at the reaﬁtion
interface of a given component results from the difference
between its rate of production and its net loss by diffusion. It
is the slowest of these two processes (diffusion or reaction
rates) that determines the rate of consumption and production of
a component at an interface, and ultimately controls the overall
rate of reaction. Hence, each corona layer grows concurrently
within a set of diffusion-controlled reactions at their
.respective reaction interfaces. Therefore, adjacent layers are
linked by diffusing components that are added or subtracted in
the proportions necessary for re—equilibration and growth of the
corona structure.

The spatial organization of corona structures indicates that
the diffusion rate(s) is the principal controlling variable for
corona growth. A large diffusion coefficient would tend to
eliminate chemical potential gradients and then nucleation could

occur at any suitable low energy sites, hence inhibiting the
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formation of corona structures.

The diffusion of Al and Si is also considered to be a major
controlling factor on corona nucleation and growth. The
restricted mobility of Al has the effect of controlling the
nucleation of garnet within aluminum-rich phases such as
plagioclase or amphibole-spinel symplectites. Also, the
occurrence of spinel-clouded plagioclase is similarly explained
by the relative immobility of Al and Si in plagioclase. When the
diffusion paths become too long and the chemical potential
gradients too low to drive significant diffusion, the growth of
corona structures will slow down and eventually stop. & drop in
temperature inhibits diffusion and may be important in arresting
corona growth and allowing corona structures to persist
‘metastably during subsolidus cooling from magmatic temperatures.
In some cases, H,0 or H' is needed and the reaction could be
controlled or arrested by the availability of H+.

According to Joesten (1977) and Fisher (1977), each corona
structure can be modelled quantitatively by solving an algebraic
system of linear mass balance, conservation, and flux ratio
equations. These equations describe the diffusion-controlled
growth of corona structures, and are based solely on the reaction
components and the ratios of the Onsager diffusion coefficients.
Each corona layer interface has a ratio of chemical potential
gradients which-is solved by the Gibbs-Duhem equations for each
component. Therefore, the mass-balance chemical reaction at each

interface is a function of the ratio of the Onsager diffusion
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constants (Joesten, 1977).

Nishiyama (1983) and Grant (1988) have excellently reviewed

the essential features, constraints, and assumptions of the

steady state diffusion model that is used in simulating the

formation of corona structures. It is necessary to make several

assumptions when using the steady state diffusion model to

simulate disequilibrium corona structures, and these are:

1)
2)

3)

4)

S)

6)

7)

the chemical reactions involved in forming corona
structures occur in a steady state,

the corona layer interfaces were filled with an
intergranular fluid (most likely H,0),

the chemical reactions do not take place within the corona
layers, but only occur at the interfaces (i.e. no volume
diffusion),

the steady state system operates within a condition of
minimum entropy production,

the steady state system is not far from equilibrium, hence
a low energy level., The system tends to approach as
closely as possible the reversible state. Therefore, near
equilibrium, there is a linear relationship between the
chemical potential gradient and flux of each component,
diffusion is limited within corona layers (i.e. volume
diffusion),

input of energy is needed to overcome the activation

energy barriers of chemical reactions,

8) the growth of corona structures will stop when diffusion
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9}

10)

11)

"".1.2)

13)

paths of chemical components become too long énd chemical
potential gradients become extremely small for generating
significant amounts of diffusion,

the diffusion coefficients vary exponentially with
temperature, but over the temperature interval of the
corona structure this effect is considered negligible,
the mass-balance equations require an overall fixed
proportion of mineral phases,

the steady state system is essentially closed,

the possibility of up-hill diffusion, and

the observed proportions of mineral phases constrain
Onsager coefficients of diffusion (or phenomenological

coefficients, ).

L..
1]

Some of the more important observations from these studies

using the steady state diffusion model (Foster, 1981; Nishivama,

198

3;

1)

2)

Joesten, 1986a and 1986b; Grant, 1988) are:

in simple models, Fe and Mg diffuse down chemical
potential gradients from olivine towards plagioclase, and
Si minor amounts of Al, Ca, Na diffuse down chemical
potentiai gradients from plagioclase toward olivine.
However, each of the elements has different diffusion
paths,

chemical reactions and exchange are favoured at layer
boundaries (interfaces) where chemical potential gradients
and structural disorder are the most significant (i.e. at

the interface of minerals that differ greatly in
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)
et

3)

4)

5)

6)

1)

8)

9)

10)

composition),

models solve only for reactions at laver boundaries, since
diffusion (D) is much faster and takes less activation
energy (Q) along grain surfaces and boundaries than within
corona lavers ({(volume diffusion). However, these
differences become negligible at very high temperatures,
the diffusion coefficients of chemical components are
small and rate-determining within corona structures,

the overall rate of corona roactions is a function of
extremely small increments of change(s) in chemical
potential gradients, which in turn are produced and
controlled by the reaction and diffusion kinetics of the
system under examination,

the stability of each layer within a corona structure is
controlled by the relative magnitude of the Onsager
diffusion coefficient, and this can be expressed on a L
(phenomenological coefficient)-ratio diagram,

the relative abundance of Al across corona structures is
ordered and decreases in a step-like manner (Grant, 1988).
the ratio of Al:Si varies in a systematic fashion across
corona structures (Grant, 1988),

Al and Si are extremely immobile (i.e. have short
diffusion paths), and therefore, are rate-determining for
corona structures and symplectites (Mongkoltip and

Ashworth, 1983; Grant, 1988);

symplectites, in general, are an important textural
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component of corona structures. As pointed out by
Mongkoltip and Ashworth (1983) an understanding of
symplectites is necessary to interpret the formation of
corona structures,

11) according to Nishiyama (1983), the relative magnitude of
LMgMg and LAlAl is the most important rate-controlling
factor for corona structures,

12) at ieast two chemical components must have limited
diffusion ranges,

13) Mg and Fe must have similar mobility. Up-hill diffusion
possibly explains Ca diffusion. Na has little effect on
corona stability. Mg must be as mobile, possibly more, as
Ca. The value of LMgMg/LAlAl is highly dependent on the
composition of reacting plagioclase (Grant, 1988),

14) corona structures vary from "diffusionally unstable" to
"diffusionally stable"; suggestive of a magmatic origin
(Joesten, 1986), and

15) corona formation has either:

a) a retrograde, regional metamorphic origin
(Nishiyama, 1983; Mongkoltip and Ashworth, 198%3,
b) a prograde, regional metamorphic origin,
b) a magmatic origin (Joesten, 1986a), or
c) a single stage subsolidus origin from magmatic
temperatures (Grant, 1988).
Some problems and restrictions exist with using the steady

state diffusion models, and these may be the cause of the
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controversy over the origin of corona structures. Some of the

problems and restrictions are:

1)

2)

3)

4)

5)

6)

inaccurate volume estimates of the proportions of corona
layers and minerals,

the assumption of a closed system. Mongkoltip and Ashworth
{1983) pointed out that the growth of symplectites is not
restricted to closed systems, and this is probably true
for corona structures. They showed all the possibilities
of symplectite growth within closed and open systems (Fig.
1, after Fig. 2 of Mongkoltip and Ashworth, 1983, p. 638).
Hence, more assumptions are needed for the steady state
diffusion models (i.e. possibly an incremental model to
accomodate an open system) like changing the ratios of
Al:Si or the activity of H20 or the introduction of other
chemical components,

the ratios of diffusion coefficients are possibly not
constant over the whole temperature interval of corona
formation,

the rates of reaction (nucleation/growth) become
rate-determining, instead of diffusion,

other properties, such as surface energy or surface
reaction rates or local stresses {(growth of new phases
will cause stresses around these phases), will alter
equilibria, and produce effects on diffusion kinetics,
chemical reactions, and resulting textures, and

volume diffusion, grain boundary migration, and volume
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changes, most likely, are important in corona formation,
as in symplectites (Mongkoltip and Ashworth, 1983), and
should be incorporated into the steady state diffusion

model.

6.3 CORONA REACTIONS IN THE NNE DIABASE DYKES

A multitude of corona reactions have been investigated by

several workers {Kretz et al., 1989; among others) in order to

~explain the different types of corona structures. It

should be noted here that none of the earlier studies

{(before Kretz et al., 1989) succeeded in defining a local
balance for most elements, and this has been a perplexing
problem in understanding corona structures. Several of these
reactions are examined herein using the mineral analyses
presented in Chapter 5. Each corona reaction will be presented
and discussed separately, and then they will‘be discussed
together in order to reconstruct the évolutionary path of the

corona reactions and their resulting corona structures.

S

!

6.3.1 Olivine Corona Structure {(double layer) i

Reaction zones consisting of orthopyroxene, light green
amphibole, and spinel are observed between grains of olivine and
calcic plagioclase in the best preserved diabase ‘dykes from along

the Grenville Front (northeastern part of study area). The
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reaction considered responsible for these reaction zones is:

olivine + plagioclase --> orthopyroxene + amphibole =

spinel = corundum

This reaction is always accompanied by the alteration of olivine
to serpentine and iddingsite. The relative timing of the
formation of serpentine and iddingsite is not conclusive on
textural grounds, but it is known that hydrothermal alteration of
ferromagnesian minerals produces serpentine below 400-500°C.
Therefore, thz serpentine and iddingsite most likely formed late,
but why did the orthopyroxene not also alter to bastite at the
same time. The above mentioned equation implies hydration of the
igneous assemblage under hornblende granulite facies conditions
(Rivers and Mengel, 1988), Table 8 presents analyses of the
mineral phases involved in the reaction and Figure 54 gives the
location of probe analyses across the corona structure under
consideration. The probe analysis of spinel was taken from Grieve
and Gittins (1975), and is considered to be representative on the
basis‘of similar mineral chemistry in sample MG-101lA of Grieve
and Gittins and in sample CMA-LAl8 of this study. ,

A balanced equation was calculated using independant
end-members of plagioclase and olivine as reactants, and this is

as follows:

(1)6.67 (Mg e iy (0, + 1.80 ( Si,0g) + 0.98 (NaAlSi,Op) +
ROy O A0y 050y

0.003 (KAISi3Og) + [0.128 K + 0.02 Ti + 0.065 Mn] + H,O
Orthoclas - ‘
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> 1.00 0“30.98"0.13)&1.so(Fez.oaMgzszM"q,gﬁo_ozAlogstg,15i5,69022 (OHCD, +
gasiie
793 (F°0.37M30.68M‘0%C80.002)M0.0015i0.9803 +
<thopyroxene

0.503 (F°0.66M30.34M’0.02)(M1.90F €g,10'04 +0.19 ALOy
Spinel Corundum

Plagioclase reactihg with olivine contains small amount of
spinel énd corundum inclusions. The volume proportion of spinel
to corundum is estimated to be 3:2 on the basis of thin section
observations. This observation suggests the production of
corundum in reaction (1). Also note that some Fe is oxidized in
this reaction.

The composition of plagioclase required by the equation ic
estimated to be Anss. This is higher than the actual composition
of An60 which implies that the original composition of
plagioclase was approximately An63. This slight deviation may
explain the presence of normal zoning in plagioclase grains
adjacent to the olivine corona structure. The analyzed olivine
composition is approximately Fogs. This is noticeably lower than
the Fo60 value calculated from the balanced equation, which
suggests that the original olivine composition was approximately

Foc.-. The xM

57 g

characteristically lower than that of orthopyroxene (ng = 0.68)

but similar to that of pargasite (ng = 0.555). This indicates

(Mg/ (Mg+Fe)) of reactant olivine (0.600) is

that the extraction of Fe was slightly greater than Mg in
olivine. The XAl(Al/(Al+Si) of hornblende (X, = 0.364) in the

olivine corona structure is similar to that of the adjacent
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| LEGEND FOR TABLES 8 TO 13 i

Pl = nlagioclase

Amp = amphibole
Opx = orthopyroxene
Cpx = clinopyroxene
llm = ilmenite

Grt = garnet

Bt == biotite

Ol = olivine

Spi = spinel

Box = Mineral analyses used in the reaction calculation

Fer=Fe* + Fe**

FeMg = Fe**/(Fe** + Mg)
XCa, = Ca/(Ca + Fe?* + Mg)
XCa, = Ca/(Ca + Na)

XAl = Al/(Al + Si)

XNa = Na/(Na + Ca)
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plagioclase grains.

Equation (1) requires the introduction of elements such as K,
Ti, Mn, Cl, and H but the source {i.e. adjacent mineral phases
and/or fluids) and transport distance of these elements is not
known.

A similar satisfactorily balanced equation was obtained in
sample CMA-27.6.5, but with no spinel in the product. An
acceptable balance required only the production of corundum.
This agrees with petrographic observations in that no spinel
inclusions are present in the hornblende corona layer and
abundant corundum plates are present in the plagioclase grains

next to the corona structure.

6.3.2 Orthopyroxene - Magnetite Symplectite-cored

Corona Structure

The occurrence of an orthopyroxene-magnetite intergrowth
replacing the olivine grain within an olivine corona structure
and the depletion of Fe in the degenerating olivine grain
suggests the breakdown of the olivine core by an oxidation
such as: ;

olivine + 0, --=> orthopyroxene + magnetite

The orthopyroxene-magnetite intergrowth is typically surrounded
by the corona layers common to the normal olivine goroﬂa

structure (i.e. corona layers composed of orthopyroxene and
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pargasite). This suggests that the oxidation reaction occurred
simultaneously with or sometime after the formation of the
olivine corona structure (shown in Figure 55). This reaction
requires the removal of the fayalite component from olivine and

the extensive oxidation of E‘e2+

. This would explain the presence
of ferric iron in pargasite and possibly spinel. The mineral
analyses of sample CMA-LGY are given in Table 9. The balanced
equation using these data is:

(103 (Mg s07Fe; 49g)Si0, + 0238 0y + (0005 M +0.008 Ca)

-> 1.00 Mgy, 519F¢g 438Mn 00530 008511 03103 + 0-369 (Fe30,)
Orthopyroxene

Magnetite
The olivine composition required by the equation is Xyg = 0-250
(F°25)' whereas the analyzed olivine composition is ng = 0.470
(Fo47). This suggests that the original composition of olivine

was approximately X = 0.360.

Mg
An acceptable balanced equation for this reaction was also
obtained in sample CMA-LG6. Rivers and Mengel (1988) surmised
that the oxidation reaction of fayalite plus 02 yielding
magnetite plus quartz explains the presence of magnetite at
the grain boundaries of olivine grains. The quartz that is
produced would be subsequently consumed in the above
mentioned olivine corona reaction (1). According to Rivers
and Mengel (1988), the oxidation reaction would be a necessary

ingredient for initiating the olivine corona reaction (1).

A single reaction has been proposed iﬁitially to explain the
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presence of orthopyroxene-pargasite double corona layers and
orthopyroxene-magnetite intergrcwth. However, a suitably balanced
equation could not be derived and therefore two reaction stages
are necessary to produce the mineral assemblage (products)
observed in thin section. It is also proposed that reactions (1)
and (2) are interdependant and that the observed corona
structures are the final product of nucleation and growth of
crystals via a complex series of diffusive mass-transfer
reactions.

Barton and Van Gaans (1988) proposed different hypotheses to
explain the formation of orthopyroxene and titaniferrous
magnetite intergrowth. Based on petrologic and textural evidence,
they were not able to reproduce this texture solely from the
olivine corona reaction. They suggested that the 6ccurence of
orthopyroxene and Fe-Ti oxide symplectite was the result of
olivine re-equilibration and that the presence of orthomagmatic
Fe-Ti oxide and diffusion mechanism were crucial for the
development of this texture. They concluded that orthopgfoxene
and Fe-Ti oxide would form during subsolidus re-equilibration of
the original magmatic assemblage under high-grade retrogressive

metamorphic condition.
6.3.3 Olivine Corona Structure (triple layer)

'The presence of small anhedral garnet crystals nucleating in

the pargasite and spinel corona layer has been cobserved in sample

o -170-



CMA-27.6.5 (Fig. 56). Mineral analyses used in this reaction are
given in Table 10. The modelled balanced reaction for this corona

structure is:

agioclase livine Corundum

1.33 (F°0.38Mg0.61 Mn8_ :C“u.omA'o.oz)Sio.gsos +[029K+003Ti+049Mn+H+Cl)
rthopyroxcng

—>1.00 “0.24”“1.m)C“1.73(";3%3‘51‘;’[52.48“0.02”0.82)“2.335i5.67°22(°“'c')2 +

6.95 (Cag 56Fey 81 Mgo.mg%)gll Mng 47)Al 99815 95012

This reaction is balanced for most major cations. This
reaction involves the introduction of K, Ti, Mn, and H or H20.
The composition,of plagioclase required by the reaction is An

84
which is much higher than the actual plagioclase composition of
Anel. The plagioclase calculated from the reaction represents the
selective removal of anorthite component from the plagioclase
crystal. The olivine composition calculated from this equation is
Fosq which is much lower than the analyzed composition of F047.
This suggests that the original olivine composition was
approximately Fo39. The XMg of re;btant orthopyroxene is 0.62,

whereas the XM of pargasite and garnet are 0.48 and 0.27,

g
respectively. The xAl ratio of reactant plagioclase (0.40) is
similar to that of hornblende (0,36) and garnet (0.40), whereas

the XCa of plagioclase (0.84) is much higher than the xCa ratio
of pargasite (0.62). The equation (3) involves the consumption of
corundum but there is no distinct petrod&aphic evidence for

decreasing amounts of corundum plates in the reactant plagioclase
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i

corunmdum plates in the reactant plagioclase crystals.

Textural changes associated with reaction (3) are: 1) the
coarsening of spinel grains in an orientation generally parallel‘
to the plagioclase twin planes, and 2) the progressive
replacement of pargasite layers by garnet. This results in the
formation of an inner turbid part and an outer inclusion-free
part displaying idioblastic terminations against plagioclase

laths.
6.3.4 Clinopyroxene Corona Structure

Corona structures which form between primary clinopyroxene
(augite) and calcic plagioclase are composed of pargasite, sodic
plagioclase, and minor quartz grains (shown in Figure 57).
Analyses of the reactants and prodﬁcts of this corona structure
are given in Table 11. A proposed balanced equation for the

formation of this corona structure is:

(4) 5.53 (Cay 4F¢p, 4@5& ;4;;% ,?§3M"° 0047519 9503 +2.29 (Cao 59”"0 41K0.03)A1 825139003 +

[007Ti+030K+H+Cl] -->

1.00 0‘033”"0.54)(3“1.91(F°2.32M8%§;0{Q9M“0.01A’o.34)“2.063is 04052(CHC, +
0.64 (C N Al, o-Si, £70g + 2.83 Si0, + 0.45 ALLO
s h0g g 09 3610 29350 10450,
The equation indicates that an acceptable halance was achieved
for most major cations, the exception being aluminum. This

reaction requires the introduction of Ti, Mn, K, and B' and the
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removal of aluminum. Hydrogen was most likely present in the form
of~H20. The excess aluminum may be responsible for the presence
of corundum plates in the vicinity of the augite corona
structure. The ng ratio of augite is 0.44 and the ng ratio of
pargasite is 0.69; therefore the equation necessitates the
extensive loss of Mg from augite, possibly by the exchange Fe =
Mg. The xAl ratio of calcic plagioclase (0.45) is higher than
that of pargasite (0.31), whereas the xCa ratio of calcic
plagioclase, pargasite, and sodic plagioclase are respectively
0.59, 0.78, and 0.34. The pargasite produced in augite corona is
characteristically less sodic than the pargasite around the

olivine corona structure.
6.3.5 Ti-magnetite Corona Structure

Corona layers consisting of biotite, pargasite, and garnet
are common around Ti-magnetite grains in most thin sections. The
innermost layer of the corona structure is generally composed of
biotite. This biotite is similar optically and chemically to that
found interstitially to plagioclase laths in an intimate
relationship with apatite and Ti-magnetite crystals. The close
association with apatite and Ti-magnetite suggest that the
biotite crystallizes at a relatively late magmatic stage (i.e.
at or slightly later than the opaque minerals). Figure 58
illustrates the corona structure from sanple CMA-LG7 and Table 12

gives the corresponding chemistry of the mineral phases involved.
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Textural evidence suggests that biotite and plagioclase reacted

to form pargasite. The balanced equation for this reaction is:

(5 091 K, ,(Mg, g5Fe, 6Tip 5oMPg 00a)AL 59Sis 4705(OH.CD, +
Bioute
2.28 (Cap, <N Al ~:Sis 0aOp >
8,75 "%gg“f’ioé?ss% 1.0652.8908

1.00 (Ko.zzN“o.se)Cal.72("‘392[38":511&76ﬁ0.03 Mng 003419 4774l 7251 2809 (CH.Cl)y +

[135K+259A1+5228i+050Ti+1.63H+6.690,]
As one can notice, the balancing of reaction (5) gives poor
results. The reaction requires the removal of K, Al, Si, Ti, H,
and 0, and in significant amounts for most of these elements. A
satisfactorily balanced equation could not be achieved, possibly
because some of the reactants or products of the reaction were
not identified or because some of the reactants of the reaction

were completely consumed.
6.3.6 Orthopyroxene Corona Structure

This corona Structure is characterized by a core, composed of
orthopyroxene grains, that is surrounded by blocky hornblende
grains and idioblastic garnet crystals (Fig. 59). Table 13
presents the chemistry of mineral phases that occur across the
orthopyroxene corona structure. Textural evidence suggests that
the orthopyroxene grains have been replaced by hornblende. A

balanced equation(s) could not be achieved for the proposed
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Fig. 59
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reaction of this corona structure. This may suggest that some
other (i.e. undetermined) mineral phases are necessary in order

to derive the reaction responsible for this corona structure.

6.4 DISCUSSION OF MODELLED CORONA STRUCTURES

The formaticn of corona structures has been assigned to
various subsolidus reactions which involve diffusion of cations.
Three major hypotheses have been proposed: 1) an open system
of subsolidus reactions which involves the introduction and
removal of cations that have been transported from a distant
source to the corona structure site, 2) a closed system of
subsolidus reactions in which diffusion of material is restricted
to the corona structure, and 3) a combined open/closed system of
subsolidus reactions in which the corona structure is essentially
closed for certain cations of restricted mobility, and mainly
open for other cations with high mobility and high compatibility
with the ongoing corona reaction (Grieve and Gittins, 1975;
Rivers and Mengel, 1988; Grant, 1988). The combined open/closed
system was suggested because the authors failed to balance their
equations. However, this suggestion is not correct because the
Grieve and Gittins_equations can be balanced using the procedure
bf Kretz et al. (1989) that is used in the present study. In the
case of an open system, a satisfactorily balanced reaction(s) has
not been achieved by most workers. Again, it is possible to

obtain a satisfactorily balanced equation; in this case by using
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mass-balance (Gresens) equaticas. Likewise, in a closed system,
there are apparent difficulties in balancing corona reactions.
For example, reactions such as olivine and 02 producing
orthopyroxene and magnetite can not proceed without the
availability of nearby Ti-magnetite grains or oxygen.
Alternatively, the system could be considered as open at the
scale of individual corona structures, and this would allow the
introduction and removal of selective cations between different
corona structures. Also in this latter case, the sum of cation
diffusion from all the corona structures would result in a closed
system on the scale of a thin section. The mobility of components
is therefore an important factor in controlling the rate of
reactions and consequently the rate of corona formation. In
general, it is assumed that Fe and Mg diffuse rapidly, whereas Ca
and Na are moderately mobile, and Al and Si are the slowest

diffusing components.

6.4.1 Element Mobility In The Corona Structures

The corona layers (i.e. reaction zones), consisting of
orthopyroxene, pargasite, and minor spinel, that develop between

olivine and plagioclase grains, as modelled above, have formed by

- selective diffusion of Si, Al, Fe, Mg, Ca, and Na from the

olivine and plagioclase crystals. The presence of K, Ti, Mn, and
H in orthopyroxene and hornblende indicate the diffusion of these

elements from an outside source. Kretz et al. (1989) proposed six
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element migration paths for the mineral assemblage observed in

their olivine corona structure. Figure 60 illustrates the

following element migration paths that they recognized:

1)

2}

3)

4)

5)

6)

Fe, Mg, Mn, and O migrate along the olivine-orthopyroxene

interface to the plagioclase-pargasite interface,

Si, Al, Ca, and Na migration in a direction opposite to

path 1,

CaAl exchange with NaSi along the plagioclase-pargasite
interface resulting in the normal zoning observed in

plagioclase,

Fe-Mg exchange within the olivine structure to the

olivine-orthopyroxene interface,

the introduction of K, Ti, Mn, H, and 0 from an outside

source to the plagioclase-pargasite interface, and

the introduction of of Ti along the olivine-orthopyroxene

interface from an outside source.

The presence of K and Ti in pargasite and orthopyroxene suggests

their derivation from the biotite and Ti-magnetite grains that

are present in the thin section.

The present boundary between orthopjroxene and pargasite most
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Figure 60. Sketch illustrating the element migration paths
of the olivine corona structure (Kretz et al,

1989).

Sketch illustrating the movement of elements
during the formation of orthopyroxene-magnetite

symplectite after olivine.

Figqure 61.
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Fig. 60

Fig. 61




likely does not represent the exact position of the griginal
interface between olivine and plagioclase because the diffusion
rate controlling orthopyroxene growth is not the same as the one
controlling pargasite growth (i.e. the boundary has shifted). The
migration of the orthopyroxene-pargasite boundary takes place
when the diffusion rates of components are different. For
instance, the migration of the boundary towards olivine would
indicate that the diffusion of Fe and Mg is more rapid than the
diffusion of Ca and Al (Grieve and Gittins, 1975). However,
quantitative calculations by Grieve and Gittins (1975) failed to
provide a satisfactory balanced reaction or a satisfactory volume
replacement model of the migrating reaction boundary. Recently, '
Kretz et al. (1989) have provided an estimate of the volume
change for this reaction (near zero) and a quantification of the
direction and magnitude of migration of the original olivine-
piagioclase interface. The calculations of Kretz and co-workers
are more realistic in explaining the migrating boundaries of each
rééction zone in terms of mole volume data.

The replacement of olivine by the or;hopyroxene -
Ti-magnetite symplectite is initiated by.the diffusion of Fe, Mg,
and Si from the olivine grain. The presence of a small
concentration of Ca in orthopyroxene indicates the introduction
of this component from beyond the reaction site. A qualitative
analysis of the oxide minerals intergrown with orthopyroxene,
‘using the scanning electron microprobe, revealed the presence of

Ti which suggests that the Ti was introduced toc the reaction
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site., Figure 61 illustrates the movement of elements during the
formation of the orthopyroxene-magnetite symplectite. The
diffusion of Ca is shown by the migration path 1 (samg as path 2
of Figure 60 of Kretz et al., 1989) from the the plagioclase -
hornblende interface to the orthopyroxene - Ti-magnetite
symplectite interface. The diffusion of Fe and Ti probably
followed the migration path 4 (same as path 6 in Figure 60) from
the olivine - orthopyroxene - Ti-magnetite symplectite interface
to the orthopyroxene - Ti-magnetite interface as shown by the
migration path 2. The migration of atoms taking place in the
olivine corona reaction was probably still operative during the
olivine replacement reaction which suggests that both reactions
probably used the same migration paths.

The presence of biotite and pargasite corona layers between
Ti-magnetite and plagioclase grains is commonly observed with the
olivine corona structure. Whitney and McLelland (1983) have
recognized a direct correlation or association between these two
types of corona structures. The magnesium introduced into the
biotite and pargasite layers of the Ti-magnetite corona structure
is provided by the breakdown reaction of olivine to
orthopyroxene. At the same time, Fe and Ti ions migrate in the
opposite direction, and this allows the reaction of olivine to
orthopyroxene and Fe-Ti oxide symplectite to proceed.

The corona structures developed between augite and igneous
plagioclase have formed by diffusion of $Si, Al, Fe, Mg, Ca, and

Na from augite and plagioclase grains, and this results in a
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corona layer consisting of pargasite, Na-plagioclase, and minor
quartz. The presence of Ti, Mn, K, and B in pargasite indicate
the diffusion of these components from beyond the reaction site.
The source of Ti and K is most likely a K-bearing'minerél phase
such as biotite. The excess Al produced by the reaction might be
responsible for the presence of corundum plates occurring in
primary plagioclase, adjacent to the corona structure. The lower
concentration of sodium in pargasite around the aﬁgite corona
structure may reflect the selective diffusion of sodium into

secondary Na-plagioclase.
6.4.2 Summary Of Modelled Corona Reactions

It has been proposed that the mobility of Al and Si play-an
impbrtant role in the formation of early formed corona structures
(Grieve and Gittins, ;975: McLelland and Whitney, 1980;
Mongkeoltip and Ashworﬁh, 1983; Whitney and McLelland, 1983; Mork,
1986; Rivers and Mengel, 1988). Recent work By Grant (1988} and_
this study appear to confirm this proposal. During the early
stages of corona formation, that is reactions (1), (2), and (5)
above, the igneous plagioclase grains contain small amounts (<
1%) of spinel and corundum inclusions, and these are restricted
within the plagioclase grains to areas adjacent to the corona
structures. As these reactions proceed, the spinel cloudingl
increases and sometimes to the point where the twinning of the

plagioclase laths is completely obscured. The spinel clpuding
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results from the excess Al that is produced during the breakdown
of plagioclase under low ag1092 via the Call = NaSi exchange
reaction. The slow diffusion of Si is probably the controlling
factor in early corona development.

The formation of garnet by reaction (3) indicates the
transition from the spinel stability field to that of garnet.
Even in the garnet stability field, spinel persists metastably in
the rocks because of the low mobility of Si and Al. On the basis
of textural evidence, the nucleation of garnet is restricted to
alunminum-rich regions such as corona layers consisting of
pargasite and spinel, and spinel clouded plagioclase laths. The
progressive replacement of pargasite corona layers, accompanied
by the annealing of spinel clouds, suggests that the reaction is
no longer diffusion controlled (Tracy and McLelland, 1985). The
replacement of the pargasite corona layer by idioblastic garnet
crystals suggests an interface controlled mechanism in which the
rate of reactant dissolution and product absorption during
recrystallization is rate controlling.

Corona reactions that took place around primary clinopyroxene
grains (reaction (4)) are considered to have formed during
similar conditions as reaction (3). Therefore this corona
structure wéuld have formed by interface controlled growth.

The early formed corona structures were generated by
diffusion controlled growth, and this was probably initiated
during magmatic cooling when there may have been some residual

magmatic liquid occurring within grain interstices (i.e.
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intergranular).

Coronz structures which formed during peak Grenvillian
metamorphism would include the double and triple layer olivine
corona structures and the clinopyroxene corona structures.

Finally, corona structures that formed during retrogressive
Grenvillian metamorphism would include the orthopyroxene corona
structures, the diopside corona structures, and all other corona
structures wvhich resulted from replacement of early formed corona

structures by variable amounts of retrogressive amphibole.
6.5 GEOTHERMOBAROMETRY

The initial temperature of crystallization of the NNE diabase
dykes 1is inferred'to be abproximately 1100°C (at 10 kbars) by
comparison with experimental work (Basaltic Volcanism Study
Project, 1381).

The temperatures and pressures of metamorphic mineral
assemblages and mineral equilibration can be estimated by key
mineral assemblages. These approximations of P-T conditons may
then be quantified by using a wide range of geothermometers and
geobarometers. A comparison of P-T estimates from individual
mineral assemblages using these different geothermobarometers
allows a reconstruction of the evolution of corona structures
through the thermal and barometric history of the diabase dykes.

~ The fundamental assumption that must be made when estimating

temperatures of rocks is that the mineral assemblages used must
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be in equilibrium. However in most rocks, this is generally not
the case. For instance, if the equilibration rate of a particular
mineral assemblage is more rapid than the change in temperature
and pressure conditions, then the rock will retain the same P-T
trajectory as the geological event taking place (Barker A.J.,
1990). However, if the rate of equilibration is slower than the
change of P-T conditions, the mineral assemblage will record some
earlier stage of the P-T evolution. In this latter case, the
mineral assemblage is.considered to represent peak metamorphic
conditions. In additiéh, the residency period of a particular
rock at peak metamorphic condition will have an effect on how
close to equilibrium the mineral assemblage will reach. The
nature of the mineral pair(s) used for P-T estimates is also an
important factor. For instance, pyroxene and garnet act as
refractory minerals and do not re-equilibrate easily. On the
other hand, biotite and Ti-magnetite will recrystallize fairly

easily under changing metamorphic conditions.

6.5.1 Methods of Geothermometry and Geobarometry

Many different systems and approaches have been used to
develop geothermometers and gecbarometers for quantitatively
estimating P-T conditions. The systems and approaches used in
geothermobarometry fall into four main categories:

1) exchange thermometry a

2) solvus thermometry \
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3) solution models for multiple systems

4) internally consistent thermodynamic data bases
In most cases, temperature estimates can be determined reasonably
well, whereas pressure estimates are more difficult to determine,
since geobarometers are commonly dependant upon temperature
estimates.

In this study, temperatures were calculated using Fe2+ - Mg
exchange reactions between garnet - clinopyroxene (Ellis and
Green, 1979; Ganguly, 197%; Dahl, 1980), garnet - orthopyrozene
(Powell, 1978; Harley, 1984; Sen and Bhattacharya, 1984;), garnet
- hornblende (Graham and Powell, 1984), garnet - ilmenite
(Pownceby et al., 1987); garnet - biotite {(Thompson, 1978; Ferry
and Spear, 1978; Hodges and Spear, 1982; Ganguly and Saxena,
1984) Perchuk et al., 1985), orthopyroxene - clinopyroxene
(Kretz, 1982; Wood and Banno, 1973; Wells, 1977; Bertrand and
Mercier, 1985), and clinopyroxene and hornblende (Kretz and Jen,
1978) . Temperatures were also calculated using orthopyroxene -
clinopyroxene solvus exchange reaction (Kretz, 1982), and
equilibria between ulvospinel - magnetite and ilmenite - hematite
(Spencer and Lindsley, 1981).

Pressures were estimated in this study using the aluminum

content in hornblende (Hammastrom and Zen, 1986), the garnet -

plagioclase - orthopyroxene - quartz barometer (Perkins and

- ;
\Newton, 1981), and the solubility of aluminum in orthopyroxene

and co-existing garnet (Woo#, 1974).



6.5.2 Results and Thermobarometric Evolution

The temperature of crystallization of the diabase dykes has
been determined from the cores of primary clinopyroxene grains
using the solvus equation of Kretz (1982). The estimated
temperatures range from 1050°C to 1250°C at estimated pressures
of 10.6 to 13.5 kbars. The pressures were estimated by using Al
contents in hornblende (Hammarston and 2Zen, 1986). These results
agree quite well with experimental work, as well as estimates
from other fresh diabase dyke swarms. The temperatures calculated
from the rims of clinopyroxene grains show a large variation,
ranging from 1080°C down to 450°C. This is attributed to various
stages of re-equilibration from magmatic conditions through
retrogressive metamorphic conditions.

Table 14 summarizes the results (Appendix I) of pressure -
temperature estimates obtained from ten samples using the
. geothermobarometers described above. Four major ranges of
temperature are established from these estimates. The first range
of temperature varies from 1050°C to 1250°C, using the Ca-Mg
transfer reaction of Kretz (1982) within clinopyroxene cores.
The next range of temperatures, from 800°C to 950°C, were
estimated using the Ca-Mg transfer reaction of Kretz (1582) and
the Fe-Mg exchange reaction between clinopyroxene and hornblende
(Kretz and Jen, 1978). The Fe-Mg reactions involving
garnet-clinopyroxene, garnet-hornblende, garnet-biotite,

clinopyroxene-hornblende, and orthopyrxene-clinopyroxene provide
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Table 14. Summary of temperature and pressure estimates.

1}

2)

3)

4)

1050 - 1100 °C

800

600

400

13.5 kbars

850°C

kbars

775°C

kbars

600°C

- temperature of crystallization
Ca-Mg transfer between QOpx-Cpx

- depth of emplacement (?); possibly
maximum pressure conditions

- peak metamorphic temperature

Fe-Mg exchange between Cpx-Hbl
Opx-Cpx

Fe~-Mg exchange from the assemblages
Grt-Pl-QOpx-Qtz
Cpx-Pl1-Qtz

Fe-Mg exchange between Grt-Hbl
Grt-Bt
Opx—-Cpx
Grt-Cpx
Fe-Mg exchange from the assemblages
Grt-Pl-0Opx~Qtz
Cpx-Pl-Qtz

Fe~Mg exchange between Grt-Opx
' Grt-Bt

Grt-Ilm

Mag-Ilm
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the subsequent range of temperatures from 600°C to 77>°C. The
final temperature range is from 400°C to 600°C.

The -different temperature estimates in the NNE diabase dykes
may reflect the inaccuracies of one or more geothermometers or
may be reiated to different closure temperatures for the various
cation exchanges in different mineral pairs. The consistency of
temperature estimates calculated in rocks with primary
mineralogy, characterized by the presence of corona structures
and exsolution in oxide minerais, provides some degree of
confidence in the geothermometers used in this study.

The pressure estimates associated with the different
temperature ranges were determined using the Al content in
hornblende (Hammarstrom and Zen, 1986}, the Cpx-Pl-Qtz assemblage
of Ellis (1980) and the Grt-Pl-Opx-Qtz assemblage of Perkins and
Newton (1981). The pressure estimates derived by these
geobarometers range from 10 to 13.5 kbars, 6 to 92 kbars, and <6
kbars, respectively.

The estimated temperature of ~1150°C from clinopyroxene cores
and the pressure estimate of 10 - 13.5 kbars recorded in the .
freshest dykes (e.g. CMA~LAl8 and CMA-LGY) most likely reflect
the condition of crystallization of the diabase dykes. In these
samples, pressures estimated (10 - 13.5 kbars) using the
geobarometer of Hammarstrom and Zen (1986) are consistantly
higher than the pressures calculated (9 to 10 kbars) using the
geobarometers of Ellis (1880) and Perkins and Newton (1981). The

higher pressure values recorded by the geobarometer of
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Hammarstrom and Zen (1986) may reflect a difference in rock types
from those used in the calibration of the geobarometer. Their
work is based on mineral pairs from plutonic rocks of
granodiorite to tonalite composition. The mineralogy of

these rocks differ significantly from that of the NNE diabase
dykes.

Temperature and pressure estimates for regional metamorphism
are indicated by two groups of temperature estimates of 1) 800°C
to 950°C and 2) 600°C to 775°C at pressures of 6 to 9 kbars. The
800°C to 950°C temperature range is provided by chemical
re-adjustment within clinopyroxene cores and by Fe-Mg exchange
reactions between clinopyroxene and hornblende pairs. The
consistency of relative temperature differences calculated for
mineral pairs such as garnet-clinopyroxene, garnet-hornblende,
garnet—biotite, cliﬁopyroxene-hornblende, and
orthopyroxene-clinopyroxene is shown by the temperature range of
600°C to 775°C. Textures associated with these mineral pairs are
the triple-layered corona structures around olivine and
Ti-magetite and the double-layered corona structures around
primary clinopyroxene.

The lowest temperatures recorded are from the Fe-Mg exchange
reactions between magnetite-ilmenite and garnet-biotite, and
these range from ~400°C to 600°C. This indicates that the oxide
minerals and biotite continously re-equilibrated to lower
temperatures with a closure temperature around 400°C, hence lower

than that of the co-existing mineral assemblages.
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6.6 Tectonic Implications of corona structures

The tectonic significance of corona structures has been
discussed by Harley (1985) and Francis (1976), among others. The
importance of studying corona structures is in the derivation of
P-T-t paths of their host rock. The coronas most likely are a
manifestation of some common crustal tectonic process. Several
possibilities are: 1) environment of emplacement and cooling of a
plutonic body (e.g. isobaric cooling), 2) crustal thickening
{e.g. burial metamorphism, basalt to eclogite), énd 3) isothermal
crustal uplift after isobaric cooling of high-grade regional
metamorphosed rocks or high-temperature intrusions. Corona
structures are re-equilibration progucts which may record one or
more events in a rock’s history. Therefore, it is the textural
evidence that will establish the P-T-t path of the corona
structure, and ultimately allow modelling of the formation of
corona structures. This along with careful geological mapping,
structural interpretation, and isotopic data will establish
whether the coronas are igneous or metamorphic (or a combination
of) in origin. Only then, the corona structures can be used in
establishing the P-T vector conditions and the tectonic
environment.

The eveolution of the corona structures in the NNE diabase
dykes ﬁrovide some constraints on the relative changes of

temperature and pressure with time and reaction. The P-T

-198-



estimates obtained from the corona structures (Appendix I) have
been summarized above in Table 14, The data presented there
constrain a segment of the P-T-t path of the parautochthonous
domain near Chibougamau. Temperatures >1050°C are consistent with
crystallization temperatures of the dykes. The pressures ranging
from 10 - 13.5 kbars are interpreted as either 1) high pressure
crystallization conditions of the basic magmas or 2) relict
pressure conditions of the magma chamber. Further work is needed
to determine which of these hypotheses is correct, however, the
former is the favoured interpretatiqn. Although there is no
supporting data, these high pressures may represent the peak
pressures that were reachedlih the parautochthonous domain. No
evidence of prograde metamorphism (i.e. increasing temperatures)
is recorded in the corona structures. The data tentatively
indicates that this part of the crust cooled from =~ 850 - 900°C
to 600 - 650°C with only a small to moderate decrease in pressure
(i.e. from 9 kbars to 6 kbars). This would suggest a general
decompression of the parautochthonous domain through
approximately 2.5 kbars at temperatures greater than 650°C. In
addition, the pressure estimates of 6 - 9 kbars indicate that
this part of the parautochthonous domain was at 20 - 30 km depth
during and after peak metamorphism. In other words, the
parautochthonous domain experienced essentially isobaric (<10 km)
cooling at depth after reaching peak metamorphic conditions.
VHowever, how does this fit into the regional tectonic framework?

The results presented here would support the uplift model
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advocated, 100 km to the north, by Neale (1952). This is in
agreement with recent detailed geological mapping by Ciesielski
(1988) .

In summary, this study alone does not provide enough‘
irformation to resolve the tectonic framework of the
parautochthonous domain in this region. But combined with data
of Ciesielski (1988) and others to come, this study will
contribute to the understanding of the tectonic conditions under

which the granulite grade metamorphism took place.
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1)

2)

3)

4)

5)

Main Conclusions

A distinct group of NNE-trending coronitic diabase dykes is
present in the Grenville parautochthonous domain near

Chibougamau.

The NNE dizabase dykes véry in mineralogy and textures across

the parautochthonous domain.

The NNE diabase dykes are tholeiitic (low Ti02) to weakly
alkaline (high—TiOz) in composition. The 1ow-Ti02 group is
similar to N-type MORB and low-TiO2 flood basalt, and the
high—TiO2 group is similar to high-Fe-Ti continental flood

basalts.

Textural evidence indicates that the simple corona structures

(i.e. single layers) are possibly late magmatic in origin.

All complex corona structures are interpreted to be

metamorphic in origin.
The evolution of the primary minerals to secondary minerals

can be followed through variable complex'reactions of a two

stage corona growth.
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7) Corona structure formation took place during a prolonged
cooling event (i.e. from magmatic through regional

metamorphic conditions).

8) Two-way diffusion has taken place across olivine -
pPlagioclase, Ti-magnetite - plagioclase, and

clinopyroxene - plagioclase interfaces.

9) Al and Si mobility is important in the formation of corona

structures.

10) Early corcona development is controlled in part by slow

diffusion of Si.

11) Material has been transported from and to the different
types of corona structures as they grew. Therefore, the
corona structures are not individually but instead

collectively isochemical.

12) Héo and/or (OH ) have played an integral part in the
formation of some corona structures, especially the early
formed ones. The origin of the water is uncertain, but

primary biotite contributed in part.

13) Advanced corona development is controlled by reactant

dissolution and product absorption during recrystallization.
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14) A tentative P-T path from corona reactions across the
parautochthonous domain extends from 950°C to 600°C at 6
to 9 kbars.

N
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SAMPLE NUMBER: CMA-LA18-87

MINERALS:

1. Olivine 2 -3 8. Iddingsite 1- 2
2, Plagioclase 20-30 8. Cummingtonite tr
3. Clinopyroxene 10-15 10. Apatite 1-tr
4. Pargasite 10-15

5. Biotite 3- 5

6. Orthopyroxene 3- 5

7. Magnetite 10-15

DESCRIPTION:

The rock exhibits a subophitic to ophitic texture
which consists of plagioclase laths intergrown with
olivine, clinopyroxene, magnetite, and biotite grains.

The olivine and magnetite grains typically comprise the
cores of symetrical and assymetrical corona structures
where in contact with plagioclase laths. The olivine corona
structures are composed of a double corona layer consisting
of orthopyroxene and parga31te. Single corona layers are
developed around magnetlte, and consist of pargasite and/or
biotite.

Plagioclase forms randomly oriented laths that exhibit
well developed Carlsbad and albite twins. They contain
trace amounts of spinel in the vicinity of olivine corona
structures. Minor amounts of corundum are also present.

Cllnopyroxene grains are abundant and form grains up to 4
mm in diameter. They do not show any corona structures.

Magnetite grains are often associated with clinopyroxene,
partly enclosed in cllnopyroxene. Where in contact with
plagioclase, magnetite grains have developed single corona
structures. Magnetite crystals are also found forming

intimate intergrowths with biotite flakes and apatite
grains,

Trace amounts of cummingtonite are found in interstices
between plagloclase laths. The amphibole grains exhibit
distinct twinning in cross polarized light.
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CORONA TYPES
OLIVINE CORONA: Ol / Opx / Prg / Pl

OXIDE CORONA: Mag / Prg / Pl
Mag / Bt / Pl

O
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SAMPLE: CMA-LGY-87

MINERALS:

1. Plagioclase 30-35 8. Epidote tr-1
2. Clinopyroxene 25-30 9. Apatite tr-1
3. Pargasite 5-10 10. Calcite tr
4. Biotite I 3- 5 11. Garnet tr
5. Magnetite 10-15

6. Orthopyroxene tr- 1

7. Zircon tr

DESCRIPTION:

An ophitic to subophitic texture is well developed.
It consists of randomly oriented plagioclase laths
intergrown with clinopyroxene, magnetite, and biotite
grains.

Plagioclase laths are well preserved, and exhibit albite
and Carlsbad twins. Spinel and ccrundum microcrystals are
present in plagioclase grains that are adjacent to
orthopyroxene - magnetite symplectlte cored corona

-structures.

The clinopyroxene grains are subhedral to anhedral. They
display yellow to brown pleochroism. The clinopyroxene
grains do not exhibit any corona structures.

Reaction rims or corona structures have developed around some
of the opaque oxide minerals and orthopyroxene - magnetite
symplectite cores.

The orthopyroxene - magnetite symplectite-cored corona
structures are composed of a double corona layer of
orthopyroxene and pargasite adjacent to plagioclase grains.
Iddingsite is found in some cores of this corona type.

Biotite crystals are found forming a corona layer around
primary magnetite crystals. A double layered corona
structure, consisting of biotite and pargasite, is observed
around most magnetite crystals. The magnetite grains often
display abundant exsolutions of ilmenite.
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CORONA TYPES

OXIDE CORONA: Mag / Bt / Prg / Pl
Mag / Prg / Pl

OPX + MAG CORONA: Opx + Mag / Opx / Prg / Pl
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SAMPLE: CMA-LG7-87

MINERALS:

1. Plagioclase 25-30 8. Rutile 1

2. Clinopyroxene 20-25 9. Apatite i-2
3. Biotite II 3- 5 10. Epidote 5~ 7
4. Pargasite 10-15

5. Orthopyroxene 5-10

6. Garnet 2~ 3

7. Magnetite 10-15

DESCRIPTION:

The rock displays a well preserved ophitic to subophitic
texture consisting of plagioclase, clinopyroxene,
magnetite, and biotite.

Plagioclase occurs as randomly oriented laths up to 2 mm
in length. They show well developed twins that are bent
{(i.e. deformed). The plagioclase grains exhibit undulatory
extinction. Inclusions of spinel and corundum are present
and result in a weak clouding of the plagioclase laths.
Intimate intergrowths of plagioclase and clinopyroxene
grains are observed.

Clinopyroxene grains are subhedral to anhedral.
Microcrystals of spinel and rutile are found along cleavage
planes. Clinopyroxene grains are replaced by hornblende

along grain margins. Clinopyroxene grains range from 500 um
to 2 mm in diameter.

Double layered corona structures are observed around

the orthopyroxene - magnetite symplectite cores. The corona
layers are composed of orthopyroxene and pargasite in
contact with plagioclase laths. The orthopyroxene -
magnetite symplectite cores vary from 0,05 mm to 0.5 mm in
diameter.

Ti-magnetite crystals are anhedral and range from 0.05 mm

to 1 mm in diameter. They commonly exhibit ilmenite =
exsolutions. The Ti-magnetite crystals are surrounded by a

double corona layer composed of biotite and pargasite.

Minor amounts of garnet are observed in the pargasite

layer. Dendritic to skeletal magnetite crystals are also

observed intimately associated with biotite flakes.
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CORONA TYPES

OPX+MAG CORONA: opx + Mag / Opx / Prg / Pl

OXIDE CORONA: Mag / Bt / Prg / Pl
Mag / Bt / Prg + Grt / Pl
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SAMPLE: CMA-LG6-87

MINERALS:

1. Plagioclase 30-35 8. Apatite tr
2. Clinopyroxene 20-25

3. Pargasite 5-10

4, Orthopyroxene 2- 3

5. Biotite 3- 5

6. Magnetite 5-10

7. Garnet tr- 1

DESCRIPTION:

A well developed ophitic to subophitic texture is present
It is composed of randomly oriented plagioclase laths
intimately intergrown with clinopyroxene, magnetite, and
biotite grains.

The primary plagioclase laths display albite and Carlsbad
twins. They show minor amounts of recrystallization along
their grain boundaries. Some evidence of deformation is
expressed by the presence of bent twin lamellae.

Large crystals of primary (igneous) clinopyroxene are
present. They are fine- to medium-grained. Minor alteration
to amphibole occurs along grain margins. Magnetite

crystals are often closely associated with the
clinopyroxene grains.

Corona structures are developed around the magnetite
grains. They consist of a double corona layer of biotite
and pargasite. Triple layered corona structures are locally
observed around the magnetite grains and consist of an
additional layer of garnet crystals about the biotite and
pargasite layers. Skeletal grains of ilmenite are
intimately intergrown within biotite flakes.

Orthopyroxene aggregates are found as cores to double
layered corona structures. The corona layers are composed
of hornblende and garnet grains. The hornblende ccrona
layers are replacing the orthopyroxene cores.
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SAMPLE: CMA-27.6.3-87

MINERALS:

1. Plagioclase 25-30 8. Calcite tr
2. Clinopyrnxene 30-35

3. Hornblende 15-20

4, Biotite II i- 3

5. Garnet 5-10

6. Ti-magnetite i- 3

7. Epidote tr

DESCRIPTION:

The rock displays a well preserved ophitic to subophitic
texture that is composed of randomly oriented plagioclase
laths and clinopyroxene, biotite, and magnetite grains.

The plagioclase laths vary from 0.5 to 1 mm in length. They
show well developed albite and Carlsbad twins, some of
which show strain extinction. The plagioclase laths contain

variable amounts of spinel and-corundum microcrystals (i.e.
inclusions).

Clinopyroxene grains are common. They are typically
medium~grained and light green to brown in color.

The clinopyroxene grains are partly replaced by amphibole
crystals along grain boundaries and along fractures.

Amphibole crystals are also found as aggregates generally
surrounded by garnet crystals. Garnet atolls mark the
position of relict corona structur:s. The garnet grains
are euhedral and contain abundant inclusions of biotite,
clinopyroxene (diopside), and amphibole.

Garnet ateolls also surround primary clinopyroxene and
magnetite grains. }

The garnet crystals that are in contact with clinopyroxene
grains are idioblastic and contain inclusion of hornblende.
They do not show any zoning. However, the garnet crystals
that occur around Ti-magnetite grains are well zoned, and
contain inclusion zones consisting of biotite, hornblende,
and pyroxene. '

Reddish brown biotite flakes are less then 0.5 mm in
length. They are randomly distributed throughout the

sample, and are generally intimately associated with the
magnetite and ilmenite grains.
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CORONA TYPES

CPX CORONA: Cpx / Hlb / Pl
OXIDE CORONA: Mag / Hbl / Grt / Pl

HORNBLENDE CORONA: Hbl / Grt / Pl
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SAMPLE: CMA-27.6.5-87

MINERALS:

1. Olivine 1- 2 8. Garnet 10-15
2. Plagioclase 25-30 9. Apatite 1
3. Clinopyroxene 20Q-25 10. Epidote 5- 7
4. Amphibole 3- 5

5. Orthopyroxene 10-15

6. Magnetite 3- 5

7. Biotite 1=~ 2

DESCRIPTION:

- The rock consists of a well developed ophitic to subophitic

texture, consisting of subhedral clinopyroxene, biotite,
and anhedral magnetite grains enclosed by randomly oriented

- plagioclase laths.

Anhedral olivine crystals are present, either enclosed by
plagioclase laths or clinopyroxene grains. They are 0.25 to
0.75 mm in diameter, and are characteristically strongly
fractured. The olivine grains are partly altered to
iddingsite along grain boundaries and fractures. Double to
triple layered corona structures are developed around the
olivine grains where in contact with plagioclase laths. The
corona layers consist of 1) orthopyroxene and pargasite, or
2) orthopyroxene, pargasite and garnet crystals. Spinel and
corundum microcrystals are common in the plagioclase laths

‘adjacent to the olivine corona structures. Where the

olivine grains are completely enclosed by clinopyroxene,
only a single layer of orthopyroxene has developed.

Plagioclase laths exhibit albite and Carlsbad twins. The
twins show weak evidence of deformation (i.e. bent and
weakly undulose). The plagioclase laths are strongly
clouded by spinel microcrystals, and this has resulted in
their present brown color.

Primary (igneous) clinopyroxene grains are subhedral to
anhedral. They are brown to dark brown in color in
plane light. The color has resulted from the minute
inclusions of Ti-Fe oxide crystals that are distributed
along the clinopyroxene cleavage planes.

Magnetite grains are anhedral. They crystals vary from 0.25 to
1.5 mm in diameter. Magnetite grains are surrounded by a double
to triple corona structure composed of biotite - pargasite,

and biotite - pargasite - garnet, respectively. Garnet grains
are generally zoned.
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- Garnet crystals are found within pargasite layers and in
nucleating in plagioclase laths.

Orthopyroxene - magnetite symplectites are common and occur
as cores to double and triple layered corona structures.
The corona layers are composed of orxrthopyroxene - pargasite
and orthopyroxene - pargasite - garnet crystals.

Diopside corona structures are also present. They consist

of thin sodic plagioclase moats with idioblastic garnet
rims in contact with plagioclase laths.

CORONA TYPES

OLIVINE -CORONA: 01 / Opx / Prg / Pl
0l / Opx / Prg / Grt / Pl

OXIDE CORONA: Mag / Bt / Prg / Pl
Mag / Bt / Prg / Grt / Pl

OPX+MAG CORONA: Opx+Mag / Opx / Prg / Pl
Opx+Mag / Opx / Prg / Grt / Pl

'DIOPSIDE CORONA: Di / Na-Pl / Grt / Pl

[}
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SAMPLE: CMA-M-D’-05-86

similar to: CMA-146

MINERALS:
1. Plagioclase 25-30 8. Tremolite tr
2. Augite 20-25
3. Biotite II 2- 5
4. Hornblende 15-20
5. Magnetite/Ilmenite 5-10
6. Garnet 5-10
7. Diopside tr
DESCRIPTION:

This sample is representative of a partially metamorphosed
diabase dyke.

Plagioclase grains are equidimensional and in part define a
granoblastic texture. They are partly altered to sericite
and epidote.

Primary clinopyroxene (augite) grains are partly replaced
by hornblende along grain margins and along fractures.

The hornblende grains are equidimensional and form part of
the granoblastic texture.

Idioblastic garnet crystals commonly occur in
recrystallized plagioclase grains. They also occur along
the original plagioclase grain boundaries.

Secondary biotite grains are found associated with opaque
minerals such as magnetite and ilmenite.

A relict ophitic texture is present, but has been nearly
obliterated by recrystallization.

Most plagioclase grains are recrystallized except for large
phenocrysts (> 2mm in length) that show partial
recrystallization along their grain boundaries.

I
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SAMPLE: CMA-015A-86

MINERALS:

1. Plagioclase 25-30 8. Iddingsite 1- 2
2. Clinopyroxene 15-20 9. Rutile tr
3. Biotite 1II 2- 3 10. Garnet 10-15
4. Magnetite 5-10

5. Amphibole 5-10

6. Orthopyroxene 5-10

DESCRIPTION:

A subophitic to ophitic texture is well preserved in the
rock. It is defined by randomly oriented plagioclase. laths

which partly to completely enclose clinopyroxene, biotite,
and magnetite crystals,

The plagioclase laths exhibit well formed twins. They are
typically clouded by microcrystals of spinel and corundum,
the effect of which has imparted a brown color.

Clinopyroxene grains are subhedral to anhedral. They

show a green to salmon-brown pleochroism. They are
partially replaced by hornblende crystals along grain
margins. Small idioblastic garnet crystals are found along
clinopyroxene grain margins.

Reddish brown biotite is common as flakes ranging in size
from <0.5 up to 2.0 mm in length. They are intimately
intergrown with opaque oxide and amphibole grains. Some
aggregates of biotite are rimmed by garnet crystals.

Orthopyroxene crystals form as granoblastic aggregates that
are surrounded by a double corona structure of hornblende
and garnet grains. Iddingsite may be present in the core

of some orthopyroxene aggregates.

Diopside aggregates form the cores of double layered corona
structures. The corona structure consists of an inner sodic
plagioclase layer surrounded by an immediate layer of
hornblende and an outer layer of idioblastic garnet
crystals in contact with plagioclase laths.

Magnetite grains are present as central cores to triple
layered corona structures. The corona layers are composed
of biotite, hornblende, and garnet.
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CORONA TYPES

OPX CORONA: Opx / Hbl / Grt / Pl
OXIDE CORONA: Mag / Bt / Hpl / Grt / Pl
CPX CORONA: Cpx / Hbl / Pl

DIOPSIDE CORONA: Di / Hbl / Grt / Pl
pDi / Pl / Grt / Pl

]
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SAMPLE: CMA-M-V(01-86

MINERALS:

1. Plagioclase 30-35
2. Clinopyroxene 20-25
3. Amphibole 5-15
4. Biotite II 2- 5
5. Magnetite/Ilmenite 2- 5
6. Garnet 15-20
DESCRIPTION:

This sample is a partly metamorphosed and recrystallized
diabase dyke.

The metamorphic texture is granoblastic and is
characterized by clear equidimensional plagioclase
crystals intergrown with the mafic minerals.

Large crystals of clinopyroxene are present and are
green to yellowish green in color. They are partly
replaced by hornblende grains along their grain margins.
The hornblende crystals are also equidimensional and form
part of the granoblastic texture. The clinopyroxene
crystals contain abundant inclusions of oxide minerals.

Garnet atolls are found around aggregates of hornblende and
mixed aggregates consisting of hornblende, biotite, and

-oxide crystals.

Oxide minerals, magnetite and ilmenite, occur as small
grains disseminated throughout the rock.
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SAMPLE: CMA-M-RO1A-85

MINERALS:

1. Plagioclase 45-50 . 8. Apatite tr
2. Clinopyroxene 25-30 9. Epidote tr
3. Hornblende 10-15

4, Biotite 5- 1

5. Magnetite/ilmenite 10-15

6. Garnet 2- 3

7. Rutile tr

DESCRIPTION:

An ophitic to subophitic texture is well developed.

This texture is composed of randomly oriented plagioclase
laths enclosing clinopyroxene, biotite, opaque oxide,

and hornblende grains.

Plagioclase occurs as laths up to 2.5 mm in length. They

display albite and Carlsbad twins and are generally free of
inclusions.

Clinopvroxene crystals are 0.75 to 1.5 mm in diameter.
They exhibit a brown to green color in plane light.
Amphibole crystals are replacing clinopyroxene along
grain boundaries. The hornblende are equidimensional and
form part of the granoblastic texture.

Magnetite occurs occasionally as dendritic grains within
biotite flakes, but more often as anhedral grains
associated with ferromagnesian minerals. The magnetite
grains vary from 0.10 to 0.25 mm in diameter. They are
rounded and are accompanied by ilmenite grains and trace
amounts of sulfide minerals.

Garnet grains are xenoblastic to idioblastic and contain
abundant inclusions. They form around oxide minerals and
around mixed aggregates of ferromagnesian minerals such as
hornblende, biotite, and clinopyroxene.
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SAMPLE: CMA-146-86

MINERALS:

1. Plagioclase 15-20 8. Apatite 1-tr
2. Clinopyroxene 3- 5 9. Quartz 2- 5
3. Biotite II 5-10 10. Corundum i-tr
4. Magnetite/ilmenite 5-10 11. Calcite tr
5. Amphibole 50-55
6. Garnet 3- 5
7. Epidote tr

L)

1

. DESCRIPTION:

A recrystallized ophitic to subophitic texture is present
in this sample. This texture is similar to those described
above.

The plagioclase crystals are medium- to coarse-grained
and inclusion-free, ranging from 0.50 to 2.5 mm in length.
A weakly to moderately developed mortar texture is present
along plagioclase grain boundaries. :

Large crystals of clinopyroxene {(up to 1.5 mm in diameter)
are common and are partly replaced by hornblende grains.
In some cases, the clinopyroxene crystals are almost
completely pseudomorphed by hornblende aggregates.

Garnet occurs as coarse-grained crystals nucleating in
hornblende aggregates. They do not form as part of the
corona structures.

Biotite crystals occur within small aggregates consisting
of variable amounts of ferromagnesian minerals, such as
hornblende and magnetite.

Magnetite grains are generally anhedral and up to 1.5 mm
in diameter. Biotite and hornblende grains are common
adjacent to the magnetite grains. The magnetite grains
contain exsolutions of ilmenite (Note: observed in
reflected light).
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Legend to Appendix B

Ol = Oilivine
Pl =Plagioclase
Bt =Biotite

Prg = Pargasite

Hbl = Hornblende
Opx = Orthopyroxene
Cpx = Clinopyroxene
Grt = Garnet

Iim = limenite

Mag = Magnetite

Fer =Fe? +Fe*
FeMg = Fe?* / (Fe?* + Mg)

© XCa, =Ca/(Ca +Fe* + Mg)

XCa, =Ca/(Ca + Na)
XAl = Al/(Al + Si)
XNa =Na/(Ca+ Na)
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‘ Legend to Appendix C I

Mineral Symbols:

"0l = Olivine
Pl = Plagioclase
Kfs = K-feldspar
Cpx = Clinopyroxene
Opx = Orthopyroxene
Ti-Mag = Ti-magnetite

lim = limenite
Bt = Biotite

Hbl = Hornblende
Gt = Garnet

Di = Diopside
Tr = Treinolite
Act = Actinolite
Qtz =Quarz

Ap = Apatite
Spl = Spinel

Crn = Corundum
Hem = Hematite
Ep = Epidote

-258-

Spn
Cal
SIp
Id
Chl
Sc
Bw
Ms
He
Rt

= Sphene
= Calcite

= Sermpentine
= lddingsite
= Chilorite

= Sericite

= Bowlingite
= Muscovite
= Hyrcenite

. = Rutile

1]



Appendix €.

Viseal estimates of minezal proportions in the NEB diabase dykes.

CHD-01  CHD-0Za  CMD-03a  CND-03b CMD-03c  CMD-03d  CWD-D4  CND-05  CMD-06
01 - - l - - - - tr -
4| 55-60 55-69 45-50 45-50 45-50 15-20 30-35  40-45 20-15
KEs tr tz tr 114 t - - tr -
Cpx 10-15 16-15 25-2% 25-19 1-2 - 15-20  20-25 -
Ti-Mag 2-1 1-2 1-2 1-2 -3 1-2 1-5 -3 1-2
Ia 5-1 -3 5-8 5-8 1-2 1-2 1-5 -3 1-2
Bt 5-7 3-5 2-3 -3 tr-l 1 5-1 5-8 tr-1
Ebl 5-1 5-10 51 5-1 25-35 45-50 1-10 1§ 40-45
cet tr-1 -5 tz-1 tr-1 -1 15-20 7-10  tr-l 1-5
Opx 3-5 - t-l tr-l - - 3-5 - -
bl - - . 1-2 - - te-1 - -
14 - tr - - - - - - -
otz - kr-l te - - tr-l tr-1 tr 1 1-2
bp tr tr tr tr tr tr tr tr tr
Spl - tr tr tr-1 - tr - - A
Crn tr tr - tr tr tt tr - -
Hen - te tr tr tz - - - -
Bp - - tr tr tr 1-2 tr tr -
Spn s " - - - 1-2 1-2 - - -
€al - - - - tr 1-1 tr tr tr
stp - - tr - - - - tr -
1 - - tr-1 - - - - tr -
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@]

Appendiz € {coatineed)

CND-072  CHD-DTb  CMD-O3a CND-08D CWD-89 CND-1§ CKD-11  CHD-12 cup-13  cn-14
0l 40-15 - - - - - - - - -
Pl 16-15  15-20  35-40  45-50 1g-15  15-20  30-35  45-50 25-30  30-3
Kfs - - tr tr t: - - tr - tr
Cpx 10-15 tr 1-3 5-10 - - - 5-10 510 1015
Ti-Nag 5-10 2-3 35 5«7 24 13 trel 112 23 1-2
i ? 1-3 3-5 ? 4 13 trrl 122 ? 1-2
Bt R U S 1-2 35 1 tl bl ST 3 2-3
bl - §0-65  30-35  10-15  65-70  55-6¢  50-55  5-10 35-40  20-25
ert - 31 510 -0 te-l 10415 1.2 519 10-15 20-%5
opx - - - - - . - st - 35
i - - - - - - - 1- - 1-2
- Aet/Mr tr-1 - - - - - - - - -
hct/Bbl - - - - - - tr - . -
otz - 1-2 tr tr 3 23 13 tr - tr
Apl - te tz te trd tz tr 144 - tr
tnn - - - - - - .- tr - -
Hen - - - . tr - - t - -
Bp . tr-1 - . tr i - . .
Spa - - - - tr - 1-1 44 tr -
Cal tr tr - - 2-3 tr -4 tr - tt |
Stp tr - - - - - - - - -
el tr - - - - - -t - -
s 1-2 - - - te tz tr . - e
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Appendix C {continued)

CHD-14a  CND-15 CND-16 CMD-18 CKD-19 CND-20 CMD-28  CNA-55-36
4 35-40 045 30-35  50-57  0-25  40-45  25-30 M-15
Kis tr tz - tr - - tr -
Cox 25-30 20-15 | 20-25  35-40  25-30 3-5 1-5
Ti-Nag 1-2 243 1-2 35 1-2 2-4 tr-1 tr-1
Ila ‘ -3 ? 2-3 ? 2-3 1-1 1-2 1-2
Bt 3-5 3-5 1-2 1-5 2-] 3-5 1-2 tr
kbl I-2 5-10  40-45 2-5 5-10 5-1¢  4£5-50 $0-55
ort 10-15 510 510 -6 W15 5-10 3§ 5-10
Opx - 1-2 - 5-10 - -t - -
bi 1 1-2 - -2 21 23 - -
ip tr tr - t tr tr tr te-1 AN
itz tr tr - tr - tx 1.2 .12
Cea tr-1 ir-l - tr-1 tr-1 te-l - -
e tr S b
Bp te ke - .. - - -
Spa - tr - - - - - - -
cal tr tr . tr te - tr -
Id - - - - - tr - -
Bw - - - - - tr - -
i tr tr - - - - -t tr
Ns - - - - - - tr t:
Chl R - - - - - 1] -
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Appendix C (continued)

CHD-25  CMD-26  CHD-31a CHD-JB‘ CHD-40a CMD-12 CND-43  CHD-{7
0l - - - - - - tr-1 -
P 10-15  15-30  15-20  S50-55  20-25  25-30  50-55  15-20
KEs tr-1 - tr tr tr - - -
Cpx -5 1-? 3-5 20-15 5-10 15-20  20-25  25-30
Ti-Hag tr-1 1-2 1-2 1-2 i-2 1-2 3-8 tr-1
Ila 1=z 1-1 3+ 1-2 tr 1-3 ? tr
Bt te-1 1-5 3-5 1-2 1-5 3-5 1-2 -
gbl (blue) 45-50  50-55  10-15 -5 4045 15-20  1-3 5-10
{qzeen} 5-14
6rt 5-1 - 10-15 3-5 5-10 510 35 -2
Opx - - 10-15 5-8 - 2-3 5-10 -
Di - - 5~10 -3 - - tr -
otz 1-2 t::l tr tr-1 tr-1 te-1 tr-1 te-1
. bp ti-l U tz tr-l tr tr tr -
sl - - - - T -
Crn - tr -3 - -5 tr-l - s
Hen - tr t - te tr - tr
Bp - tr tr tr-1 tr 1-2 - tr-1
Spa - - tt - te-1 tr - 1-2
Cal tr-1 - - tr-1 tz-l - - tr
§c tr tr - - - . . -
i - - - - - - tr-1 -
14 - Lot . - - - 144 -

Ns tr
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Appendix C (coatinued)

CHA-87-LA-10 CMA-N-L-09-86 CNA-P-12.30-86 CNA-N-R-01a-85 CMA-N-V-01-36 MJ-Di-#6
0l -3 - - - - -
Pl 20-30 50-55 50-33 45-30 30-35 65-10
Kfs tr tr - tr te tt
Cpx 15-20 30-35 15-20 25-30 20-25 3-5
Ti-Nag 10-15 2-3 -3 10-15 -5 tz-l
il 1-1
Bt 3-5 1-2 1-2 5-7 -5 tr
bl - 10-15 3-5 18-15 10-15. 10-15 5-10
ot - 3.5 3-5 -3 15-20 5-1¢
Opx 1-5 1-2 5-8 - - -
bi - -l tr-1 34 tr -
| At/ tr - - - - -
Qt: - tr - - - te
Ap tr tr tr tr-t - -
Spl - tr - . S -
Cee - te-1 t - - tr
Hew - - - - " -
Ep - - t tr-1 - 1-2
al . b1 tr . - b
Chl tr - - - - -
Id 1-1 - - - - -
S - - - - - tr
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Appendiz C {continued)

CHA-LG-6-87  CMA-LG-7-87 CMA-LG-Y-87 CNA-27.6.3-87 CNA-21.6.5-87 CMA-02-8¢ CHA-5-86

ol - - . - 1-2 - -

)| 25-30 30-35 30-35 30-35 25-30 50-55  50-55
Kfs fr tr tr : tr - - tr
Cpx 20-25 20-25 25-30 25-30 20-25 530 30-3
1i-Nag 10-15 5-10 10-15 5-10 - 1-5 23 3-5
Ia

Bt 3-5 1-5 3-5 1-3 1-2 1-2 2-3
Bl 10-15 10 - 510 1520 3-5 5-10 1-2
6rt 23 -t b s 10-15 51 35
Opx 5-10 2-3 k-1 - 10-15 - 35
b - - - o - - 1-3
Act/tr - - k-l - - - - .
otz tr tr - .- - - tr
Ap -3 tr tr t te-1 tr-1 tt
sl - - - S - - tr-1
Cen - - L. . - [ el
Bp 5-1 - | tr-1 tr . | =1 :- -
Spn - - - - - tz-1 -
Cal - - 1-1 tr - - tr
Bt el - - h - i i
cht . 7 tr - - - -
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Appendix C {conticued)

CMA-146-86 CMA-N5-86 CMA-NOL5A-86 CMA-79-DI (A)-86 CNA-19-DI (8)-86 B-73-Di-1 8-79-Di-2

Pl 15-10 25-38 15-30 30-35 30-35 30-35 10-25
Ifs - tr tr : tz tr tr tr
Cpx 1-§ 28-25 15-20 20-25 15-20 20-15 1-2
Ti-Nag 1-3 3-5 3-5 5-10 1-2 5-10 5-10
Ila {-1 2-5 2-5 1-1 1-5 5-1 2]
Bt 5-10 2-5 -3 3-5 15-20 1-5 3-5
bl 50-55 15-20 5-10 tr 1-5 1-5 5-4
6rt 3-5 5-10 1¢-15 15-20 10-15 - 15720 10-15
opx - - 5-10 - o 5-10 19-15
M - tr - -1 | - 1-5 2-5
otz 2-5 te 44 tr 1-2 1-2 -3
Iy tr tr tr tz " e "t tr
Rt . - tr T . . - u
Crn tr-1 - - - . tr tr-1 -
Bp br-1 - - tr - u te-1
al tr - -.‘ | - ' tr-1 | tx " b
gi4 - tr - - - - -
Ec - - - B : - - tr-1
id te-1 - . O - . -
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Legend to Appendix D1

FeOT = FeO + Fe,0O,

Mg# = MgO /{MgO + FeO) x 100 (molecular)

bl _ = below detection limit
AN

Ap = Apatite

I =llmenite

Mt = Magnetite
Or_= Orthoclase

~Ab’ = Albite
~ An = Anorthite
-Di = Diopside

Hy = Hypersthene
Ol = Olivine

Ne = Nepheline
Q =AQuarz

- I



Appendix D1. Geochemistry of the NNE diabase dykes, southeast of Chibougamau

Sio,
TiO,
ALO,
Fe,0,
FeD
MnQ

Ca0
Na,0
KO
P,04

Total

co,

Ba
Nb
Rb
Sr

Co
Cr
Cu
Ni

La
Ce
Nd
Sm
Eu
Gd
Dy

FaOT
Mg#

Ap
I
Mt
Or
Ab
An
Di
Hy
Ql
Ne

Total

High-ALO,

47.60
0.26
23.80
0.80
6.00
0.0
5.54
11.08
2.90
0.38
0.05
0.80
99.31

0.70
0.02
208
bl
15
370

14.93

88.51

D-49-2b LA-6-87

50.00
0.38
22.90
2.10
3.30
0.10
3.64
13.24
2.20
0.36
0.03
170
9 7

98.25

Low-TiO,
D-37a D-12 D-43 27-6-3 D-47 LA-5-87 D-01

4730 4730 48.10 49.00 51.00 49.20 47.40
0.56 0.87 0.89 1.00 1.01 1.03 1.05
17.80 1780 1770 17.00 14.10 1580 17.70
1.40 260 0.20 230 2.40 2.10 1.60
9.20 8.30 9.60 7.30 9.00 8.10 10.20
0.16 0.18 0.16 0.15 0.21 0.16 0.18
10.22 9.30 7.54 8.04 7.85 8.79 8.66
981 10,92 11.05 1032 1172 9.59 9.65
2.00 2.20 2.50 270 1.70 2.60 2.40
0.26 0.25 0.31 0.47 0.09 0.66 0.39
0.07 0.08 0.08 0.08 0.07 0.17 0.10
0.90 0.80 0.40 0.90 0.60 0,50 1.10
G968 ©99.90 9853 9926 9975 9870 100.43
0.10 0.80 0.50 0.80 0.10 0.80 0.10
0.01 0.04 0.07 0.06 0.07 0.06 0.07
194 74 178 139 66 301 231
12 21 bl bl 14 bl 1
18 30 20 bl 24 bl 3u
294 235 294 219 102 321 297
54 77 67 57 78 73 76
bl bl bl 1 bl 1 bl
120 89 94 49 88 52 80
160 110 230 150 170 200 120
48 44 58 72 120 67 51
180 160 110 180 100 190 140
110 150 170 160 280 170 150
120 120 86 83 110 84 170
3.7 8.5 47 8.5 3.7 11.0 54
8.7 14.0 11.0 20.0 10.0 250 131
4.1 8.1 7.9 12.0 7.4 16.0 10.0
1.2 2.0 18 2.1 2.1 17 2.1
0.6 0.8 0.8 0.9 c.8 1.2 0.9
1.8 27 2.5 a1 3.2 3.6 24
1.7 29 2.9 3.2 3.6 a4 2.4
0.9 1.6 1.3 1.6 21 17 1.5
8 16 12 17 19 17 144
10.46  10.64 9.78 937 11.16 9.99 11.6l
65.1 63.9 58.1 63.5 58.4 63.6 58.7
0.15 0.18 0.18 0.18 0.15 0.37 0.22
1.06 1.66 1.69 1.90 1,82 1.96 2.00
3.37 3.44 3.15 3.03 a.60 3.23 75
1.53 1.48 1.83 2,78 0.53 3,90 2.30
1690 18.61 21.10 22.84 1438 2199 2028
38.78 3822 3607 3287 3057 2948 36.32
7.61 9.31 1476 1446 2217 13.78 8.85
15.67 12.85 974 1130 2177 1511 11.67
13.70 13.35 9.61 5.00 0.00 838  13.94

. - . . 4,05 - -
98,78 9910 9813 9836 99.15 98,20 09,33
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Appendix D1 {continued)

Low-Ti0,

D-20 D-42 LA-3-87 D-41a D-38 D-40 D-02 F-12134 D-48 D-14

(n=2)
Si0, 4800 48.90 4920 49.00 47.80 4970 47.20 47.40 47.30 47.05
TiO, 113 142 143 118 128 129 133 134 149 161
ALO, 16.40 1570 1580 1580 1540 1600 16.40 1650 1560 15.95
Fe,0, 150 150 200 030 0S80 220 240 250 320 1.00
FeO 1060 880 B60 980 1190 820 990 930 890 11.35
MnO 019 017 047 047 020 016 013 018 019 0.9
MO 759 864 831 BS0O 775 746 795 680 760 7.46
Ca0 995 1078 991 1072 1020 979 10.16 1066 10.10  9.83
Na,0 250 250 260 250 230 2980 260 240 260 260
K0 047 043 074 045 051 056 045 047 050 052
P,O; 044 010 018 010 044 012- 042 015 019 021
H,0+ 050 070 070 0.60 080 120 08 080 140  0.90
Total 0897 09.34 9934 90912 99.18 99.58 99,50 98.60 99.07 98.67
co, 010 030 050 050 040 080 030 070 070 1.15
s 004 007 009 007 010 004 010 010 010 OMN
Ba 270 206 385 199 203 260 251 240 278 292
Nb 12 17 bl 12 1 9 20 bl 15 15
Rb 28 27 bl 29 21 30 26 bl 29 27
Sr 286 201 . 319 278 263 392 277 273 283 308
Zr 88 118 80 124 %6 107 88 65 128 133
Be 1 1 1 1 1 1 1 1 1 1
Co 94 91 50 86 91 83 89 59 82 81
Cr 100 250 150 240 150 120 200 150 170 83
Cu 57 69 66 - 70 63 68 60 75 68 69
Ni 190 170 160 160 100 130 120 110 110 115
' 210 200 190 226 250 200 210 230 230 235
Zn 120 120 99 110 120 110 150 99 120 135
La 79 92 110 98 85 84 72 93 29 120
Ce 170 220 240 230 190 210 170 210 250 280
Nd 110 120 180 140 120 110 140 150 140 180
Sm 27 28 28 33 30 29 27 24 35 40
Eu 12 10 12 12 12 12 12 13 13 15
Gd 34 34 37 39 39 34 35 36 42 47
Dy 87 34 34 40 541 34 35 35 40 44
Yb 1.8 1.7 17 18 241 16 19 18 20 22
Y 17 17 18 19 20 18 19 19 19 22
FeOT 11.85 1015 1040 1007 1271 10.18 1206 11.55 11.78 12.25
Mgt 547 621 611 604 530 594 566 544 571 531
Ap 031 022 040 022 031 026 026 033 042 048
I 215 213 215 224 243 246 253 255 284 3.06
Mt 385 327 336 325 410 329 3.8 373 381 395
Or 277 254 437 265 301 331 266 278 295 3.04
" Ab 2112 2113 2199 2110 19.42 2453 21.98 2030 2200 21.95
An 3200 3031 2024 3049 30.12 2898 3172 3285 2943 30.27
Di 13.36 1825 1525 17.81 1598 1533 1462 1563 1593 13,97
Hy 13.66 11.85 1335 1274 1490 1450 671 1183 970 10.03
ol 945 894 855 802 813 572 1432 780 1059 11.03
Ne . . . . . - - . - -
Q - - - - - - - - - -
Total 98.47 0864 9864 0852 0838 9838 9870 9780 97.67 97.76



Appeandix D1 (continued)

Low-TiO, High-TiO,
D-51 D28 D-13a B79DI D-15la-1887 D-18 D-05 2765
Sio, 46.80 49.00 48.00 4870 48.00 47.40 47.80 48.60 46.70
TiO, 1.61 138 139 159 160 174 190 196  1.98
ALO, 14.90 1510 1590 18.80 1630 1620 1460 1370 1530
Fe,0, 2.80 200 270 200 240 460 140 190 4.40
FeO 11.20 10.40 990 770 1030 970 1270 1200 11.10
MnO 0.23 021 021 016 021 019 021 023 022
MgO 7.33 661 771 397 68 584 676 624  6.19
Ca0 10.01 1000 947 11,51 982 955 949 964  0.18
Na,0 - 2.40 240 270 310 280 270 260 260 280
K,0 0.51 083 058 063 076 071 087 085 0.66
P,0, 0.20 021 011 030 032 022 030 028 0.26
H,0+ 0.80 170 110 060 070 080 060 070  0.60
Total 98,79 99.84 9977 99.06 99.81 9975 99.23 9870 99.19
co, 0.40 040 010 020 020 020 060 020 0.10
s 0.12 042 003 010 011 003 015 015  0.00
Ba 319 394 178 346 398 403 476 401 324
Nb 12 6 20 bl 24 bl 13 15 bt
Rb 38 32 43 bl 35 bl 34 36 bt
Sr 272 816 237 289 289 278 300 245 246
zZr 126 122 159 81 147 72 131 184 105
Be 1 1 1 1 1 1 1 1 1
Co 98 75 o9 35 87 52 92 75 58
Cr 86 260 120 150 160 80 150 170 73
Cu 76 47 63 54 47 65 72 67 110
Ni 110 89 120 37 88 65 86 75 74
v 260 210 230 230 180 290 300 310 290
Zn 140 120 280 72 140 420 150 160 130
La 11.0 110 120 130 140 110 150 180 150
Ce 25,0 260 270 300 330 260 330 410 350
Nd 15.0 180 160 220 210 210 210 250 230
Sm 3.5 41 42 35 5.0 2.9 3.7 56 3.9
Eu 1.4 1.6 1.5 1.7 17 15 17 18 18
. Gd 4.2 5.1 5.1 5.0 5.4 45 5.6 6.5 53
Dy 4.1 5.3 5.7 48 5.5 43 5.7 6.8 5.1
Yb 2.1 28 3.2 25 2.9 2.4 2.7 3.4 2.7
Y o2 28 32 25 31 23 27 33 27
FeOT 13.72 1220 1233 950 12.46 13.84 13.96 1371 15.06
Mg# 51.4 512 556 454 518 478 476 465  46.1
Ap 0.44 046 024 066 070 048 066 062 0.57
I 3.06 263 265 303 304 332 361 373 377
Mt 4.43 394 398 3.07 402 448 450 442  4.87
Or 3.01 490 342 372 449 420 513 501  3.90
Ab 20.29 2020 2283 2622 2199 2287 2196 2197 2202
An 28.36 2796 29.54 3551 30.55 3003 2555 23.17 28.15
Di 16.45 16.68 1370 16.26 1322 1325 16.09 18.84 13.07
Hy 11.94 1927 11.04 511 1256 11.24 1303 1810 13.12
ol 10,00 202 1127 488 854 908 B10 214 912
Ne - . . . . - - - -
Q - - - - - - - - -
Total 97.99 98.14 98.67 9846 99.11 0895 GB.63 08.00 98.59



Appendix D1 (continued)

Sio,
TiO,;
ALO,
Fe,0,
FeO
MnO

Ca0
Na,©O
K,©

POs

Total
co,

Ba
Nb
Rb
Sr
Zr

Co
Cr
Cu
Ni

Zn
La
Ce
Nd
Sm
Eu
Gd
Dy
Yb

FaOT
Mgt
Ap
H]

Mt
Or
Ab
An
Di
Hy
Ql
Ne

Total

High-TiO,
D25 D-16 D-04 D-05 X287 LG-V-87 LG-6-87 LG-7-87 A-03 X187
46.60 47.00 4620 4660 4820 47.60 4870 47.50 4800 46.50
207 212 216 224 225 228 230 231 229 231
1430 1500 1580 16.00 1470 1610 1570 1530 1490 14.40
250 420 300 390 260 320 340 400 230 260
1290 11.00 10.80 1020 13.00 1040 11.60 1130 1200 13.30
024 024 021 021 024 019 021 021 022 025
634 669 697 667 512 502 411 520 519 540
995 616 932 913 955 928 856 948 904 978
240 210 300 300 260 300 300 270 280 260
056 062 065 067 027 08 127 08 107 028
017 027 020 032 021 037 043 025 034 024
420 120 090 080 160 080 098G 080 050  1.60
9853 ©0.60 00.30 09.84 100.34 09.22 100.18 99.90 9865 99.26
050 020 050 030 030 070 040 010 010 050
048 005 007 003 001 012 002 001 016 0.0
343 308 310 337 195 405 510 416 420 207
16 29 20 30 bl bl bl bl a2 bl
35 43 40 41 ol bl 23 b 64 bi
o54 213 300 307 284 271 233 231 282 225
j01 168 186 185 115 174 242 124 237 128
1 1 1 1 i 1 1 1 1 1
97 89 95 86 56 47 41 44 76 61
140 120 g1 100 55 93 65 98 100 62
150 59 59 60 44 74 57 72 67 34
72 92 120 120 49 63 36 44 74 55
400 270 220 230 200 270 230 310 200 320
150 170 210 140 130 120 140 130 180 140
98 130 17.0 170 140 220 260 160 260 150
230 330 400 410 340 490 610 3O 560 350
150 210 240 250 280 300 380 260 340 250
36 54 55 57 45 58 63 36 68 55
14 18 19 20 20 2.1 2.4 18 22 21
45 64 50 62 65 64 82 57 77 6.6
50 65 56 59 63 s8 78 55 84 67
25 35 26 28 34 20 42 29 37 82
24 37 29 30 33 30 41 28 a7 34
14.45 1478 13.50 1371 1534 13.28 1466 1490 1407 15.64
461 484 508 502 39.4 433 361 418 417 404
037 059 064 070 046 081 095 055 075 053
394 404 411 427 428 434 438 440 436 439
466 478 436 443 495 420 474 481 454 505
130 367 B84 396 159 520 750 502 632 165
2028 1770 2537 2540 21.98 2539 2530 2286 2367 21.97
2656 2070 2771 2823 27.62 27.87 2563 2713 2491 2676
17.92 1160 13.67 1237 1533 13.10 1180 1526 1472 16.81
1406 2438 1.80 493 2151 1065 1638 1327 1491 1678
622 1.85 1690 14.66 - 667 252 580 399 372
- . . . 1.04 - - - . -
97.33  08.40 0B.40 0894 9874 9832 9928 9010 9815 97.66
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Appendix D1 (continued)

High-TiO,

D-s2 D-07 D-0Ba D-13b A-01 D-07a MR-1A-87 D-08b  D-09

Sio, 4580 4540 46.50 4870 4870 4410 4860 4720 51.70
TiO, 235 249 251 265 270 271 291 299 322
AlLO, 15.80 15.10 15.20 13.30 14.80 7.80 12.70 14.00 11.20
Fe,0, 390 280 350 120 280 240 440 330 250
FeO 950 1140 1130 17.50 1230 1370 13.20 1280 11.30
MnO 019 021 023 036 023 022 026 027 020
MgO 680 641 597 394 334 1484 380 451 561
Ca0 831 918 880 865 767 800 760 793 879
Na,0 370 390 310 070 320 270 270 350  2.10
KO 089 067 08 018 153 157 163 123 058
£,0; 055 032 036 057 046 025 0.56 056  0.41
H,0+ 100 130 110 040 100  0.90 130 100 130
Total 0879 0028 99.37 98.15 9873 90899 9966 99.29 98.99
co, 030 020 050 060 000 060 0.40 0,10  0.40
) 007 012 008 019 002 007 003 007 008
Ba g8 330 385 298 681 669 679 514 145
Nb 15 12 31 49 52 41 bl 64 a4
Rb 28 32 50 24 79 50 49 66 26
Sr g62 313 205 120 274 671 175 270 156
zr 179 166 206 214 337 268 271 318 124
Be 1 1 1 1 2 2 2 2 1
Co 87 78 79 85 62 110 42 74 74
Cr g0 110 100 38 27 420 15 8 110
Cu 53 92 66 110 35 250 50 54 40
Ni 90 g2 100 38 17 580 19 44 61
Vv 230 270 260 240 160 210 290 190 250
Zn 140 150 170 180 180 170 180 200 170
La 200 160 230 280 300 440 300 320 120
Ce 460 380 500 710 720 950 700 740 310
Nd 290 240 303 480 440 470 450 440 230
Sm 5.9 54 64 130 94 8.5 83 97 6.
Eu 23 19 22 42 28 27 28 3.1 2.0
Gd 57 62 70 150 99 79 99 100 7.6
Dy 39 58 66 150 95 6. 9.7 9.9 7.2
Yb 08 26 31 76 49 16 5.1 48 36
Y 14 28 34 84 49 26 52 53 37
FeOT 43.01 1401 1445 1858 1482 1586 1716 1577 1355
Mg# 522 476 456 281 307 640 311 362 448
Ap 121 070 079 125 101 055 123 123 0.0
I 448 474 478 503 514 515 555 560  6.13
Mt 421 452 467 598 479 5.1 555 500 437
Or 526 395 473 106 904 925 964 7.26 3.42
Ab - 27.03 2360 2623 591 2707 1178 2286 2961 17.76
An 2390 2170 2520 3253 2149 452 1773 1885 19.41
Di 1132 1789 1335 556 1144 2706 1383 14.10 17.75
Hy .. 558 27.08 17.55 2023 610 17.67
ol 1806 1575 12, 95 - T o872 - 1035 -
Ne 233 5.08 . - 5.96 . . .
Q - - 1335 020 0.0 1.74 - 109
Total 97.79 97.98 9827 9775 9773 9809 9836 9820 97.61
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Appendix D1 (continued)

Sio,
TiO,
ALO,
Fe 0O,
FeQ
MnQ
MgO
Ca0
Na,©
KO
P,0;
H,O+
Total

co,
S
Ba
Nb
Rb
Sr
Zr
Be
Co
Cr
Cu
Ni
\'}
2n
La
Ce
Nd
Sm
Eu
Gd
Dy
Yb
Y

FeOT
Mg#

Ap
0.,
Mt
Or
b
An
Di
Hy
(o]}
Ne

Segregations

D-03-2 D-03 D-03-1 D-49-1 B79D1 D-49-2a
5090 4820 53.60 4650 4660 4570
1.12 1.87 2.04 3.38 3.57 3.78
19,10 15.00 1330 11,70 13.00 1230
1.10 1.70 3.30 4.50 6.20 4.40
730 1070 1210 13.80 1220 1420
0.14 0.20 0.27 0.31 0.31 0.29
4.40 7.15 4.32 4.47 4.02 4.28
1033  10.05 8.33 8.62 7.94 8.53
3.60 2.90 0.90 2.50 240 2.50
0.32 0.73 0.14 1.23 1.40 1.16
0.17 0.24 0.54 0.85 0.95 0.70
0.90 0.80 0.70 0.60 0.80 0.50
9938 99.54 99.54 9846 9939 9843
0.40 0,20 0.50 0.20 0.50 0.50
0.00 0.07 0.03 0.12 0.22 0.27
34 361 220 683 735 660
13 14 57 34 bl 28
27 40 8 56 26 40
519 335 94 211 188 221
116 154 339 300 270 267

1 1 1 2 1 1

75 78 a9 76 51 75
220 220 130 26 15 20
20 63 28 54 120 67

51 110 42 36 26 34
170 270 210 340 290 380
110 150 89 240 210 220
120 14.0 34.0 33.0 39.0 26.0
26.0 34.0 81.0 77.0 90.0 €4.0
17.0 23.0 50.0 47.0 57.0 40.0
3.8 53 12.0 10.0 11.0 88
1.7 1.9 3.6 3.4 38 3.0
4.5 6.5 13.0 12.0 13.0 10.0
4.5 6.9 14.0 11.0 12.0 9.9
23 3.4 7.3 59 6.2 5.2
23 33 75 60 &5 51
829 1223 1507 1785 17.78 18.16
503 52.8 36.4 33.8 328 323
0.37 0.53 1.19 1.87 210 1.54
213 3.56 3.88 6.44 6.82 7.20
2.68 3.94 4.87 8.77 5.76 5.87
1.89 4,31 0.83 7.27 8.30 €.80
30.44 2450 762 2118 2037 22,01
3498 2572 31.84 17.09 2063 18.51
1245 1846 501 1698 1069 1623
12.60 676 2474 2056 2224 1864
094 1097 - - - 1.13

- - 18.86 0.7¢ 1.70 -

g848 9874 9884 9786 9859 97.93



‘Legend to Appendix D2I

Major elements (Al,O,, FeOr, K0, P,0;), selected trace elements ( V, Cr, Ni, Zr}, and
rare earth elements (La, Ce, Yb, Y) plotted versus TiO, and MgO on Harker diagrams.

A High-Al,O; group
A Low-TiO, group
m  High-TiO, group

¢  Segregations
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O! = Olivine
Pl = Plagioclase
Cpx = Clinopyroxene
Opx = Orthopyroxene
Bt = Biotite
Amp = Amplibole
Grt = Gamet
Mag = Magnetite
lim = limenite
Ap = Apatite

C = Core
m = margin

XMg = Mg / (Mg+Feq)
XNa = Na/ (Na+Ca)

FeO" = FeO + Fe,04
Mineral End Members
En = Mg /{(Mg+Fe+Ca)
Wo = Ca /(Mg+Fe+Ca)
Fs = Fe /(Mg+Fe+Ca)
An = Ca /{(Ca+Na+K)

Ab == Na /{Ca+Na+K)
Or = K {Ca+Na+K)

Legend to Appendix E

Prg = Pargasite
Hbl = Hormblende
Prg Hbl = Pargasitic hornblende
Ed Hb = Edenitic hornblende
Act = Actinolite
Act Hbl = Actinolitic hornblends
Ts Hbl = Tschermakitic hornblende
En = Enstatite
Wo = Wollastonite
Fs = Fertrosilite
An = Anorthite
Ab = Albite
Or = Orthoclase
Almand = Almandine
Pyrop = Pyrope
Gross = Grossular
Spess = Spessartine
And = Andradite
Uvaro = Uvarovite

where Fep = Fe** + Fe*

Pyroxene

Plagioclase

Almand = Fe** /(Ca+Fe*+Fe’**+Mg+Ti+Cr+Mn)
Pyrop = Mg /{Ca+Fe*+Fa*+Mg+Ti+Cr+Mn)
Gross = Ca /{Ca+Fe**+Fe*+Mg+Ti+Cr+Mn)
Ti And = Ti /(Cas+Fe**+Fe*+Mg+Ti+Cr+Mn) Garnet
Fe And = Fe** {Ca+Fe**+Fe**+Mg+Ti+Cr+Mn)
Spess = Mn /(Ca+Fe**+Fe*+Mg+Ti+Cr+Mn)
Uvaro = Cr /{Ca+Fe**+Fe*+Mg+Ti+Cr+Mn)
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‘ APPENDIX F I

PYROXENE QUADRILATERAL

Formulas: Diopside = Ca Mg Si, O -
Hedenbergite = Ca Fe Si; O,
Clinoenstatite = Mg, Si; Og

Clinoferrosilite = Fe, Si, O,

Note: The composition of the primary (igneous) clinopyroxene grains in
sample CMA-LA18 is relatively constant. These compositions piot
within the augite field of the pyroxene quadrilateral shown on
p. 318. However, the composition of metamorphic clinopyroxene
is much variable, ranging from salitic augite to diopside, salite,
ferrosalite, and ferroaugite (e.g. samples CMA-M-015A,
CMA-M-RO1A, CMA-M-V01, and CMA-146). The variation in
composition of metamorphic clinopyroxene is a result of the
degree of equilibration reached in the dyke, and thus a
function of the chemical composition of the mineral phases

adjacent to the clinopyroxene grain.

The composition of orthopyroxene varies from magnesium-rich to
iron-tich. The corona type that the orthopyroxene is found within
explains this variation. For example, orthopyroxene associated
with olivine corona is characterized by a more magnesian

composition, whereas orthopyroxene associated with magnetite
corona is more iron-nch.

.
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Appendix G. Example of amphibole formulae calculation from microprobe analyses.
using the method of P. Robinson et al. (1982} and Stout (1972)

A series of recalculations can be done on fixed numbers of cations to derive amphibole
formulae. First, the analysis is normalized on the basis of 13 cations excluding K, Na, Ca, Mn
and with all Fe as Fe?*. This calculation generates the maximum value of Fe* that is permitied
in the amphibole stoichiometry. The amount of oxygen is then calculated for each cation.

The oxygen values are obtained by multiplying 2 for R* ions, 1.5 for R* ions, 1.0 for R** ions,
and 0.5 for R* ions values. The sum of oxygen should be less than 23.

If the sum is greater than 23, then the analyses must be rejected.

Oxygen is then added to bring the total to 23. For each amount of oxygen added, conven
twice that amount of Fe?* to Fe** and so reduce the Fe? in the list.

Secondly, the structural formula is calculated assuming 15 cations, excluding K and Na. The
resulting calculated Fe** is the minimum value permitted in the amphibole stoichiometry.

The mean value of Fe** is then calculated and converted into Fe,O,.

The final stage is to calculate the analysis on the basis of 23 oxygens incorporating the value ¢
Fe,O, obtained in the previous calculation.

1 ' 2
Wi Molecular | Cations | Cations | Oxygens | Cations |} Oxygens .
Proportion x 8.740 X 8.950

Sio, 37.87 0.630 0.630 5.506 11.010 5.638 11.276

TiO, 0.07 0.001 0.001 0.008 0.015 0.008 0.016

ALO, 19.77 0.194 0.388 3.392 5.087 3473 5.210

Cr,0, 0.04 0.000 0.001 0.005 0.007 0.005 0.007
Fe,0,

FeQ 14.41 0.201 0.201 1.757 1.757 1.799 1.799

MnO 0.18 0.003 0.0u3 0.022 0.022 0.023 0.023

MgO 10.75 0.267 0.267 2.334 2.334 2.390 2.390

Ca0O 1045 0.186 0.186 1.626 1.626 1.665 1.665

Na,0 3.28 0.053 0.106 0.925 0.462 0.947 0.974

K,0 0.73 0.008 0.015 0.135 0.067 0.138 0.069

1.487 22.388 23.430

(+0.612)
13 cations 1> 13/1.487 = 8.740 Feq=1.757 then Fa?*= 1.145 and

15 cations ~ 2-> 15/1.676 = 8.950 Fe*=0.612
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Appendix G. Exampie of amphiboie formulae calculation from microprobe analyses.

using the method of P. Robinson et al. (1982) and Stout (1972)

A series of recalculations can be done on fixed numbers of cations to derive amphibole
formulae. First, the analysis is normalized on the basis of 13 cations excluding K, Na, Ca, Mn
and with all Fe as Fe?. This calculation generates the maximum value of Fe** that is permitted
in the amphibole stoichiometry. The amount of oxygen is then calculated for each cation.

The oxygen values are obtained by multiplying 2 for R** ions, 1.5 for R* ions, 1.0 for R* ions,
and 0.5 for R* ions values. The sum of oxygen should be less than 23.
If the sum is greater than 23, then the analyses must be rejected.
Oxygen is then added to bring the total to 23. For each amount of oxygen added, convert
twice that amount of Fe?* to Fe* and so reduce the Fe** in the list. _
Secondly, the structural formula is calculated assuming 15 cations, excluding K and Na. The
resulting calculated Fe* is the minimum value permitied i the amphibole stoichiometry.
The mean value of Fe** is then calculated and converted into Fe,Os.
The final stage is to calculate the analysis on the basus of 28 oxygens incorporating the value ¢
Fe,O, obtained in the previous calculation.

Sio,
TiO,
ALO,
Cr,0,

Fe,0,
FeO

MnO

Ca0
Na,O
K,0

13 caticns
15 cations

1->
2->

Molecular
Proportion
0.630
0.001
0.194
0.000

0.201
0.003
0.267
0.186
0.053
0.008

Cations

0.630
0.001
0.388
0.001

0.20t
0.003
0.267
0.186
0.106

0.015

1
Cations
x 8.740

5.506
0.008
3.392
0.005

1.757
0.022
2334
1.626
0.925

0.135

13/1.487 = 8.740
15/1.676 = 8.950

~329-

2
Oxygens || Cations
x 8.950
11.010 || . 5.638
0.015 0.008
5.087 3.473
0.007 0.005

1.757 1.799
0.022 0.023
2.334 2.390
1.626 1.665
0.462 .0.947

0.067 0.138
22.388
(+0.612)

Oxygens

11.276
0.016
5.210
0.007

1.799
0.023
2.390
1.665
0.974

0.068
23.430

Fe,,_—x 1.757 then Fe?*=1.145 and
Fe*=0.612

b
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Appendix G (continued)

. 23 oxygen

Cations

0.630
0.001
0.194
0.000

- 0.035

0.131
0.003
0.267
0.186
0.053
0.008

Oxygens § Oxygens
x 8.857
1.260 11.160
0.002 0.016
0.582 5.155
0.001 0.007
0.105 0.930
0.131 1.160
0.003 0.023
0.267 2.365
0.186 1.647
0.053 0.469
0.008 0.068
2.597
23/2.597 = 8.857
{?y
o o
=330~

Ca2+

M1,M2,M3

Fe*
Mn2+

Nae
M4

Na*
K-'-
A site

i

Amphibole Formula

5.580
2.420
8.000

1.017
0.008
0.005
0.620
0.985
2,365
5.000

0.175
0.023

.. 1.647

> 0.155
2.000

0.783
0.136
0.819

oo
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Appendix H. Example of modelled reaction using the method of Kretz et al. { 1989)

Olivine + Flagioclase ---> Orthopyroxene + Pargasite + Spine!l + Corundum

Plagioclase
(0} 8.000
Si 2.404
Al 1.546
Ca 0.611
Na 0.425
K 0.003

Fe 0.001

@)
Si
Al
Fe
Mg
Mn

@)
Si
Al
Ti
Fe
Mg
Mn

QOliving

4.000
1.018

0.934
1.048

Spinel
4,000
0.020
1.903

0.710

-..0.394

0.020

Orthopyroxene

0
Si
Al
Ti
Fe
Mg
Mn
Ca

3.000
0.982
0.001

0.369
0.675
0.007
0.002

Pargasite
0] 22.000
Si 5.686
Al 3.247
Ti 0.020
Fe 2.023
Mg 2.521
Mn 0.038
Ca 1.801
Na 0.981
K 0.131

a (Mg,SI0,) + b (Fe,Si0,) + ¢ (CaAISLO,) + d (NaAISi,0y) = 1.00 Prg + e Opx + f Sp!

Na
Ca

Mg 2a
Fe

Al
Si . a
Equations:
(1) d=0.981
(2) c=1.801

| (3) 2a=2521+0675 6+ 0.394
(4) 2b=2.023 + 0.369 € + 0.710 1

2b

20

2c

-331~

3d

nou
o

0.981
1.801

2.521 + 0.675e + 0.394f
2.023 + 0.369e + 0.710f

3.247 + 1.903f
5.686 + 0.982e
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Appendix H (continued)

(5) 2c+d=3.247 +1.903 f
(6) a+b+2c+3d=50686+0982¢

(5) 2¢ +d = 3.247 ~ 1.903 f (1) c=1.801
4583 =3247 +1.905 1 . (2) d=0.981
1.336 =1.903f

f =0.702

(3) 2a=2.521 + 0.675 e + 0.394 (0.702)
2a=2521 +0.657 e + 0.277
2a=2.798 + 0.675 e

a=1.399+0.338¢e (7)

(4) 2b=2.023 +0.369 0 + 0.710
2b = 2.023 + 0.369 e + 0.710 (0.702)
2b = 2.023 + 0.369 & + 0.498
2b = 2.521 + 0.369 @
b=1.261+0.185 8 (8)

(6) a+b+2c+3d=5.686 +0.982 e
a +b + (3.602) + (2.943) = 5.686 + 0.982 @
a+b+6545=5.686 +0.982 ¢

including equations (7) and (8)
1.399 + 0.338 @ + 1.261 + 0.185 @ + 0.859 = 0.982 @
3.519=0.4590

a=767
(7) a=1.399 + 0.338 @ (8) b=1.261+0.185e
a = 1,399 + 0.338 (7.67) b =1.261 + 0.185 (7.67)
a= 1099 + 2,592 ‘ - b=1.281+1.419
b=2.68

&;3.99 I P

R RE
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Appendix H (continued)

The reaction can be writen as

Ol An Ab or
6.67 (MG, 20F€020)Si;.020s + 1.8 (CaALSi,0p) + 0.98 {NaAISi,05) + 0.003 (KAISi,O;)

+[0.128 K + 0.02 Ti + 0.065 Mn + OH] + H,0 —>

Prg ’
1.00 (¥K4,13Na0,05)Ca, 50(F€2 12MG5 Mg 05 Tig 2Rl 93) (Al 31 Sl 69) O {OH), + -
' Opx . spl SRR
7.93 (Fep5;MqssMnNg.0;Cag 002){Alg 001 Siggs) O3 + 0.503 (Feg MMy i HAl, 9oF€;10)0,
‘ om .
-+ 0.1 9 A|203,
| A
Verification:
Reactants = Products

Mg 8.004 = 8.007

Fe 5.336 . = 5.286

Na 0.973 = 0.981

Ca 1.807 = 1.800

Al 4,583 = 4.620

Si 13.350 " = 13.460

0 . 49,940 = 50.170

€



Legend for aAppendix I

?! = Pe?*-Hg exchange between orthopyroxeme and clinopyroxene assemblage by Kretz (1342}

T? = Ca-Nq transfer reaction between orthopyroxene and clinopyroxene by Kretz [1982)

17 = Fe2*-¥g exchange between garnet and hornbleade by Grabam and Powell {1384)

74 = pe?*-Ng exchange between gaznet aad ilmenite of Powmceby and 0'Neil (1387)

?* = Tlaenite - Magnetite geothermometer of Spencer and Lindsley (1331)

P¢ = Pe?*-Mg exchange between clinopyroneae and bornblende by Krekz and Jea {1918)

17 = Pe3*-Hg exchange between garaet and biotite by Thompsen (1976}

f* = pe3*-Ng exchange between garnet aad biotite by Perry and Speazr (1978)

T? = Pe?*-Nq exchange between garnet and biotite by Hodges and Spear (1932)

p1o- pe7+-Ng exchange between garnet aad biotite by Gaequly and Saxena {1384)

f33: Fe2*-Ng exchange between garnet and biotite by Perchuck et al. (1385}

112z Fe2*-Ng exchange between gazaet and clinopyroxene by Bllis and Green (1379)
taking into consideration the effect of Ca In 6rt and Cpx.

Y13 Pe2*-Ng exchange between gaznet and clinopyroxene by Ganguly (1379)

914 Fe2+-Ng exchange between garaet and clinopyroxene by Dahl (1380}

219: Pe2+-Ng exchange between garnet aad orthopyroxene by Powell {1978)

f1¢= pe2*-Ng exchange between garaet and orthopyroxene by Harley (1334)

117: Fe?*-Nq exchange between garnet and orthopyroxeme by Sea and Bhattacharya (1984)

122: pa3*-Hg exchange between orthopyroxene and clinopyrozene by Wood. and Bamao (1973}

219: pa?+-Ng exchange between orthopyroxene and clinopyroxene by Well (1377} -

720: Pa2°-Ng exchange between orthopyroxent and clinopyroxene by Bertrand and Nercier (1355)

P' = Aluninum in hornblende by Hawmatstrom and Zea (1986}
P* = Cpx-Plag-Qty geobarometer by Ellis {1380)
P = Grt-Plag-0ps-Qtz geodazoaeter by Peckins and ¥ewton (1981}

abbreviatlons:

Opx = orthopyroxene
Cpz = clinopyroxepe
Prg = pargasite

HbI = hornblende
Gt = qarnet

Mag = magnetite

I1a = {laenite

Plag = plagioclase : . o ' 3
Bt = biotlte I i
{n) = metamorphic ql:::::;::;;ﬁ

{p) = primary, igneous
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Appendix [. Pressure-Temperatuze estimates for the ENE diabase dykes.

Sample Assemblage Temperature (*C) Presscre (ibar)
Noaber —_—— " ———
r! pl
CMA-LAS Opx(ll-Cpx{Pl ChXcoratzim 1103 {1088)
Opx(n)-Cpx{p) 1069 (1082)
opx{m)-Cpxip) 1108 (1088}
Al in Pargasite aroand oliviae corona , 13.2
Al in Pargasite around olivine coronma 12.5
Al in Parqasite azound olivine coronma . .
Al in Parqasite azound olivine corona ' 16.6
CHA-16Y 0px(m]-Cpx{p) CoXcaratzim 1057 (111
Opx(m}-Cpx(p) 1082 {1158}
Opx(n)-Cpx(p) 1240 [1088)
Al in Pargasite around olivine corona 12.3
Al in Pargasite arouad olivine coroma 134
Al in Pargasite around olivine corona 11.5
;_‘_H_"—_—_Hﬂ———“——__—_———_—————_—.__———”-———-—_—__-——-——
Sampide.. Assenblage Tenperature (*C) - Pressure {kbar)
Nusber
7" L G SR L Pt
w
CHA-27.6.5 Opx{m)-Cpx(p) (1062)
CpXirrar
opx{m)-Cpx{p) . 1060
CpXcoratrim {1083)
Opx(=)-Cpx(p} ‘ -(1086)
CpXiermy
Opx{n)-Cpxlp) (1136}
o CoXixtmy
- 6rt in Prq 692 : 1.t -
cotona layer 612 S YN |
m . 12.0
110 12.3
6rt-1la, garnet ‘ 611
corond layer '
Ila-Nag, ilmenite n
exsolution in - 543
nagnatite

W
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Appendix I {coatinmed)

Sample Assemblage Teaperature {*C) Pressure (kbar)
Bumber —_
12 f‘ D:
CKA-79DI84 In Host Rock
Opx{n}-Cpx(p} (478
: “‘-p:(lll) (510)
{152)
{670)
Al in Prq corona . ‘ 6.1
In the Seqgregations
. Opl(l]-Cp!(p)e-u 517
CpXicras (6355}
Cpx“._- 138
CpXeeran (611)
(65T)
Cpxc.u 856
686
{ {434)
CpXcece 519
Cpx{p)-Prq corona §54-927 9.2
fo= 1.68 :
Cpx(p)-Prg corona b11] 14
Xo= 2.71 :
Al in Prg cozom . 8.9
A —
,,,,, == = - — . ';,ﬁ(’}-- I

-

&)

0t

N
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Appendix I [continged)

Grt-Bt coroma layer

33 A5 s 495 569
00 507 540 580 61
wo 425 461 506 55

Sanple Asseablage feaperature (*C) Pressure (kbar)
Nomber
T! T) rl ?7 Tl T! TIG Tll Pl
CNA-27.6.3 Opx{m)-Cpx(p)iram {528)
Opx{n)-Cpx{plcora nun
oprim)-Cpx(plesca 1021
Opx(=}-Cpx{p) cerm {1242)
Cpx(Dlcoce 1135
Op!{l}‘Cp!(b}c-u 1133
* Grt-Hbl around 593 1.2
Opxtdag symplectite 619 1.1
Cpr{p)-Prg cotona
fom 1,54 121-905 4.1
Koz 1.8 935 5.1
L= 1.1 654-927 6.0
Grt-Bt corona arouad 620 655 M7 650 125
Nag grain
T!.Z Tt) TXC 11! rll rl'l Pl pl p)
Get-Cpxi(plrima 715 MG 5 R |
560 755 605 e 12
Grt-0Opx{n) 565 605 545 8.3
Sample Assemblage . */ tenperature {°C) Pressure (Kbars}
Nuaber — ‘ -
Tl T) rl TI ‘ T! rl.ll Tl.l. . Pl
(;l!l-l.c? Opx(n}-Cpxipleera 1141
' ‘ crt-Ab! around 543 1.1
Opx-Mag syaplectite 533 1l
507 T4
5H 10.5
Al in Prg coroda 3.6

&)
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Appendir I (coetinged)

Sample Assemhlage Temperature (*C) Pressure [kbar)

Namber
rl T? T! ,l! ,11 rll . PI
CHA-0152 © Opx{m)-Cpxiplerim (464}
opﬂli"CPX{ple“n 1249
Opl(ll'Cpl(Phn-: (495)
opx{m}-Cpx{m) kT
3%
I1a-Nag, ilm exsolution -366
In magnetite
6zt-Cpxip} 65 775 &4
Al in Hbl o - 8.4

?l‘ Tll !l? rll 'l' T?ﬂ

Grt-Opx{a) 500 543 587
~ Opr{m)-Cpx(plecrar 1053 1169 1205
09!(.)'69:(?):.:. M 159 695
Opx{n)-Cpx{pleeca . . 601 €34 599
Sample Asseablage Teaperatore (*C) " Pressare (kbar)
Nomber ‘ —_—
,I ,C fl: !ll TIC ‘ PJ
- CHA-N-¥01 Dpl(I}'CpﬂP)e-u 656 .
. §33
§03
-Opx(m)-Cpz(a) : 9
- Cpx{p}-Hbl
ln: l|11 - L
Ka= 1,76 63

Ny Get-Cprip)iesar ‘ 65 M 65
%0 10 65

o AN

~338-



Appendix [ (continued)

Sample Assemblage Teaperataze {*C) Pressure (kbar)
Juaber
} G CH SO o pt
CXA-H-RO1A 0px(n)-Cpx{pleese 1063
1158
_ 1013
Opx(n}-Cpx(n) §15
Grt-Ebl rims 54 - 6.6
in 6.6
Al in #bl qrains 5.1
1.4
4.3
6.4
e I1a-Nag, ila exsolation 640
in magoetite
Cpx(p]-Ebl corona layer
Io= 1,97 943
o= 241 70
Koz .28 303-159
A B U B
. Grb-Bt rins S a5 AT s
\" W‘
o
. -339- . v
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Appendix 1 {coztinued)

Sample ssenblage Yeaperature (*C) Pressare [kbar)
Juaber

t! !3 tl 1? Tl ) !l Tl. Tll P‘I.

_#_—__._-—-—-——%_—'_———.———l——————_‘—

CMA-146 Opx{n)-Cpx{plcese 302
n
: 654 _
Grt-Ebl rias 532 1.1
A 17 A 1.6
11 ] 8.6
(11 11.2
Grt-bl cores 511 '
. ' 540
625
650
Cpxip)-Bbl .
Fe= 1.33 ’ 791-870
Get-Bt rims 405 478 525 551 G605
cores 418 137 M 41 5K
ert-t rims 4811 €13 523 552 @06
cores 47 3¢ 04 510 576

r. .
N . Lt . . '



- Figure 15
Sample locations map _
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Figure 16

Distribution of mineral assemblages
with respect to
sample locations

Chibougamau
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Figure 18

Distribution of corona types
with respect to |
sample locations
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Figure 34

Distribution of geochemical groups
with respect to
sample locations

Chibougamau
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