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THESISABSTRACT

The Bay of Islands Ophiolitic Complex (BOIC) is one of most well preserved and
well-exposed ophiolitesin the world. The BOIC consist of four massifs, these arethe Table
Mountain (TBL), North Arm Mountain (NAM), Blow-Me-Down Mountain (BMD) and
Lewis Hills massifs. Proposed geological environments of the BOIC in Newfoundland are
diverse; ranging from oceanic spreading ridge to supra-subduction setting.

The BOIC has a complete ophiolite sequence as defined at the Penrose Conference
(Anonymous, 1972) including ultramafic mantle rocks, ultramafic to gabbroic cumulate
rocks, sheeted dikes, pillowed basaltic rocks and capping sedimentary rocks in structurally
ascending order. We studied harzburgite and overlying massive dunite in the BOIC.
Harzburgite is generally medium-grained, and contains olivine, orthopyroxene, Cr-spinel,
clinopyroxene and rare sulfide minerals. Harzburgite is massive to strongly deformed, with
local development of mylonitic shear zones. A foliation and lineation are defined by
elongated and fragmented grains of orthopyroxene and Cr-spinel. Dikes, sills, veins, and
irregularly-shaped bodies of dunite and pyroxenite are present throughout the harzburgite
unit.

Dunite is the predominant lithology of the Blow-Me-Down Mountain. It istypically
fine- to medium-grained, massive, and contains minor Cr-spinel and rare sulfide minerals.
Dunite contains olivine, Cr-spinel and minor pyroxenes in some samples. Olivine crystals
are commonly partly replaced by serpentine along fractures and in outer rims.

Bulk rock and mineral composition data suggest that harzburgites are mild to highly

refractory mantle residues after partial melting. In contrast all dunite samples show a



cumulate geochemical signature from a mafic melt that originated from highly refractory
mantle peridotites.

Our study suggest that the harzburgite in the BOIC originally formed as oceanic
lithosphere at a slow spreading ridge, possibly in the vicinity of active arc systems, whereas
the parental melt for dunites formed in subduction setting.

The second part of this study measured trace element compositions for olivine, Cr-
spinel and bulk rock of dunite. The measured bulk rock compositions are compared to those
of calculated based on mineral chemistry and their abundance. This comparison suggests that
the trapped melt fraction was negligible during the crystalization of the dunites. The
calculated melt compositions for the dunites confirm that the melt formed in subduction

setting.



RESUME DE THESE

Le Complexe Ophiolitique de Bay of Island (COBI) est un example d'ophiolite
exposes les mieux préservés au monde. Le COBI est constitué de quatre massifs; du nord au
sud on retrouve lesmassifs Table Mountain (TBL), North Arm Mountain (NAM), Blow-Me-
Down Mountain (BMD) et Lewis Hills. Les explications relatives aux origines du COBI de
Terre-Neuve varient depuis la formation en falaise des linosphéres océaniques jusqu’a
I’environnement de zones de supra-subductions.

Le COBI présente une séquence ophiolitique compléte, telle que définie par les
participants de la conférence de Penrose (Anonymes, 1972), incluant, en ordre ascendant,
une couche de roche accumulée de I'ultramafique au gabbroique, digues en feuille, coussins
de roche basaltique et couverture de roche sédimentaire. Nous avons étudié I'harzburgite et
les dunite massives de recouvrement du COBI.

L' harzburgite est généralement de grain moyen avec des textures variant de massives
a fortement déformeées, avec des développements locaux de zones de clivage mylonitique.
Les harzburgites typiques présente une foliation et lineation définie par des grains allongés
et fragmentés d'orthopyroxene et de Cr-spinel. On note la présence a travers toute la
formation de harzburgite, de digues, de seuils de veines et de formations de dunite et de
pyroxenite irrégulieres. L'harzburgite contiens de I'olivine, de I'orthopyroxeéne, du Cr-spinel,
du clinopyroxéne et des sulfites minéraux.

La dunite, depuis le grain fin jusqu'au grain moyen, est la lithologie prédominante
dans le Blow-Me-Down Mountain. Elle contient un peu de Cr-spinel. Certains échantillons
de dunite contiennent de I'olivine, du Cr-spinel et un peu de pyroxéne. Les cristaux d'olivine

sont souvent remplacés par des serpentines.



Les données relatives aux blocs de roches et les calculs de valeurs fO. démontrent
que I'harzburgite est formeée de résidus réfractaires du manteau ayant subit une fonte partielle.
Par contre, tous les échantillons de dunite expriment une caractéristique cumulat.

Notre étude suggére que I’harzburgite du COIB est, a l'origine, une formation en
falaise litosphérique océanique de propagation lente, possiblement dans le voisinage de
systemes d'arc actifs.

Cette étude a aussi mesuré et comparé |'abondance d'éléments traces provenant des
roches dunitiques la composition en trace provenant d'une analyse de minéraux. Cette
comparaison nous a permis d'évaluer lafraction liquide piégé et lacomposition du liquide en

équilibre avec la dunite du Complexe Ophiolitique de Bay of Islands.
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INTRODUCTION
Preamble

The term ophiolite was first introduced by Alexander Brongniart (1813) for an
assemblage of green rocks in the Alps (serpentine, diabase). Gustav Steinman (1856-1929)
elevated the term *“ophiolite” to a new concept. Steinman interpreted these rocks from the
Alps as differentiated magmatic rocks evolved on the ocean floor. This interpretation led to
the "Steinmann’s trinity", consisting of serpentinites, diabase and chert.

Harry H. Hess in 1955 argued about an island arc origin of mafic-ultramafic rock
assemblages and serpentinized peridotites found in orogenic belts. Hess also combined his
observations from the Appal achian and Caribbean peridotites with post-war developmentsin
marine geological and geophysical investigations to suggest that the ocean floor was
extensively serpentinized by waters rising out of the mantle.

This ophiolites discussion led to the organization of an international Penrose Field
Conference in September 1972. Participants of this conference made field observations in
various ophiolite complexes in the western United States, discussed the European ophiolite
concept and the ocean crust—ophiolite analogy, and produced a consensus statement on the
definition of an ophiolite (Anonymous, 1972).

The origin of ophiolites has still been in debate for a long time. Proposed opinions
include the exposed oceanic lithosphere formed at ridges, a mixture of oceanic lithosphere
and igneous rocks formed in subduction zones. The Bay of Islands Ophiolitic Complex
(BOIC) in Newfoundland is one of the three major ophiolitesin the world. Similar to many

other ophiolites, the origin of the BOIC has been controversial.
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This study discusses the BOIC evolution, based on new data on mineral-chemistry,
major and trace elements, and PGE abundance for ultramafic rocks with a specia focus on
the Blow-Me-Down massif. Combining all data, we suggest that the harzburgitein the BOIC
originally formed as oceanic lithosphere at a slow spreading ridge, possibly in the vicinity of
active arc systems. Subduction initiation resulted in flux-melting at high fO. to form meltsto
form ultramafic cumulates.

This study also reports the concentrations of a suite of minor and trace elements in
cumul ate dunites from BOIC, using laser ablation coupled to a mass spectrometer. The report
further evaluates the melt fraction of cumulate rocks based on trace element abundance,
including rare earth elements, of constituent minerals and bulk rocks.

PREVIOUS WORK

Proposed origins of the Ordovician age Bay of I1sland Ophiolitic Complex (BOIC) in
Newfoundland are diverse including the oceanic lithosphere formed at a ridge and arc
lithosphere. The BOIC consist of four massifs; these are the Table Mountain (TBL), North
Arm Mountain (NAM), Blow-Me-Down Mountain (BMD) and Lewis Hills massifs. The
BOIC istectonically juxtaposed to the west against acomplex assemblage of metamorphosed
and deformed ophialitic rocks referred to as the Coastal Complex (CC) (Williams 1973).

In one of the first studied about BOIC, Snelgrove et. a (1934) conducted
reconnaissance mapping of BMD mountain. Smith (1958) proposed BOIC origin as a
syntectonic layered intrusion, after mapping the North Arm Mountain massif. Williams
(1973) generated the first maps covering the entire BOIC and interpreted it as oceanic
lithosphere. Karson and Dewey (1978) and Suhr and Cawood (2001) suggested the Coastal
Complex, a complex assemblage of metamorphosed and deformed ophialitic rocks, were

accreted against oceanic lithosphere of the BOIC along an oceanic transform fault. Searle
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and Stevens (1984) concluded that the Coastal Complex was significantly older than the
BOIC, and proposed a back-arc spreading origin for the BOIC. The proposed interpretation
of the relationship of the two is supported by geochronological data. The U/Pb zircon ages
of 505 Ma +3/-2 for the Little Port Assemblage of the Coastal Complex (Jenner et al., 1991)
and of 500.6 +/- 2 Ma and 503.7 +/- 3.2 Ma of the western part of the Lewis Hills massif
(Kurth et al., 1998) are significantly older than those of the BOIC. The latter include an U/Pb
zircon age for a BMD trondhjemite of 485.7 Ma +1.9/-1.2 (Dunning and Krogh, 1985); a
zircon age of 484 +/- 5 Ma for a BMD gabbro (Jenner et a., 1991), and an apatite age of
485+/-1 Mafrom agabbro in the eastern Lewis Hills (Kurth et al., 1998).

Suen et al. (1979) and Casey et a. (1985) determined maor- and trace element
compositions of gabbroic rocks and documented that the geochemical signatures including
low light REESs are similar to those of mid-oceanic ridge basalts, and concluded that they
formed at oceanic ridges. Elthon et a. (1982, 1984) proposed that the ultramafic cumulates
represent high-pressure crystallization of melts parental to the more evolved gabbroic rocks.
In contrast, Bédard (1991, 1993) and Bédard and Hébert (1996) proposed that the ultramafic
cumul ates formed from an underplating sill complex, and suggested aboninitic affinity based
on the high Cr# (Cr/Cr+Al) of Cr-spinel and low Ti-content of pyroxenes. Jenner et al.
(1991), Elthon (1991) suggested that the gabbroic intrusions and vol canic rocks of the BOIC
formed in a supra-subduction-zone environment based on trace element signatures of dioritic
and basaltic rocks.

Trace element studies in cumulate rocks are important to understand their chemistry
and allow determining the concentration of elements in the liquids that coexisted with the
rocks at the time of crystallization. There are not many trace element studies about cumulate

plutonic rocks. Bédard (1994) using bulk rock trace element analyses obtained the
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equilibrium distribution of trace elements of cumulates rocks, and the concentration of trace
elements in the coexisting liquids. In the same year Paktunc and Cabri (1994) anayzed by
proton and electron microprobes Cr- spinels from a number of localities to examine the
variation of trace elements in different geological environments, including dunite and
chromititesfrom BOIC. Almost 15 years|ater, three new different studies about trace element
concentrations in cumul ate rocks/ultramafic rocks were published. Dare et al. (2009) studied
Cr—spinel from 58 peridotites from oceanic and ophiolitic settings with the objective of
further devel op the tectonic discrimination of peridotites from mid-ocean ridges (MOR) and
supra-subduction zone (SSZ) settings.

De Hoog et al. (2009) studied trace-element compositions of olivine from 75 mantle
rocks of diverse origin, including xenoliths from kimberlites, basatic lavas and orogenic
peridotites. They were determined by laser ablation ICP-M Swith the objective of identifying
systematic variations between mantle lithologies.

The most recent and compl ete study about trace element in Cr-spinel from cumulate
rocks was presented by Pagé and Barnes (2009). This study presents the concentrations of a
complete suite of minor and trace elements (Sc, Ti, V, Mn, Co, Ni, Zn, and Ga) in Cr-spinel
from podiform chromitites of the Thetford Mines Ophiolite (Canadian Appalachians) and
from the associated boninite lavas, using laser ablation inductively coupled to a

plasmaquadrupol e mass spectrometer.
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THESISOBJECTIVES

Ophiolites have brought together diverse groups of international scientists far more
than any other topic in geology. The ophiolites studies and debates hel ped to form the nucleus
of the tectonics hypothesis, which was formulated as quantitative theory in 1967-1968. The
main objective of thisthesisisto provide new mineral -chemical, whole-rock, and PGE data
for the ultramafic rocks from BOIC, with a specia focus on the Blow-Me-Down massif,
which has received | ess attention than the other massifsin the past.

This thesis also addresses a geochemical study about trace elements in the dunites
from the Blow-Me-Down massif from BOIC. Trace element concentration were measured in
olivine and Cr-spinel and bulk rock using LA-ICP with the objective of obtaining the
chemistry signature of the cumulate dunites from BOIC and the melt in equilibrium with
them.

THESISOUTLINE

Thisthesisis presented as two papers (chapters 1 and 2), al of which were written to
address independent themes of this study. This method of presentation involves undesirable
redundancies, especially with respect to analytical procedures, petrography and some
geochemical results.

Chapter 1 isapaper focused in constraining the tectonic evolution of the Bay of Island
Ophiolitic Complex. The manuscript will be submitted to arefereed journal.

Chapter 2 is areport focusing on trace element composition of dunites from Blow-

Me-Down and is not written with intent of publication in arefereed journal.
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STUDY AREA

The Bay of Island Ophiolitic Complex, western Newfoundland, was selected for this
study because of its excellent exposure and convenient accessibility. The island of
Newfoundland is part of the Appalachian-Caledonian orogenic belt which is known by
numerous ophiolites occurrences (Fig. i). Newfoundland is divided into four tectonic zones
from east to west these are the Avalon, Gander, Dunnage, and Humber Zones. The Dunnage
Zone has been subdivided by Williamset a. (1988) into two major subzones; the Notre Dame
subzone to the West and the Exploits subzone East of the Red Indian Line. This division
reflects marked differences in stratigraphy and faunain Lower to Middle Ordovician rocks.

The BOIC is a klippe of Notre Dame Subzone oceanic rocks that was emplaced on
the collapsed passive margin of North America during the Ordovician Taconian orogeny

(Cawood and Suhr, 1992).
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Figure i: Ophiolitic complexes of the Newfoundland Appalachians (black). Modified after Dunning and
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The BOIC consist of four massifs; from north to south these are the Table Mountain
(TBL), North Arm Mountain (NAM), Blow-Me-Down Mountain (BMD) and Lewis Hills
massifs (Fig. ii). Each massif contains mantle and crustal rocks. The BOIC is tectonically
juxtaposed to the west against the Costal Complex (CC), which is an assemblage of
metamorphosed and deformed igneous and sedimentary rocks (Karson, 1984).

Among the four massifs, North Arm Mountain and Blow-Me-Down Mountain
contain nearly complete ophiolite sequences as defined by the Penrose Conference
Participants (Anonymous, 1972) including ultramafic rocks, ultramafic to gabbroic lower
crust, sheeted dikes, pillowed basaltic rocks and capping sedimentary rocks in structurally
ascending order. The Table Mountain massif and the eastern half of the Lewis Hills massif
only preserve the lower parts of the sequence. The Lewis Hills has been interpreted to
represent atransform / spreading ridge junction, with the eastern part belonging to the BOIC
(Karson, 1984).

This study focus on ultramafic rocks from BOIC, collected after mapping in
September, 2010 from the Table Mountain, and Blow-Me-Down Mountains. Samples from

North Arm Mountain are those reported by Bédard and Hébert (1998).
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Figureii: Topographic map of the Bay of Island Ophiolitic Complex.

STATEMENT OF ORIGINAL CONTRIBUTION

The Bay of Island ophiolite Complex is one of the best preserved and exposed
ophiolites in the world. Although the Complex has been studied, its paleotectonic setting
remains controversial. This manuscript presents new data of mineral chemistry, whole-rock
and trace element chemistry, and PGE abundance for ultramafic rocks and the spatial
variation of spinel chemistry. Our samples include rocks from the Blow-Me-Down massif,
which has few information, and fill an important gap in coverage of data of the BOIC.

The study involved aweek of fieldwork in the BOIC, Newfoundland in September
2010. Samples collected by Drs. Jean Bédard and Rejéan Hébert in 1998 were also used for
comparison purpose in this study.

The geochemical data, mineral analyses, petrological observations, along with al

interpretations, are the result of my origina work. Chapter 1 “Constraining the tectonic
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evolution of the Bay of 1sland Ophiolitic Complex, Newfoundland” was orally presented in
the Geological Society of AmericaMeeting, 2011 in Minneapolis (Appendix E).
All two chapters benefited from edits, comments and suggestions from Dr. Keiko

Hattori. Chapter 1 benefited from edits and comments also from Dr. Jean Bédard.
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Chapter 1

Constraining the tectonic evolution of the Bay of 1slands
Ophiolitic Complex, Newfoundland.

Fabio Stern?, Keiko Hattori!, and Jean H. Bédard?
Department of Earth Sciences, University of Ottawa, 140 Louis Pasteur, Ottawa, Ontario, KIN

6N5, Canada.
2Geol ogical Survey of Canada, 490 de la Couronne, Québec, QC, G1K 9A9, Canada.



ABSTRACT

Proposed origins of the Bay of Island Ophiolitic Complex (BOIC) of Ordovician age
in Newfoundland are diverse; ranging from oceanic lithosphere formed at aridge to a supra-
subduction zone environment. We studied harzburgite and overlying massive dunite in the
BOIC, with a special focus on the Blow-Me-Down massif, which has received |ess attention
than the other massifsin the past. Cr-spinel in BOIC harzburgite shows acontinuous variation
in Cr# (Cr/Cr+Al) from 0.32 to 0.64 and XMg (Mg/Mg+Fe?*) from 0.52 to 0.70. Forsterite
(Fo) contents of olivine range from 90 to 91 and NiO from 0.34 to 0.42 wt%. Mineral pairs
of harzburgites in BOIC plot in moderately fertile to refractory mantle in the olivine-spinel
mantle array (OSMA) of Arai (1994). In a Cr# vs. XMg diagram, low Cr # spinels
compositions overlap the fields for abyssal and subarc mantle peridotite, whilst those with
high Cr# extend into the forearc mantle field.

Cr-spinel in dunite has Cr# ranging from 0.16 to 0.69 and XMg from 0.47 to 0.75.
The Fo contents (86 to 91) in olivine extend to lower values than those of harzburgite. The
platinum group element (PGE) contents in dunite show aslightly positively sloped primitive-
mantle normalized pattern with low Os and Ir, indicating that these dunites are cumulates
from amafic melt, not ultra-restites. Values of Cr# for spinel in dunite suggest that the source
mantle for its parental melt was refractory, similar to forearc mantle, indicating the
progressive depletion in the mantle during the evolution of the BOIC.

Combining al data, we suggest that the harzburgitein the BOIC originally formed as
oceanic lithosphere at a slow spreading ridge, possibly in the vicinity of active arc systems.
Subduction initiation resulted in flux-melting at high fO> to form melts to form ultramafic
cumulates. The Blow-Me-Down massif is mostly composed of very thick (~ 3 km) dunites.

The next massif to the north, at North Arm, has much thinner dunites and contains significant
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proportions of pyroxenite and pyroxene-bearing peridotite. The northernmost massif at Table
Mountain has a very thin dunite, recording progressive fractionation as the magma spread
beneath gabbroic rocks of oceanic origin.

INTRODUCTION

The Bay of Idands Ophiolitic Complex (BOIC) of the western Newfoundland
Appalachians has remarkable preservation of all components of a typical Penrose ophiolite
stratigraphy (Anonymous, 1972). The origin and evolution of this ophiolite has been debated
extensively over thelast 30 years (Suen et a., 1979; Casey et ., 1985; Bédard, 1991; Elthon,
1991; Jenner et al., 1991; Cawood and Suhr, 1992; Kurth et al., 1998; Suhr and Cawood,
2001; Zagorevski and van Staal, 2011).

While structural and stratigraphic evidence provides important constraints on the
origin of ophiolites, the commonest approach is to use the geochemical systematics of the
rocks found in these complexes and to compare them to similar rocks of known settings.
Although many different tectonic models have been proposed for the BOIC (Elthon, 1991,
Jenner et al., 1991, Kurth et al., 1998, 2004), we present here new data on mineral-chemistry,
major and trace elements, and PGE abundance for ultramafic rocks which show that one
tectonic setting. We aso provide new data from the Blow-Me-Down massif, compare these
to data from the other massifs and discuss the BOIC evolution.

Many ophiolites have dunite sandwiched between refractory mantle harzburgite and
gabbros, and there is a debate whether these dunites represent ultra-depleted mantle

peridotites, or cumulate rocks. Our data will show that these dunites are cumulate rocks.



GEOLOGY
Regional Geology

Newfoundland is divided into four tectonic zones. From East to West these are the
Avaon, Gander, Dunnage, and Humber Zones. The Dunnage Zone has been subdivided by
Williams et al. (1988) into two major subzones; the Notre Dame subzone to the West and the
Exploits subzone East of the Red Indian Line. This division reflects marked differences in
stratigraphy and faunain Lower to Middle Ordovician rocks.

The BOIC is a klippe of Notre Dame Subzone oceanic rocks that was emplaced on

the collapsed passive margin of North America during the Ordovician Taconian orogeny
(Cawood and Suhr, 1992).
The BOIC consist of four massifs; from North to S outh these are the Table Mountain (TBL),
North Arm Mountain (NAM), Blow-Me-Down Mountain (BMD) and Lewis Hills massifs.
Each massif contains mantle and crustal rocks. The BOIC is tectonically juxtaposed to the
west (Fig. 1) against the Coastal Complex which is an assemblage of metamorphosed and
deformed igneous and sedimentary rocks including an old arc complex (Karson, 1984). The
Lewis Hills massif contains the magmatic contact between Coastal Complex and the BOIC
(Karson & Dewey, 1978; Cawood & Suhr, 1992; Kurth et a., 1998).

Among the four massifss NAM and BMD contain nearly complete ophiolite
sequences as defined by the Penrose Conference Participants (Anonymous, 1972) including
ultramafic mantle rocks, ultramafic to gabbroic cumulate rocks, sheeted dikes, pillowed
basaltic rocks and capping sedimentary rocks in structurally ascending order. The TBL and
the eastern half of the LH only preserve the lower parts of the sequence (Fig. 1).

Snelgroveet. a (1934) conducted reconnai ssance mapping of BMD mountain. Smith

(1958) mapped the North Arm Mountain massif and proposed its origin as a syntectonic
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layered intrusion. Williams (1973) generated the first maps covering the entire BOIC and
interpreted it as oceanic lithosphere. Karson and Dewey (1978) and Suhr and Cawood (2001)
suggested the rocks of the Coastal Complex were accreted against oceanic lithosphere of the
BOIC aong an oceanic transform fault. Searle and Stevens (1984) concluded that the Coastal
Complex was significantly older than the BOIC, and proposed a back-arc spreading origin
for the BOIC. The proposed interpretation of the relationship of the two is supported by
geochronological data. The U/Pb zircon ages of 505 Ma +3/-2 for the Little Port Assemblage
of the Coastal Complex (Jenner et al., 1991) and of 500.6 +/- 2 Ma and 503.7 +/- 3.2 Ma of
the western part of the Lewis Hills massif (Kurth et al., 1998) are significantly older than
those of the BOIC. The latter include an U/Pb zircon age for aBMD trondhjemite of 485.7
Ma +1.9/-1.2 (Dunning and Krogh, 1985); a zircon age of 484 +/- 5 Mafor a BMD gabbro
(Jenner et al., 1991), and an apatite age of 485+/-1 Ma from a gabbro in the eastern Lewis
Hills (Kurth et a., 1998).

Mid ocean ridge setting for the formation of BOIC was proposed by Suen et al. (1979)
and Casey et al. (1985), based on the similar major and trace el ement compositions of BOIC
gabbroic rocks to mid-oceanic ridge basalts. Elthon et a. (1982, 1984) proposed that the
ultramafic cumulates represent high-pressure crystallization of melts parental to the more
evolved gabbroic rocks. In contrast, Bédard (1991, 1993) and Bédard and Hébert (1996)
proposed that the ultramafic cumulates formed from an underplating sill complex, and
suggested a boninitic affinity based on the high Cr# (Cr/Cr+Al) of Cr-spinel and low Ti-
content of pyroxenes. This suggestion appears to be consistent with trace element inversion
calculations on dunites, orthopyroxenites and wehrlites (Bédard, 1994, 2007). Jenner et al.
(1991), Elthon (1991) suggested that the gabbroic intrusions and volcanic rocks of the BOIC

formed in a supra-subduction-zone environment based on trace element signatures of dioritic
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and basaltic rocks. The weak subduction-related geochemical signature of tholeiitic igneous
rocks and abundant sheeted dykes, together with the age rel ationships, suggest that the BOIC

may have formed as a peri-continental margina basin (e.g. Cawood & Suhr, 1992).

Samples

Representative samples of ultramafic rocks were collected after mapping in September,
2010 from the Table Mountain, and Blow-Me-Down Mountains. Samples from North Arm
Mountain are those reported by Bédard and Hébert (1998). Weathered surface was removed
in the field. Hydration of olivine and orthopyroxene forms serpentine and magnetite and
other hydrous phases, such as talc and brucite (Komor et al., 1985). Serpentine forms aso
narrow venlets (<0.05 mm) in rocks. Fine-grained dusty magnetite is commonly
disseminated within serpentine; and magnetite also forms discontinuous veinlets along grain
boundaries and fractures of silicate minerals. High-temperature metasomatic minerals, such
as phlogopite and amphiboles, were not observed. Although it is possible that very minor
amounts of these phases may have been present, it is unlikely that such metasomatic phases
are significant considering that harzburgite rocks are essentially anhydrous and retain the
primary textures.
Rock Types
Harzburgite

Harzburgite is the tectonically lowest igneous unit in the ophiolite sequence in the
BOIC (Fig. 1). The thickest and most complete sections are exposed in the TBL and NAM
massifs (e.g. Suhr, 1992). It is generally medium-grained, and ranges from massive to
strongly deformed, with local development of mylonitic shear zones. Typica harzburgites

show afoliation and lineation defined by elongated and fragmented grains of orthopyroxene



and Cr-spinel. Dikes, sills, veins, and irregularly-shaped bodies of dunite (Fig. 2) and
pyroxenite are present throughout the harzburgite unit (Varfalvy et al., 1997) with sharp
contactswith the host harzburgite and thereis no obvious metasomatic effects on harzburgite.
Vein thicknesses vary from thin (< 10 cm) to metric in size, and some veins are folded.

Harzburgite contains olivine (70 - 80 vol.%), orthopyroxene (17- 30 vol.%), Cr-spinel
(< 1 val.%) and minor clinopyroxene and sulfide minerals. Orthopyroxene occurs as coarse
subhedral grains (< 0.8 mm, up to 2 mm). Harzburgite in NAM contains subhedral to
anhedral porphyroclasts of orthopyroxene, and some form aggregates (~10 mm) of smaller
grains (< 3 mm). Orthopyroxene may contain inclusions of olivine and rare Cr-spinel.
Olivine is generally medium to fine-grained (< 0.5 mm), anhedral, and only rarely contains
Cr-spinel or sulfide inclusions

Cr-spinel isanhedral to subhedral (Fig. 3a). Grains are small, lessthan 0.2 mm in most
cases with rare coarse grains reaching 0.6 mm. It is red-brown to opaque in thin sections
under transmitted light, and commonly rimmed by secondary magnetite. Cr-spinel occurs
along grain boundaries of olivine or as rare inclusionsin orthopyroxenes and clinopyroxene.

Clinopyroxene is rare (less than 5 vol.%). The grains are subhedral and generally
smaller than 1.5 mm. Clinopyroxene commonly occurs near orthopyroxene grains, it may
occur in contact with olivine and Cr-spinel.

Rare pyrrhotite with minor chal copyrite or pentlandite are disseminated as small (< 200
um) angular grains along grain boundaries of silicate minerals (Fig. 3c). Sulphur contents of
bulk rocks (9 to 239 ppm S) show a broad positive correlation with Cu contents (Fig. 4),
confirming that chalcopyrite hosts most of the Cu. The atomic ratios of Cu to S are lower

than 0.5, suggesting that most of the Sis hosted by Fe sulfides.



Dunite

Dunite is the predominant lithology of the Blow-Me-Down Mountain. It iswell
exposed on the flank near the top and on the flat top (~ 10 x 5 km in size) of the mountain.
Duniteistypicaly fine- to medium-grained, massive, and contains minor Cr-spinel. In
some location dunite rocks show layers of Cr-spinel-rich bands (Fig. 5). At some locations
dunite displays a weak foliation defined by elongated grains of Cr-spinel and lenses of
aggregates of Cr-spinel. Dunite contains olivine (> 96 vol.%), Cr-spinel (< 1.5 vol.%) and
minor pyroxenes in some samples. Olivine crystals are medium to fine-grained (< 0.4 mm)
and subhedral. Olivineis commonly partly replaced by serpentine, which is reflected by
high values (11.4-16.8 wt.%) of losson ignition (LOI; Table 4).

Cr-spinel abundance in dunite is typically greater than that of harzburgite. They occur
along grains boundaries and asinclusion in olivine. The Cr-spinel grains are usually small (<
0.2 mm) and opague in thin sections under transmitted light, with secondary magnetite rims
(Fig. 3b). Rare coarse Cr-spingl forms anhedral to subhedral grains. Elongated grains were
also observed in some samples.

Sulfide minerals are common in dunite (up to 894 ppm S). The mgority of sulfide
grains form angular to globular grains ranging in size from <100 um to 500 um at grain
boundaries or at triple junctions of olivine grains. They are commonly replaced by Fe oxides
leaving isolated relict sulfides (Fig. 3d). Although high-temperature sulfide melt may
dissolve up to 50% oxygen at moderately high fO. around the quartz-magnetite-fayalite
buffer (Francis, 1990), the texture and abundance of Fe oxide in many sulfide grains from
the BOIC areinterpreted to be the result of low temperature oxidation. The evidence suggests

that the original concentrations of S are higher than the observed values. The sulfide minerals



are mostly high Ni pyrrhotite (31 to 41 wt% Ni) with minor chalcopyrite and pentlandite.
The original Ni contents of pyrrhotite may have been lower because of the oxidation of
sulfides with little Ni in Fe oxide. Exsolution textures are recognized in the less oxidized
grains, where patches of pentlandite exsolve from pyrrhotite, and rare heazlewoodite
exsolves from pentlandite. Sulfide minerals are also found as rare inclusions in olivine and
Cr-spinel. These are small (less than 10 um), globular or angular inclusions (pentlandite,
pyrrhotite and chalcopyrite). Globular shaped sulfides were likely formed as immiscible
sulfide melt at high temperatures. Thus, the textural evidence suggests that the sulfides in
BOIC dunites likely formed from high temperature sulfide melts, and later unmixed during
cooling, and that they have undergone later oxidation at low temperatures.
Wehrlite

Wehrlite forms veins of varying width (up to 30 cm) cutting dunite. Wehrlite is
coarse-grained, contains olivine (> 80 vol.%), clinopyroxene (< 20 vol.%) and minor Cr-
spinel (< 1vol.%). Olivinegrains are large (~ 1 mm) and subhedral, and commonly hydrated
to form serpentine pseudomorphs. Clinopyroxene is mostly anhedral and large (~ 2 mm).
Some form aggregates up to 8 mm in size. Clinopyroxene commonly contains inclusions of
olivine and Cr-spinel. Cr-spinel grains in wehrlite are opague and have two different sizes.
Small grains (< 0.2 mm) are anhedral to subhedral and occur asinclusions in clinopyroxene.
Large grains (< 0.8 mm) are subhedral and contain fracturesfilled with magnetite. Magnetite
alsorimsthe grains of Cr-spinel. Discontinued veinlets of fine-grained magnetite occur along

grain boundaries of clinopyroxene.



Gabbroic Rocks

Gabbroic rocks are well exposed in all four massifs of the BOIC (Fig. 1). Sillsand
dykes of wehrlite, harzburgite, Iherzolite and dunite locally cross cut gabbroic rocks.
Gabbroic samples were collected from the BMD massif above the dunite. At BMD, most
gabbroic rocks are dominated by plagioclase and clinopyroxene, with minor olivine and Cr-
spinel. Plagioclase (up to 70 vol.%) rangesin size from 0.8 to 1.8 mm. Clinopyroxene (20-
25 v0l.%) has grain sizesfrom 0.5 to 1.0 mm. Subordinate (up to 5 vol.%). olivine grains are
small (0.3-0.8 mm). Discrete grains (0.2-1.2 mm) of orthopyroxene are present in some
samples (~1vol. %). Tracesof euhedral Cr-spinel occur asdiscrete grains or enclosed within
plagioclase and clinopyroxene. Chlorite is common as an alteration product of

clinopyroxene.

ANALYTICAL PROCEDURES

The concentration of major and minor elements in bulk rocks were determined at the
University of Ottawa, using a Philips PW2400 sequential wavelength dispersive XRF. Mg or
elementswere obtained from afused bead made from amixture of sample (1.5 g) with lithium
metaborate (6.0 g) and lithium tetraborate (1.5g) at ~1050°C. The concentrations of S were
determined using a Vista-Pro ICP-OES (University of Ottawa) after digesting samples in
aqua regia in sealed, screw-top Teflon vials at 150°C.

Platinum group element (PGE) concentrations were determined by isotopic dilution
techniques using a mixed spike of 1°'Ru, 1%®pPd, 0s, ¥%r and ¥Pt. PGEs were pre-
concentrated in a Ni-sulfide bead which was dissolved in 6N HCI, and the filtrate was
dissolved in concentrated HNOs. Mass ratios were determined using an Agilent HP 4500

inductively coupled plasmamass spectrometer (ICP-MS; University of Ottawa). Blankswere
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0.002-0.007 ng Ir/g flux, 0.002-0.006 ng Os/g flux, 0.07-16 ng Pt/g flux and 0.03-0.9 ng Pd/g
flux and 0.002-0.007 ng Ru/g flux. These values are negligible compared to amounts in
samples and thus blank corrections were not applied to the results.

Mineral compositions were determined using an automated 4 spectrometer
CAMEBAX MBX electron probe (Carleton University) by the wavelength dispersive X-ray
analysis method. Counting times were 15 sec per element, except for Fe (20 s) and Ni (40 s).
A 15 kV accelerating potential and a 20 nA beam current were applied. The calibration
standards used were pure wollastonite (Si, Ca), synthetic spinel (Al), synthetic Cr.Oz (Cr),
forsterite (Mg), synthetic MnTiOz (Mn, Ti), pure vanadium metal (V), abite (Na), fayalite
(Feinsilicates) and synthetic FesO2 (Fe in oxides). Fe-Os contents of spinel were determined
assuming that stoichiometry is respected.

RESULTS
Mineralogy and Mineral Chemistry
Cr-Spinel

Cr-spinel in harzburgite. Different Cr-spinel grains in individual samples have
similar core compositions therefore they are considered primary (Table 1). Vaues of Cr#
(=Cr/[Cr+Al]) range between 0.32 and 0.64 and values of XMg (Mg/[Mg+Fe?']) vary from
0.52 and 0.70. They have low Fe** (YFe** =Fe**/[Al+Cr+Fe*, < 0.02). Low Cr# samples
plot in the field of abyssal peridotites, whilst high Cr# samples plot in the field of forearc
mantle peridotites (Fig. 6a). The overall range is similar to that observed by Bédard and
Escayola (2010). The TiO2 contents of Cr-spinel in harzburgite are low, ranging from 0.02
to 0.05 wt%, plotting in the area where subarc and abyssal peridotite fields overlap

(Kamenetsky et a., 2001) (Fig. 6h).
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Cr-spinel in dunite. In dunite, Cr-spinel cores of different grains in individual
samples have also similar compositions, being considered primary (Table 1). The values of
Cr# for the cores range between 0.16 and 0.69. The values for XMg range between 0.47 and
0.75. Cr-spingl grains in dunite have higher YFe** contents (0.03-0.09) than those from
harzburgite (< 0.02). Contents of TiO> are also higher than those of harzburgite, ranging from
0.04 to 0.78 wt%o.

Olivine

The forsterite component of olivine (Fo=100 x Mg/[Mg+Fe]) rangesfrom 90to 91 in
the analyzed harzburgites, and the contents of NiO from 0.34 to 0.42 % (Table 2). All the
harzburgite samples plot within the olivine-spinel mantle array (OSMA) of Arai (1994),
which is arestite trend of compositional changes of olivine and Cr-spinel (Fig. 7a). Dunite
samples have Fo from 86 to 91. Dunite samples with Fo higher than 90 plot in the OSMA,
whereas samples with low Fo (<90) plot outside the OSMA (Fig. 7a). These data suggest that
the dunite samples with low Fo components are not in equilibrium with mantle peridotites,
and crystallized from more evolved melts that experienced fractiona crystallization.
Therefore, these more evolved samples were not used for the evaluation of the source mantle
for the parental melt.

In dunite the overall NiO contents in olivine range from 0.23 to 0.35 wt% (Table 2).
The vauesof NiO in olivine are dightly lower than those of mantle peridotites (Fig. 7b) and
they are not well correlated with Fo contents (Fig. 7b). The data suggests the possible
presence of sulfide melt that incorporated Ni. This is consistent with minor, but common
occurrences of Ni-rich sulphide mineras in dunite. The evidence suggests the possible

presence of sulphide melt during dunite crystalization, but NiO contents in olivine in our

12



samplesare similar to those in the ultramafic cumulate body from the Ni—Cu sul phide deposit
in Jinchuan, China (Li et al., 2004).

Nickel contentsin olivine coexisting with sulfide melt are controlled by fO,, fS; and
temperatures. Brenan (2003) determined the exchange coefficients of Fe and Ni between
coexisting olivine and sulfide melt. Sulfide grains in dunites we analyzed contain 26 to 32
wt% Fe and 31 to 41 wt% Ni; with an Fe/Ni weight ratio of 0.78 to 1.1. Considering the
extensive oxidation of sulfidesto Fe oxides (Fig. 3d), it seems probable that the Ni contents
intheoriginal sulfideswere probably lower than the measured values. Therefore, we consider
that the weight ratios of Fe/Ni in sulfide grains give the maximum values of the original
sulfide melt. The weight ratios of Fe/Ni of olivine are 24 to 40. Using these values, the
maximum apparent exchange coefficients of Fe and Ni between olivine and sulfide in our
dunite samples are evaluated to be ~ 30.8 - 36.3. These values are similar to those observed
in S-saturated igneous rocks reported in Brenan (2003), supporting a hypothesis whereby the
parental melt for dunite reached S saturation during solidification. Thisis consistent with the
presence of sulfideinclusionsin olivine, and textural evidencefor the presence of immiscible
sulfide melt.

Pyroxene

Orthopyroxene shows XMg (=Mg/Mg+Fe) ranging from 0.91 to 0.92 in harzburgitic
rocks. The values of Mg/Fe in orthopyroxene are always higher than Mg/Fe of co-existing
olivineinindividual samples(Fig. 8). The dataare consistent with the equilibration of silicate
mineras, as observed in many mantle xenoliths (i.e., Wang et a., 2007). Grain boundaries
of pyroxene and olivine are curvilinear, supporting anear-equilibrium relationship. In dunite,
orthopyroxene is observed in only one sample, 90365, which was collected near the

harzburgite boundary in NAM. The orthopyroxene in this dunite sample forms veinlets and
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its composition is not in equilibrium with olivine as XMg (0.91-0.92) are similar to the Fo
component (Fo=91) of olivine so we excluded it for the calculation of temperatures and fO».
Among the minor elements, all samples have low concentrations of TiO- in orthopyroxene
(< 0.099 wt%). Samples with higher Cr# in spinel have lower concentration of Al20s in
orthopyroxene (Table 3). Samples with Cr#>40 in spinel plot within the field overlapping
between abyssal/forearc and the abyssal peridotite field defined by Choi et a. (2008) (Fig.
9).

Clinopyroxene grains were only observed in three samples (TBL-05, 92160 and
92581). The grains show higher XMg (0.934-0.959) than orthopyroxene in individua
samples of harzburgite. The compositional relationship between the two pyroxenesis similar
to those of mantle xenoliths elsewhere (e.g., Conceicdo and Green, 2004; Wang et al., 2007),
suggesting that the two pyroxenes in our samples are in equilibrium. The equilibrium
relationship between clinopyroxene and olivine is also observed where values of XMg show
apositive correlation with Fo components of olivine (not shown).

Bulk Rock Major Element Compositions.

Harzburgite bulk rock composition show high concentrations of immobile refractory
elements (Table 4), such as Ni (2115-2237 ppm) and Cr (2380-3200 ppm). The composition
is similar to typical of residual mantle rocks (Fig. 10). Bulk rock XMg (= atomic ratio of
100*Mg/[Mg + FexOs total]) is aso high, ranging between 90.6 and 91.5. Calcium and Al
contents are low, less than 1.15 wt% CaO and 0.38 to 0.94 wt% Al>Os. All dunite samples
from the study area have lower concentrations of immobile refractory elements than
harzburgite (Table 4): Ni (1830-2920 ppm) and Cr (730-5720 ppm). Bulk rock XMg of

dunites range from intermediate to high values (85.5-90.2), and CaO is low (< 1.24 wt%).
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Most dunite samples contain low to intermediate concentration of Al>O3 (< 2.4 wt%), and
low TiO2 (<0.05 wt%).
Sulfur and Platinum Group Element Concentrations

Sulfur contents in harzburgites range from 24 to 238 ppm with an average of 130
ppm, significantly lower than the primitive mantle value of 250 ppm (McDonough and Sun,
1995). Dunite has higher S contents, with an average of 271 ppm, dlightly higher than the
primitive mantle value. Individual sample S-contents range from 24 to 894 ppm, however,
with the highest concentration of S reflecting higher sulfide mineral modes.

Harzburgites and dunites contain total PGE contents ranging from 18.4 to 44.7 ppb,
and 3.65 to 97 ppb, respectively. Harzburgites have high ratios of Ir-type (Ir, Os and Ru) to
Pd-type PGEs (Pd, Pt and Rh) (Ir/[Pd+Pt), 0.14 to 0.75 characteristic of a negatively sloped
primitive-mantle PGE normalized pattern (Fig. 11a). Iridium-type PGEs remain in the
mantle residue during partial melting, as opposed to the relatively incompatible Pd-type
PGEs (Pt, Pd and Rh) (e.g., Brenan et a., 2005). In contrast to BOIC harzburgites, dunites
have lower ratios of Ir-type/Pd-type PGEs, (Ir/[Pd+Pt) =0.01-0.56), and positively sloped
normalized PGE patterns (Fig. 11a). Our data suggests that BOIC harzburgites are restites
from mantle melting, whereas the low contents of Ir-type PGES suggest that dunites are
cumulate rocks. This is in accord with the discordant trend of dunite samples relative to
OSMA (Fig. 79

The values of (Ir/[Pd+Pt]) for both harzburgites and dunites is positively correlated
with Fo inolivine (Fig. 11b). The positive correlation between Fo and (Ir/[Pd+Pt]) in BOIC
dunite suggests that fractional crystallization resulted in simultaneous decrease of XMg and
(Ir/[Pd+Pt]) in the melt. Olivine and minor Cr-spinel are the cumulus minerals in BOIC

dunite. Many previous studies have shown that Ir-type PGEs were compatible with these
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early crystallizing phases during solidification (e.g., Barnes et al., 1995; Lesher et a., 2001),
and this compatible behaviour has been interpreted to have been controlled by olivine (e.g.,
Barnes and Picard, 1993) and spinel (e.g. Righter et al., 2004) as these minerals may
incorporate PGE into their structures. It isalso possible that discrete platinum group minerals
might have crystallized together with olivine and have been responsible for this trend (see
review by Crocket, 2002). The data obtained in this study is consistent with either
explanation.

As stated earlier, sulfide was likely present during the solidification of the parental
melt for dunite. PGEs have a strong affinity with sulfide melt with their partition coefficients
between sulfide melt to silicate melt greater than 1000 (Sattari et al., 2002). In dunite, high
concentrations of total PGEsin sampleswith high concentration of S suggest this possibility.
Sulfide melt formed during the crystallization of olivine may have incorporated PGESs.
Estimates of Temperature and Oxygen Fugacity

A positive correlation of XMg values between coexisting minerals suggests chemical
equilibrium among the main silicate and oxide minerals, which allows us to calculate
equilibrium pressures, temperatures and oxidation conditions of BOIC peridotites. As
described in the previous section, minerals in orthopyroxenite and wehrlite veinlets are not
in equilibrium with the minerals in host rocks. Therefore, these samples were not used for
the calculation.

The two-pyroxene thermometer of Wells (1977) yielded higher temperatures (891°C
- 1051°C) than that of Brey and K6hler (1990), which gave temperatures between 930°C and
1033°C. The Ca-in-Opx thermometer (Brey and Kohler, 1990) gave temperatures ranging
from 854°C to 1093°C (Table 5). The olivine-spinel Fe-Mg exchange thermometer of

Ballhaus et al. (1991) gave systematically lower temperature (681°C to 907°C) presumably
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due to subsolidus exchange of Mg and Fe involving spinel at low temperatures (e.g. DeHoog
et al. 2004).

Oxygen fugacity is expressed as AlogfO., which refers to the deviation from the
quartz—fayalite-magnetite (QFM) buffer at a specified temperature and pressure. Since our
dunite samples do not contain any pressure indicators, and dunite rocks are cross cutting
gabbroic rocks, a depth of 8 km was assumed based on typical oceanic crust thickness. A
pressure of 0.22 GPa, corresponding to ~ 8 km depth, was used in our calculation both for
harzburgite and dunite. Errorsdueto the uncertainty of pressure are small. Wood et a. (1990)
calculated that an error in temperature of 100°C and in pressure of 1 GPa corresponds to a
differencein fO, of 0.2 and 0.3 log units, respectively.

The oxygen fugacity was obtained using the equation of Ballhauset a. (1991), which
requires the compositions of spinel and olivine. Although the majority of published oxygen
fugacity data uses the olivine-spinel—-orthopyroxene equilibria of Nell and Wood (1991)
instead of the equation of Ballhaus et al (1991), Parkinson and Arculus (1999) demonstrated
that two methods give negligible discrepancy (<0.2 log unit) in the calculated fO-..

Harzburgites yielded fO, values ranging from FMQ -2.37 to FMQ -0.07. The
calculated fO- values for dunite ranges from FMQ +0.20 to FMQ +1.69. At agiven Cr# of
Cr-spinel, dunite shows higher oxygen fugacities than harzburgite (Fig. 12).

DISCUSSION
Origin of Har zburgite

Harzburgite in BOIC contains orthopyroxene with low-Al and high XMg; and
compositions of olivine and spinel pairsfall inthe OSMA (Fig. 7a). Bulk rock compositions
of harzburgites are depleted in incompatible elements, and enriched in compatible elements

(Fig. 10). Compared to the primitive mantle composition, BOIC harzburgite shows similar
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to higher concentrations of Ir-type PGESs (Fig. 11a). The harzburgites contain low S, and do
not show a correlation between S and total PGEs (Fig. 13), negating the possibility of a
significant role for sulfides in concentrating PGEs in melting residues. During the partial
melting, Ir and Os remain in the mantle residue due to their high partition coefficients
between mantle minerals and melt (e.g. Righter et a., 2004). Therefore, our PGE data are
consistent with aresidual mantle origin for BOIC harzburgites, as proposed by Edwards and
Malpas (1995); and Batanovaet al., (1998).

The contents of Cu and S show a positive correlation and both have lower
concentrations than the primitive mantle values of 30 ppm and 250 ppm, respectively
(McDonough and Sun, 1995). The low concentrations of these two are consistent with the
residual origin for BOIC harzburgite as both Cu and S are incompatible with mantle minerals
and preferentially incorporated into a melt during partial melting.

Spatial Distribution of Cr-spinel Cr#in Harzburgite

The Cr# of residual peridotites is to a large extent related to the degree of partial
melting because Cr is compatible and Al isincompatible (e.g. Dick and Bullen, 1984; Pagé
et al., 2008). Harzburgitic rocks located nearest to the overlying dunite, less than 0.5 km from
the contact show high Cr# in Cr-spinel in all massifs; whereas harzburgites sampled further
from the contact have lower Cr# (Fig. 14). This relationship implies that harzburgite from
shallower levels have undergone high-degrees of partial melting, whereas those from deeper
depths have lost less melt. Batanova et a. (1998) also noted that the least depleted mantle
rocksin the BOIC occur at the greatest depths.

Origin of Dunite
Dunitic rocks in our samples have several possible origins: ultra-residual mantle,

metasomatic products, and cumul ates of mafic melts. Highly refractory residua duniteforms
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after extensive partial melting (e.g., Griffin et al., 2008). However, BOIC dunites have
dlightly lower contents of Ni in olivinein comparison with most harzburgites (Fig. 7b). Since
Ni concentrations are expected to increase in the residues during partial melting, our datado
not support a residual mantle origin for BOIC dunites. Furthermore, the low Ir type PGE
concentrations (Fig. 114) in the dunites are not consistent with a residual origin for BOIC
dunites, since these elements remain in the residue during partial melting.

Dunite might aso have formed as a metasomatic product of harzburgite through
reactions with hydrous mafic melt (e.g., Quick, 1981; Kelemen et al., 1990; Suhr, 1999). The
dunites in the BMD massif are voluminous and massive with no fragments of other
lithologies in field and hand specimens. The occurrence of the dunite does not appear to
support this possibility because dunite bodies formed by metasomatism commonly contain
relicts of pre-metasomatic rocks and show reaction zones with harzburgite hosts (e.g. Quick,
1981; Kelemen et a., 1990; Pagéet al., 2008). The thick and massive dunitesin BMD cannot
plausibly beinterpreted in terms of metasomatic transformation of harzburgite, as previously
suggested by Suhr et al. (1998). Furthermore, the PGE contents of dunite appear to be not
consistent with the metasomatic origin because dunite contains less Ir-type PGEs than
harzburgite. Peridotites commonly retain PGE contents and patterns during their
metasomatism because mafic melt has low solubility of PGEs, especialy Ir-type PGEs, to
remove them from peridotites during the metasomatism. For example, orthopyroxenite
formed from harzburigite by metasomatism contain essentially identical PGE contents as the
precursor harzburgite (Wang et al., 2008).

The low Ir-type PGE concentrations and low ratios of Ir-type PGE to Pd-type PGE
(Fig. 11a) in the BOIC dunites are most consistent with a cumulate origin since partial

melting in the mantle produce low concentration of Ir-type PGE in derivative melts. The
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proposed interpretation is further supported by the variations in Fo components in BOIC
olivine. For example, olivine from mantle residues typically has the values between Fo83
and Fo93 (Fig. 7) whereas BOIC dunites have Fo between 86 and 90. Therefore, we consider
that the dunites in the BOIC are cumulates of amelt. Thisis further supported by layers of
layering in dunite including Cr-spinel-rich bands observed in dunites from Blow-Me-Down
(Fig. 5).
Oxidation Condition of the Mantle

All BOIC harzburgites show fO> below the FMQ buffer. The oxidation state of the
asthenospheric mantle is considered to be below the FMQ buffer as indicated by the data
from abyssal peridotites, FMQ -0.9 (Bryndzia and Wood, 1990) and mantle peridotites in
continental rifts that have been affected by asthenosphere derived melts (lonov and Wood,
1992). On the other hand, magmas and mantle peridotites in subduction zones commonly
show higher fO, values than the FMQ buffer (Parkinson and Arculus, 1999). The high fO>
values in subduction zone environments are commonly explained by the ingress of oxidized
fluids or melts derived from dehydrating subducting plates (Parkinson and Arculus, 1999).
The calculated fO. values of the majority of BOIC dunites are higher than the FMQ buffer;
and we suggest that this high fO is related to the subduction origin of the melts from which
BOIC dunites formed. Dunite samples with low Fo components (<90) show similar fO.
values of samples with Fo higher than 90 indicating that fractional crystallization did not
change fO> values.
Possible Tectonic Setting

Our data, as well as previous data, reveal awide range in Cr# for Cr-spinel in BOIC
harzburgites. The variation is large even within each massif and the data plot across the

abyssal peridotite / forearc mantle fields (Fig. 6a). Cr-spinel in dunite from the BOIC aso
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shows alarge variation in Cr#. The Cr# of high Mg-dunites where Fo components of olivine
are greater than 90, also show awiderange (Fig. 7a). Sincethese samplesplot in the olivine-
spinel mantle array of Arai (1994), the Cr# should be similar to the Cr# of the primitive melt
or in equilibrium with the source mantle peridotites. Therefore, we suggest that the observed
large variation in Cr#in Cr-spinel in dunite reflects the Cr# of the source mantle from which
these melts were derived. Dunites with low Cr spinel were formed from melts extracted from
low-Cr# mantle, whereas dunites with high Cr spinel record the melting of high-Cr# mantle.

Cr-spinel from abyssal peridotites has Cr# vaues below 0.55 (Dick and Bullen,
1984). Cr-spinel in forearc mantle peridotites contains high Cr#, most commonly over 0.45
(Arai, 1994 and Parkinson and Pierce, 1998). Cr-spinel with Cr# ranging between 0.4 and
0.55 is found in refractory abyssal peridotite formed at fast spreading ridges or relatively
fertile forearc peridotite (Fig. 6a).

Refractory abyssal peridotites form at ridges with fast spreading rates, such as the
East Pacific Rise (e.g., Niu and Hekinian, 1997). On the other hand, abyssal peridotites
formed at slow spreading ridges, such as the Atlantic Ocean lithosphere and proto Caribbean
oceanic lithosphere are less refractory containing Cr-spinel with low Cr#, < 0.4 (Michael and
Bonatti, 1985; Saumur et al., 2010). The Cr-spinel with low Cr# in our harzburgite shows
characteristics of an abyssal peridotites most likely formed in a slow spreading ridge,
evidence further supported by the minor elements from orthopyroxene grains in these rocks
(Fig. 9).

On the other hand, harzburgite with high Cr# > 0.4 Cr-spinel (Fig. 6a) more likely
formed during extensive partial melting in a subduction setting. The proposed interpretation
is reinforced by the observed higher fO. values of BOIC dunites (Fig. 12). The Cr# of Cr-

spinel in BOIC harzburgites are lower than those of some forearc mantle peridotites, such as
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the Marianas (up to 0.82; Ishii et a., 1992; Fig. 6a) and the western Himalayas (0.76-0.83;
Hattori and Guillot, 2007), but are similar to those of the forearc mantle peridotites from the
Dominican Republic (Saumur et a., 2010) and Thetford Mines ophiolite (Pagé et a., 2008).

It is likely that the development of large volumes of highly refractory mantle
peridotites requires a geologically long period. Highly refractory mantle peridotites are
reported in the Marianas and western Himalayas. Subduction has been in operation for more
than 50 Main the Marianas (Ishizukaet al., 2011) and over 160 Main the western Himalayas
(Van der Voo et a., 1999). In contrast, the mantle below the northern Dominican Republic
is not highly refractory where the subduction was short-lived from the very late Cretaceous
to the mid Eocene (Saumur et a., 2010). The subduction related to the Thetford Mines
ophiolite was also short-lived because it was obducted very quickly after its formation
(Tremblay et a., 2011). At BOIC, radiometric age data suggest a small age difference of
about 15 Ma between the seafl oor-spreading formation of the BOIC thol€iitic crust (ca 484
Ma, Jenner et a., 1991) and obduction (metamorphic sole 469 Ma, Dallmeyer and Williams,
1975). Since obduction in BOIC happened as a result of subduction (Cawood and Suhr,
1992), the time span of 15 Ma is the maximum estimate for the duration of subduction
recorded by BOIC.

The proposed interpretation based on dunite chemistry is supported by the boninitic
geochemical signature of pyroxenite veinsin the harzburgite unit (Varfalvy et a., 1997); and
by trace element inversions applied to BOIC dunitic and orthopyroxenitic crustal cumulates
(Bédard 2007). Boninitic magmas are commonly associated with the infant stages of
subduction (e.g. Whattam and Stern, 2011, Ishizukaet a., 2011. Therefore, we infer that the
boninites from the BOIC were formed during the initial stage of subduction, but this event

did not last long enough to produce highly refractory peridotites in the mantle wedge.
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Comparison with Previous Models

Various opinions have been proposed for the origins of the BOIC. They range from
oceanic lithosphere formed at a normal mid-oceanic ridge to its formation in arc setting. The
‘normal’ ridge lithosphere origin is primarily based on the magor element chemical
compositions of diabase dikes, basalts and gabbros in the BOIC which are similar to those of
modern mid-oceanic ridge igneous rocks (e.g., Suen et al., 1979; Casey et al., 1985).

A supra-subduction setting for BOIC gabbroic rocks was proposed by several authors
in 1991. A boninitic affinity was proposed for the ultramafic cumulates at NAM by Bédard
(1991), based on the low Ti contents of pyroxenes, high Cr# of Cr-spinel, and abundance of
orthopyroxene. It was proposed that the boninitic melts intruded pre-existing gabbroic rocks
(Bédard and Hébert, 1996). Elthon (1991) suggested a supra-subduction zone setting for the
BOIC based on low concentrations of high-field strength elements of dioritic and basaltic
rocks from NAM. Jenner et al., (1991) interpreted the Little Port complex in the Coastal
Complex as part of an arc, and named the BOIC as a supra-subduction-zone ophiolite.

Cawood and Suhr (1992), and Suhr and Cawood (2001) based on geochemical and
structural field evidence from the Lewis Hills massif proposed that the BOIC formed as a
spreading ridge that intersected an old arc lithosphere of the Coastal Complex along aridge-
transform fault. This model was refined by Kurth et al. (1998, 2004).

Our study shows that the geochemical signatures of harzburgites cannot be explained
by one tectonic setting, oceanic ridge or subduction zone. Harzburgite shows geochemical
characteristics of both abyssal and forearc peridotites, the latter formed during extensive
partia melting for the parental melt of dunite within 0.5 km from dunite contact.

Abyssal peridotite and MORB-type basalt occurring with forearc peridotites were

described in the Coast Range ophiolite in California by Shervais (2001) and Choi et a.,

23



(2008). Choi et a., (2008) suggested the formation of the Coast Range ophiolitein subduction
setting based on the geochemistry of Cr-spinel and trace and minor element abundance of
pyroxenes, but the Coast Range ophiolite locally contains domains of abyssal peridotite.
They interpreted the block of abyssal peridotites as arelict prior to hydrous melting in the
mantle wedge. Although the geochemistry of Cr-spinel and pyroxene in our BOIC samples
are similar to that of the Coast Range ophiolite in California, abyssal-type peridotites are
predominant in the harzburgitic unit in the BOIC and it is difficult to explain asalocal relict
inthe BOIC.

Another possible tectonic setting to produce geochemical signatures of abyssal and
subduction is a back arc where arc lithosphere experiences a local rift to produce MORB-
like magmas. Cawood and Suhr (1992) suggested that seafloor spreading possibly in the back
arc of a mature arc system produced gabbroic rocks and sheeted dykes, where highly
refractory mantle changed to less-depleted oceanic mantle. This seafloor spreading could
have been caused by pericollisional extension. The term pericollisiona was first described
by Harris (1992) to explain opening of small basinsin subduction zone that may be obducted
during or shortly after they form by progressive convergence. Van Staal (2007); Zagorevski
and van Staal (2011) suggested pericollisional spreading that formed due to rollback of the
downgoing slab into areentrant in the Laurentian margin to explain the origin the BIOC and
the southern extension of the ophiolites in Quebec, such as Mont Albert and the Thetford
Mines complexes.

The time sequence from supra-subduction to oceanic setting appears not consistent
with the correlation in harzburgites between Cr # of Cr-spinel and distance from dunite
observed in this study (Fig. 11). Our geochemical data suggest oceanic conditions changed

to subduction setting before the dunite formation. The field evidence for the intrusion of
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dunite to gabbroic rocks and harzburgites also suggest the subduction setting followed the
oceanic conditions. Furthermore, if the environments changed from supra-subduction to
ridge setting, the parental melt for the voluminous gabbroic rocks and sheeted dykes had to
pass through the mantle peridotites. The mantle peridotites should have been extensively
metasomatized by the melt. The lack of such metasomatism and the distribution of Cr# of
Cr-spinel in relation to the dunite unit suggest that the environments changed from oceanic
to supra-subduction setting during the BOIC development possible. We therefore conclude
that the dunite is a product of subduction initiation and this resulted in the change in

harzburgites from abyssal peridotite to arefractory forearc-type peridotites.

CONCLUSIONS

Bulk rock chemistry, mineral chemical data and calculated fO, vaues we have
obtained indicate (as proposed previously) that BOIC harzburgites are refractory mantle
residues after partial melting. In contrast, the PGE abundance profilesin al dunite samples
show a cumulate signature with low Ir-type PGESs and low ratios of Ir-type to Pd-type PGEs.
The dunite signature is distinctly different from that of the residual mantle peridotites.
Furthermore, dunites do not fall along the olivine-spinel mantle array, have variable but high
spinel Cr#, and have higher fO> than associated harzburgitic peridotites; none of which are
compatible with an origin as ultra-depleted mantle restites. Consequently, we suggest a
cumulate origin for most BOIC dunites. Massive dunitic cumulate rocks from BMD are up
to 3 km. These data and spatial relationships suggest that the BMD massif was closest to the
zone of upwelling, that these melts underplated gabbroic, rocks and spread laterally towards

the north. This explain why much of the mantle peridotitesin TBL and NAM massifsretain
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geochemical signatures of abyssal peridotites and have escaped overprints of further
depletion during the subduction.

The BOIC is interpreted as the vestiges of an ephemeral, peri-continental oceanic
lithosphere which formed at a slow spreading ridge. The harzburgites of the BOIC show
obvious subduction signatures. Moderate Cr# values of spinel and the overall geochemically
signature of BOIC harzburgites record melt extraction beneath the spreading ridge, whereas
high Cr# values in Cr-spinel likely formed in subduction settings. The generally higher Cr#
of spinel in BOIC dunites suggests that the source mantle for its parental melt was refractory,
similar to forearc mantle, indicating progressive depletion in the mantle during the evolution
of the BOIC. Therefore the compositional variation of Cr-spinel reflects a change in the
tectonic settings during BOIC formation and a progressive depletion in the mantle through

melt extraction in a subduction setting.
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Figure1: Location map of the study areaininsert and simplified geological map of the Bay of Islands
Ophiolitic Complex. City of Corner Brook is shown with double circle. Modified after Suhr (1992).

Figure 2: Dike of dunite cutting the harzburgite unit in Table Mountain.
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Figure 3: BOIC rocks. (A) Photomicrograph of harzburgite, sample 8964 from NAM, under plain
reflected light, showing a Cr-spinel grain (Chr) and olivine (Ol). (B) Back-scattered electron image
of Cr-spinel (Chr) rimmed by magnetite (Mag) in dunite, sample 8928, from NAM. (C)
Photomicrograph of angular pyrrhotite (Po) and pentlandite (lighter yellow, Pn) surrounded by olivine
(Ol) grains in harzburgite, sample 92160, from NAM under plain reflected light. (D)
Photomicrograph of pyrrhotite (Po) altered to Fe oxide (gray) in dunite, sample 92111, from NAM
under plain reflected light.
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Figure4: Plot of Cu (ppm) vs S (ppm) in harzburgite BOIC.

Figure5: Cr-spinel-rich bands (chr) in dunite from BOIC.
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Figure 6: The composition of Cr-spinel cores from harzburgites. Each point represents the average
composition of the grainsin one sample. (A) Plot of Cr# vs XMg of Cr-spinel. Dark grey field isfor
abyssal peridotite (Dick and Bullen, 1984); light grey field isfor peridotite mantle forearc is defined
by Cr-spinel data from serpentinized peridotites exhumed in the Mariana forearc (Ishii et al., 1992)
and dashed line shows the compilation of the data from the BOIC (Bédard and Escayola, 2010). The
arrow shows the compositional change of Cr-spinel in residual mantle peridotites during partial
melting. (B) TiO2 vs Al,Os in Cr-spinels. Fields for Subarc mantle and abyssal peridotites are from
Kamenetsky et al. (2001).
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Figure 7b: Contents of NiO and forsterite components in olivine from harzburgite and dunite. The
dashed line and the arrow show the compositional variation of olivine during fractional crystallization
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for abyssal peridotites are from Hattori et al. (2010) and dark grey field is for ultramafic rocks from
the Jinchuan intrusion, Ni—Cu sulfide deposit, western China (Li et a., 2004).
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Figure9: Plot of pyroxene minor element in harzburgite: XMg versus Al.Oz in px. Fields for abyssal
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Figure 11: (A) primitive-mantle normalized values of PGE for harzburgite (white lines, n = 9) and
dunite (black lines, n = 13),” n” is the number of samples. Primitive mantle values are from
McDonough and Sun (1995). (B) Weight ratio of Ir/(Pd+Pt) in bulk rocks versus Fo componentsin
olivine from samples from the BOI. Symbols are the same as Fig. 7. Data for serpentinites from
Dominican Republic are from Saumur et al. (2010), for Sambagawa peridotites from Hattori et a.
(2010) and komatiites from Puchtel et a. (2004).
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TABLE5: CALCULATED T AND f Oz

[0} [0}
Sample Location Rock @ I OZ()F M Q)(Z ! CeEtBF:I\II.haUS T'C (Bg,K’ e , T OC' W?L!S

(199 1)(3) 1990) 1 990)(5) (2977)
BMD-11 BMD Dun 1.06 773 n.d. n.d. n.d.
BMD-12 BMD Dun 0.09 756 n.d. n.d. n.d.
BMD-13 BMD Dun 0.86 771 n.d. n.d. n.d.
BMD-15 BMD Dun 1.15 812 n.d. n.d. n.d.
BMD-17 BMD Dun 0.24 795 n.d. n.d. n.d.
BMD-18 BMD Dun 0.96 891 n.d. n.d. n.d.
BMD-19 BMD Dun 1.58 766 n.d. n.d. n.d.
8863 NAMM Dun 1.13 907 n.d. n.d. n.d.
8928 NAMM Dun 117 752 n.d. n.d. n.d.
89405 NAMM Dun 0.60 710 n.d. n.d. n.d.
92111 NAMM Dun 1.54 681 n.d. n.d. n.d.
92116 NAMM Dun 0.36 731 n.d. n.d. n.d.
BMD-22 BMD Hz -0.59 739 909 n.d. n.d.
BMD-23 BMD Hz -1.89 712 1093 n.d. n.d.
TBL-01 TBL Hz -2.16 745 950 n.d. n.d.
TBL-03 TBL Hz -2.22 745 1068 n.d. n.d.
TBL-04 TBL Hz -2.01 734 933 n.d. n.d.
TBL-05 TBL Hz -1.50 741 940 930 891
8964 NAMM Hz -2.49 727 1052 n.d. n.d.
92160 NAMM Hz -145 734 912 1033 1051
92581 NAMM Hz -0.19 694 854 953 989

(1): Dun = dunites, Hz = harzburgite
(2): f O2 estimates following the method of Balhaus et d. (1991).

(3): Ballhaus et al. (1991) OI-Spl Mg-Fe exchange thermometer.

(4): Brey and Kohler (1990) Ca-in-Opx thermometer
(5): Brey and Kohler (1990) two-pyroxene thermometer.
(6): Wells (1977) two-pyroxene thermometer.

n.d. - not determined, dunite samples do not contain pyroxenes to use atwo pyroxene thermometry.
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Chapter 2

Trace element study of olivine and spinel in cumulate dunite
in the Bay of Island Ophiolitic Complex
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ABSTRACT

We compared ameasured trace el ement compositions for the bulk rock of dunitewith
acal culated trace element composition using the mineral chemistry and their abundance. This
comparison alowed us to evaluate the trapped melt fraction and the melt composition in
equilibrium with the dunite from the Bay of Island Ophiolitic Complex in Newfoundland. If
the mineral chemistry reflects that of the time of their crystallization, the amount of trapped
melt is calculated to be small, less than 1 % the samples.

The samples used in this study were collected from the thick dunitic sequence in the
ultramafic cumulate layer from the Blow-Me-Down massif, one of massifs of the Bay of
Ophiolitic Complex. The dunite samples contain olivine and Cr-spinel with minor sulphide
and secondary magnetite. Serpentine replace olivine in the rims and along fractures. Bulk
rock analysis of trace elements shows high concentrations of compatible and low
concentration of incompatible elements.

INTRODUCTION

The parent melt composition of volcanic rocks can be evaluated from the bulk rock
compositions. Alternatively, it is calculated from the composition of a phenocryst using the
distribution coefficients of elements between the phase and melt. These methods are not
directly applicable in the evaluation of parental melt for hollocrystalline rocks because the
melt likely escaped from solidifying rocks. Some may have been incorporated as a trapped
melt during their solidification. Thistrapped melt may form an overgrowth of major minerals
or minute phases along grain boundaries of major phases. There is no direct way to ascertain
the amount of trapped melt, yet, the amount of trapped melt fraction strongly influences the

calculated concentrations of incompatible trace elementsin the parental magmas because the
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melt contains far higher concentrations of these elements than minerals. Therefore, it is
important in evaluating the amounts of trapped melt because the concentrations of
incompatible elements provide useful information related to the petrogenesis of magmas.
This report evaluates the melt compositions and the trapped melt fraction of dunites based
on trace element abundance, including rare earth elements, of constituent minerals and bulk
rocks, and discusses different methods of cal cul ating the hypothetical melt for plutonic rocks.

In this study, we selected dunite from the Bay of Island Ophiolitic Complex (BOIC).
Duniteis acumulate of mafic melt overlying harzburgitic rocks in the ophiolite complex and
composed of olivine and Cr-spinel. Using the concentration data, we first compared the
measured trace element chemistry in the bulk rock with a calculated trace element
composition, using olivine and spinel data and their modal abundance. This comparison
allowed us to calculate the trapped melt fraction and the melt composition in equilibrium
with the dunite. The information is useful for the studies of other cumulate rocks.
SAMPLES

Two cumulate dunite samples (BMD-12 and BMD-17) were selected for this study
after careful mapping and petrographic observations.
Sample BMD-12

The sample BMD-12 contains olivine (97.9 wt.%) and Cr-spind (2.1 wt.%) and
minor sulphide and magnetite. The modal abundance was calculated using Cr contents of
bulk rock and Cr-spinel, assuming that all Crisin Cr-spinel.

Olivine crystals are small (< 0.3 mm) and subhedral (Fig 1a). Olivineis replaced by
serpentine in the rims and along fractures, and forming serpentine pseudomorphs. Abundant
serpentine in the sample is supported by high value (15.9 wt.%) of loss on ignition (LOI;

Table 1).
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The Cr-spinel grains are usually small (< 0.2 mm) and opague in thin sections under
transmitted light. These small grains are round shaped and rimmed by secondary magnetite
(Fig. 1b). Cr-spinel also forms coarse anhedral to subhedral grains. Minor amounts of Cr-
spinel occur along grain boundaries and also asinclusion in olivine.

Disseminated fine-grained magnetite occurs together with serpentine as an alteration
product of olivine. Discontinuous veinlets of magnetite form along grain boundaries of
olivine and filling fractures in the rocks. High-temperature hydrous metasomatic minerals
were not observed.

Sample BMD-17

Sample BMD-17 contains olivine (96.5 vol.%) and Cr-spinel (3.5 vol.%) and minor
sulphide and magnetite. Olivine crystals are medium to small (< 0.5 mm) and subhedral to
anhedral (Fig. 1c). As in sample BMD-12, olivine is commonly hydrated to serpentine.
Serpentine partialy to totally replaces olivine in the rims and along fractures of olivine,
forming pseudomorphs. Fine-grained magnetite is disseminated within serpentine. The LOI
(14.4 %) in this sample also supports the abundance of serpentine (Table 1).

Cr-spinel grains are more abundant and slightly larger (< 0.3 mm) than sample BMD-
12. Cr-spinel are opaque in thin sections under transmitted light and forms coarse anhedral
to subhedral grains (Fig. 1d), commonly replaced by magnetite along rims and fractures. Cr-
spinel grains occur along grains boundaries and also as small inclusion in olivine. High-
temperature hydrous metasomatic minerals were not observed.

ANALYTICAL METHODS
The concentration of major and minor elements in bulk rocks were determined at the

University of Ottawa, using a Philips PW2400 sequential wavelength dispersive XRF. Mgjor
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elements were obtained from afused bead made from amixture of sample (1.5 g) with LiBO2
(6.0 g) and Li-B4O7 (1.5g) at ~1050°C.

Mineral compositions were determined using an automated 4 spectrometer CAMEBAX
MBX electron probe (Carleton University) by the wavelength dispersive X-ray analysis
method. Counting times were 15 seconds per element, except for Fe (20 s) and Ni (40 s). A
15 kV accelerating potential and a 20 nA beam current were applied. The calibration
standards used were pure wollastonite (Si, Ca), synthetic spinel (Al), synthetic Cr.Oz (Cr),
forsterite (Mg), synthetic MnTiOz (Mn, Ti), pure vanadium metal (V), abite (Na), fayalite
(Feinsilicates) and synthetic FesO2 (Fe in oxides). Fe-Os contents of spinel were determined
assuming that stoichiometry is respected.

The trace element contents were determined by laser ablation ICP-MS at Memoria
University of Newfoundland. The trace el ements of minerals were determined in 50 um thick
sections, and those of the bulk rock were analyzed using fused beads prepared for the XRF.
It consists of a Geolas 193 nm Excimer laser system linked to a Thermo-Finnigan Element
[l high-resolution ICP-M S. The laser beam sizes used in the LA-ICPMS were: 40 ym and 69
um depending on the texture of the grains (Fig. 2). The concentrations of these elements
were cal culated from the count ratios of elementsto Si in olivine grains and to Fein Cr-spinel
and bulk rocks, and the concentrations of SIO. and total Fe as FeO in the samples determined
with an electron microprobe. References used are NIST 610, NIST 612, and BCR 2G. One
cycle of analysis started with the measurement of background values by blocking the laser
beam, followed by the laser abrasion of three references, followed by 12 samples. Each
sample areawas measured for at |east three cycles while observing the ablation spectra. The

trace elements analyzed for bulk rock were (Nb, La, Ce, Nd, Zr, Sm, Eu, Gd, Tb, Dy, Y, Er,
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Yb, Lu, Ga, V and Sc); Cr-spinel (Nb, La, Ce, Nd, Zr, Sm, Eu, Gd, Tb, Dy, Y, Er, Yb, Lu,
Ga, V, Sc and Co) alivine and serpentine (Nb, La, Ce, Nd, Zr, Sm, Eu, Ti, Gd, Th, Dy, Y,
Er, Yb, Lu, Zn, Ga, V, Sc, Co and Cr). Other elements (Mg, Al, S, Ca, Mn, Fe, Cu) were
monitored during ablation to control the nature of the ablated material and the presence of
included phases. The repeated analyses of references after every 12 areas suggest that the
uncertainty is approximately 10%.
RESULTS
Bulk Rock

The dunite samples contain high concentrations of compatible elements, such as Ni
(1830-2250 ppm), Cr (3670-4030 ppm). Bulk rock Mg# (atomic Mg/(Mg+total Fe) is high
(0.89, 0.90). The samples contain low concentrations of moderately incompatible elements:
Ca0 (0.23, 0.33 %), Al>0s3 (0.7, 1.48 wt.%) and TiO2 (0.018, 0.026 %). The concentrations
of Sc, Gaand V in bulk rock are significant (Sc: 4.6-5.2 ppm; Ga: 1.2-1.8 ppm, V: 28-37
ppm). Y and Zr are low (Y: 0.02-0.102 ppm; Zr: 0.087-0.170 ppm). Rare earth elements
(REE) are low in their concentrations, the total REE below 0.32 ppm.
Cr-Spind

Different Cr-spinel grains in the individual samples have similar core compositions
(Table 2). Chromium contents in the samples range from 32.7 % in sample BMD-12 to
17.1% in samples BMD-17; and TiO> from 0.09% to 0.41%. Cr-spinel in Sample BMD-12
has consequently higher value of Cr# (=Cr/[Cr+Al]) than BMD-17 (0.39 and 0.19
respectively). In both samples, the Fe3" content is low (Y Fe3* =Fe**/[Al+Cr+Fe®'], < 0.03).
Values of XMg (Mg/[Mg+Fe?*]) are similar in both samples (0.65 for BMD-12 and 0.71 for

BMD-17) .
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For trace elements (Table 5), Cr-spinel shows high values for V (922-938 ppm), Zn
(1204-1573 ppm), Co (377-358ppm) and Ga (50-69 ppm). The contents of Sc range from 1.6
to 3.9 ppm. High-field strength elements, such as Zr and Nb, range from 1.5 to 17.6 ppm and
0.19 to 0.26 ppm respectively (Table 5). Asin the bulk rock, REE show low concentrations
below 0.24 ppm.

Olivine

Forsterite components of olivine (Fo=100 x Mg/[Mg+Fe]) in the dunite sample are
89 in sample BMD-17 and 90 in sample BMD-12 (Table 3). Other elements with significant
concentrations include MnO (0.15-0.18 %), CaO (0.11-0.14 %) and NiO (0.29 to 0.32%).
For trace elements (Table 6), Co show high concentrations ranging from 136 to 191 ppm. Cr
(11-13 ppm) and Zn (28-36 ppm) also show significant concentrations. Vanadium in olivine
islow (0.50-0.71 ppm). The concentrations of Sc rangefrom 4.4to 4.7 ppm, which are higher
than the concentration in spinel. REE show low concentrations, below 0.22 ppm in tota
(Table 6).
Serpentine

Trace elements were also measured for serpentine (Table 7). The element Ga shows
similar concentrations (0.17-0.28 ppm) as those observed in olivine. The elements Ti and Co
arelower in concentrations than those in olivine (Ti > 0.004 ppm; Co: 68-113 ppm), whereas
Sc, V and Cr concentration in serpentine are higher than olivine (Sc: 5.1-5.6 ppm; V: 0.9-1.1
ppm; Cr: 27-33 ppm), suggesting minor mobility of these elements during the hydration of
dunite. Perhaps Cr was mobile during the oxidation of Cr-spinel to magnetite. The REE

concentrations are below the detection limits.
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DISCUSSION
Comparison of Trace Elementsin Cr-Spinel, Olivine and Serpentine
Cr-spinel

Paktunc and Cabri (1995) determined the contents of Gaand Znin Cr-spingl in
mafic-ultramafic rocks from avariety of geological environments using amicro proton-
induced X-ray excitation probe. The samplesincluded Cr-spinel in ophiolitic complexes
(including BOIC), layered intrusions, Alaskan-type complexes, komatiitic sills, Ni sulfide
ores and metamorphosed mafic and ultramafic rocks. The concentrations of Gaand Znin
Cr-spinel in chromitites and dunitesin BOIC range from 21-86 ppm, and 452-1640 ppm
respectively, which are similar to our data, 50-69 ppm Ga and 1204-1570 ppm Zn.

Recently, Dare at al. (2009) determined the concentration of Ga in Cr-spinel from
mafic-ultramafic rocks, including cumulate dunites in the South Sandwich islands and the
Izu-Bonin arc, and the Semail ophiolitein Oman. Theresults show Gaconcentrationsranging
from 5.7 to 62.5 ppm. Comparing to our data, the Cr-spinel from BOIC dunite have
concentrations similar to Cr-spinel in dunites from the Semail. Pagé and Barnes (2009)
presented the concentrations of trace elements (Sc, V, Co, Zn, and Ga) in Cr-spinel from
podiform chromitites of the Thetford Mines in Quebec, which is part of the Appalachian
ophiolite south of the BOIC. They reported Sc ranging from 7.2 to 10.7 ppm, V from 417 to
525 ppm, Co from 166 to 386 ppm; Zn: 386-1286 ppm and Ga: 17.3-24.7 ppm. Compared to
Cr-spinel in our dunite samples, the Cr-spinelsin chromitite from Thetford Mines have lower
concentrations of V and Ga, higher concentrations of Sc and similar concentrations of Co

and Zn.
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Olivine

De Hoog et a. (2009) showed that olivine in mantle peridotitesin different locations
(Fig. 3) havevery similar concentrations of Co (87-143 ppm) and Zn (37.2-63 ppm), whereas
Cr, V and Sc show wide variations; 1.45-604 ppm for Cr, 0.067-10.4 ppm for V and 0.38-
1.89 ppm for Sc. Our samples show overall lower concentrations for Zn (28-36 ppm), Cr
(11-13 ppm) and V (0.5-0.7 ppm); and higher concentrations of Sc (4.4-4.7 ppm) and Co
(138-196 ppm) than those reported by De Hoog et al. (2009).
Serpentine

Deschamps et al. (2010 and 2012) reported trace el ement concentrations of serpentine
in forearc serpentinites from the western Himalayas, and hydrated abyssal peridotites from
Cuba and Dominican Republic. Serpentine contains high concentrations of fluid-mobile
elements, such as U and Pb, but the concentrations of fluid-immobile elements are
comparableto those of the precursor minerals of olivine and orthopyroxene. Theseimmobile
elementsinclude Sc, Ti, Y and REE.
Bulk Rock Composition

Thebulk rock composition was determined, but al so cal culated from the compositions
of alivine and Cr-spinel. The concentration of an element (€) of arock can be expressed as
the sum of the modal abundance of minerals in fraction ¢ multiplied by the concentrations
(C), of the element, of the minera in the assemblage (EqQ. 1).
Croak= (0" Cal) + (don*Can) (1)

Assuming that element (€) is present only in olivine and Cr-spinel in dunite, the
concentration of the element in the rock is calculated from the modal abundances (¢) of

olivine and Cr-spinel and the concentration of the element in these phases. Both measured
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and calculated bulk rock compositions show concentrations of Sc, Gaand V dlightly below
the primitive mantle values (McDonough and Sun, 1995). The measured and calculated
values a so show low concentrations of immobile high-field strength elements, such as Ti, Zr
and Nb, and REE (Fig. 4; Table 8).

Although measured and cal culated bulk rock compositions show a similar primitive-
mantle normalized profile (Fig. 4), there are differences. The measured bulk compositions
have overall higher concentration of incompatible elements than the cal culated compositions
(Fig. 4). For example, measured concentrations of Ti are significantly higher than the
calculated, for both samples (108 and 156 ppm instead of calculated 24 and 72 ppm). There
are several possible explanations. One possible explanation is an introduction of elements
during serpentinization. Thismay be explained by Ti in magnetite, which commonly hashigh
concentration of Ti. Serpentinization of olivine produces serpentine and magnetite and Ti
was possibly incorporated into magnetite from the external source during the hydration
process.

Another possible explanation for high measured concentrations of incompatible
elements is the existence of trapped melt fraction (TMF) in the rock. The trapped melt then
crystallizes to produce overgrowths on cumulus crystals, plus additional interstitial phases
enriched in components excluded from the cumulus phases. This trapped melt, may form
minute phases aong grain boundaries of mgor phases. To evauate this possibility, the
composition of the hypothetical melt is calculated.

For Zn, Co and Cr, the cal cul ated concentrations are slightly higher than the measured
concentrations, but the difference is less than 17 ppm for Zn, 70 ppm for Co and 506 ppm

for Cr which iswithin the analytical uncertainty of these elements.
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Hypothetical Melt Composition
The composition of melt in equilibrium with olivine and Cr-spinel is calculated from
the compositions of minerals, modal abundances of minerals, mineral/melt partition

coefficients (EQ. 2). In this equation we assumed no TMF.

Criat = (do* Do) + (dchr* D) (2)
Da = CsoI/Cmelt
Danr = CTCG: 3)

By substituting equations of this Eqg. 3 into Eqg. 2 we can eliminate al but one of the
unknowns (Cnat). The final equation (Eg. 4) allows us to calculate the hypothetical melt
composition that was in equilibrium with the dunite samples.

Chet = ¢or* (Cso/Dal) + denr* (C&i/Dénr) (4)

The hypothetical melt compositions are also calculated following the method by
Bédard (1994) which requires the bulk rock compositions, modal abundance of minerals and
distribution coefficients of elements between minerals and melt.

Distribution Coefficients (D)

Distribution coefficients (D) between crystal to melt have been evaluated through
experiments and empirical observation. Bédard (1994) compiled several D valuesfor olivine
and spinel. Thelack of amorerecent datafor D valuesfor olivine and spinel makes the study
from Bédard 1994 till areliable sourcefor D values. Bédard (2005) compiled again D values
for olivine. Sincethisis one the most recent and consistent work to review the values between
olivine and silicate melt, this study uses the D values for olivine from Bédard (2005). Most
recently Pagé and Barnes (2009) evaluated D valuesfor trace elements from ultramafic rocks

from Thetford Mine Ophiolite in Quebec. The study also compiled previously available D
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values for Cr-spinel. We also used D values obtained from Pagé and Barnes (2009). Table 9
shows the distribution coefficients used in our study.

Vanadium has a variety of valences from +2 to +5 in natural environments and its
distribution coefficient is strongly influenced by the valence. Divalent and trivalent V are
compatible with silicate and oxide minerals, but pentavalent V°>* is not (e.g., Mallmann and
O’Neil, 2009). Therefore, the distribution coefficient of the bulk V varies depending on
oxidation conditions by severa orders of magnitude. Considering our samples crystallized
under oxidizing conditions close to the quartz+faylitetmagnetite buffer, (QFM -0.1 and
+0.05 respectively for BMD-12 and BMD-17), we chose 0.0075 for the D vaue of olivine
and 7.73 for that of Cr-spinel based on the relationship between D and fO by Mallmann and
O’Neil (2009). The choice of the D valuefor olivine does not make any significant difference
at fO2 around FM Q buffer because the values are 0.0068 at QFM-0.5 and 0.0085 at QFM+0.5,
but the value is sensitive for Cr-spinel. It will be 5.6 at QFM-0.5 and 7.8 at QFM+0.5.
Calculated Composition of the Hypothetical M elt.

We cal culated the composition of the hypothetic melt in equilibrium with the dunite
based on the abundance of minerals, their mineral chemistry, and their D values between
melt and mineral using the equations 2 to 4 and the results are listed in Table 10 and plotted
in Figure 5. All elements show similar concentrations for the two samples: V (68-96 ppm),
Ga (0.88-2.56 ppm), Co (36-49 ppm), Zn (17-18 ppm), Zr (5.5-9.5 ppm) and Nb (1.5-1.7
ppm). The hypothetic melt is rich in Sc (27-30 ppm) and Y (7.8-19.6 ppm) compared to
primitive mantle values and low Cr (39-45 ppm) and Ti (163-611 ppm). The REE a so show
high concentration in the calculated melt than the primitive mantle values, with Sm and Eu

ranging from 30-87 ppm and 18-51 ppm respectively.
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The hypothetical melt shows a distinct subduction-related geochemical signature
where the concentrations of high-field strength elements are low. The lack of Eu anomalies
suggests the absence of plagioclase at the source mantle and no prior crystallization of
plagioclase. This is supported by the lack of plagioclase in harzburgitic rocks in the BOIC.
Harzburgite rocks are present underlying dunite bodies in the BOIC and considered to be the
source for the parental melt of dunite.

It has been suggested that the parental melt for dunitesis boninitic by Varfalvy et al.,
(1997) and Bédard (2007). But, the composition of the hypothetical melt for the dunite
samples is quite different from the average of boninites from the Bonin-Mariana forearc
(Pearceet a., 1992).

The Hypothetical Melt Composition Calculated by the Method Proposed by Bédard
(1994).

The composition of the hypothetic melt for the two dunite samples (BMD-12, BMD
17) was a'so calculated following the procedure described by Bédard (1994). The procedure
uses the bulk rock compositions, the abundance of minerals, their D values and a trapped
melt fraction (TMF). The abundance of minerals and their D values are identical to those
used in the first method. Bédard (1994) suggested that TMF values may vary from 0 to 5 %
in most rocks. We used 0 % as the value of TMF for the calculation. The rational for this
assignment is described in the section of TMF.

The first and second methods yielded significantly different compositions of the
hypothetical melt (Fig. 6, Table 11). The Bédard’s method assuming 0 % TMF yielded lower
concentrations of REE, and higher concentrations for V, Co, Cr and Ti than the first method
using mineral chemistry data. Both methods gave similar concentrations for Gaand Zr (Fig.

6). Since the two methods used identical D values, uncertainty of D values cannot explain
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the difference. The difference in the results between these two methods of cal culation can be
explained by presence of serpentine in the bulk rocks or by the incorporation of the trapped
melt into olivine during solidification.

Bulk rock contains serpentine, therefore the melt composition obtained from the bulk
rock is being influenced by the trace element concentrations of serpentine in the rock. But
the concentration of trace element in serpentine measured in this study do not support this
possibility due to the low concentrations of V, Co, Cr and Ti in serpentine (Table 7).

The second possibility, olivine composition may have changed during solidification
by incorporation of the trapped melt, therefore not reflecting the composition of melt.
However, the compositions of olivineis similar to that of the mantle (Fig. 3).

Trapped Melt Fraction

The trapped melt fraction is calculated for the dunite samples by comparing the
measured compositionsin the bulk rock and cal culated from the compositions of olivine, Cr-
spinel and the hypothetical melt. The trapped melt fraction of an element (€) in arock can
obtained using equation (5):

Crock= [(dpa* Cal )+ (dchr* Cenr )] + TMF* Cnait (5)

Thisisrearranged to obtain the TMF for each element ().

TMF={Crock - [($¢a*Cai ) + (dcnr* Cenr )]}/ Crmet (6)

The results show that dunite rocks from BOIC have very small fractions of trapped
melt (Table 12). The values obtained from REE are all small. The use of other elements,
such as V, yielded equally smal TMF values, lower than 1 % (Table 12). Some trace

elements yielded small, but negative values for the TMF. It is not surprising considering
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uncertainties of 10 % for the concentration of the element in the rock and also the distribution
coefficients.
SUMMARY

Both measured and calculated trace elements composition of the bulk rocks are
similar, with high concentrations of compatible and low concentration of incompatible
elements. The similar results observed allow to conclude that the trapped melt fraction in the
rock was very small and negligible or the trapped melt fraction wasincorporated into olivine.

Overal the measured trace element concentrations are higher than the calculated
ones, the exceptions are elements such as Cr, Co and Zn, elements that were incorporated
into serpentine during the hydration of olivine.

Cr-spinel from BOIC dunite has the major, minor and trace element composition
similar to that in dunites from the Semail ophiolite in Oman. Cr-spinels in chromitite from
Thetford Mines have lower concentrations of V and Ga, higher concentrations of Sc and
similar concentrations of Co and Zn.

The hypothetical melt in equilibrium with dunites from BOIC has high concentration
of incompatible elements, which is unrealistic high. The D values used in this study may not
be accurate enough and may be the reason for these high concentrations. Another possibility,
the composition of olivine changed to incorporate trace elementsin trapped melt. Therefore,
the melt composition calculated from the bulk rock give a more realistic melt composition.
But the bulk rock composition can be also modified because of serpentinization of the
minerals.

Ultramafic rocks contain very low concentrations of incompatible elements.
Therefore, their concentrations are susceptible to modification during alteration.

Furthermore, olivine is commonly hydrated to incorporate fluid-mobile elements. Estimates
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of a hypothetical melt based on the bulk rock compositions may lead to erroneous results.
More work has to be conducted in order to better understand the difference of concentration
obtained between these two methods.

Our work was the first study documenting the trace elements in dunite and clearly

suggest a further work on D valuesis required.
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Figure 1: Back-scattered electron images of BOIC dunites. (A) Sample BMD-12 showing olivine
grains (Ol) and fine grained magnetite (Mag). (B) Cr-spinel (Chr) rimmed by magnetite (Mag) in
Sample BMD-12. (C) Sample BMD-17 with olivine (Ol) grains and fine grained magnetite (Mag).
(D) A subhedral Cr-spingl grainin sample BMD-17.
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Figure 2: Incident light photomicrograph showing Cr-spinel grains (chr) (A) before carbon coating
(B) after the analysiswith LA-ICPM S of spinel grainin sample BMD-12. The size of laser beam was
52 um, (C) before carbon coating and (D) after the analysiswith LA-ICPM S of spinel grainsin sample
BMD-17. The size of laser beam was 69 um. Olivine (ol) in lighter gray in the matrix of serpentine
(serp).

59



1000

100

10

mantle olivine

0.1

0.01

0.001

Zr(ppm) Ti (ppm} Zn(ppm) V{ppm)  Sc(ppm)

Co (ppm)  Cr(ppm)

Figure 3: Trace element concentration (black solid lines) of dunite samples BMD-12 and BMD-17.

Datafor mantle alivines are from De Hoog et al. (2009).
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Figure 4. Caculated trace element composition (solid lines) dunite based on the composition of
olivine and Cr-spinel and their modal abundance. The trace element pattern is compared to the
measured trace element (dashed lines) composition of dunite samples BMD-12 and BMD-17.
Primitive mantle values are from McDonough and Sun (1995).
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of boninite concentrations from the 1zu-Bonin forearc from Pearce et al. (1992).
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TABLE 9: D VALUESUSED IN THE STUDY

Element D olivine D spinel Element D olivine D spinel
Nb 0.01® 0.01® Y 0.002(1) 0.01(1)
La 0.00044® 0.0006(1) Er 0.00174(1) 0.003(1)
Ce 0.0003® 0.0006(1) Yb 0.00522(1) 0.0045(1)
Nd 0.0002® 0.0006(1) Lu 0.00852(1) 0.0045(1)
Zr 0.01026@ 0.04(1) Zn 2.564(2) 6.9(3)
Sm 0.00018Y 0.0006(1) Ga 0.09745(2) 1.83(3)
Eu 0.0002 0.0006(1) \Y 0.097(4) 7.73(4)
Ti 0.038@ 0.753(3) Sc 0.158(2) 0.198(3)
Gd 0.00025(1) 0.0006(1) Co 4(1) 3.83(1)
Th 0.000475(1) 0.00105(1) Cr 0.6(1) 200(1)
Dy 0.0007(1) 0.0015(1)

(2): from Bédard, 1994
(2): from Bédard, 2005

(3): from Pagé and Barnes, 2009
(4): from Mallmann and O’Neil, 2009
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SUMMARY OF CONCLUSIONS

Chapter 01

Bulk rock chemistry, mineral chemical data and calculated fO, show that BOIC
harzburgites are refractory mantle residues after partial melting, whereas the PGE
abundance suggests a cumulate origin for BOIC dunites.

The BOIC is interpreted as the vestiges of an ephemeral, peri-continental oceanic
lithosphere which formed at a slow spreading ridge, presumably in the vicinity of an
arc.

Moderate Cr# values of spinel and the overall geochemically signature of BOIC
harzburgites record melt extraction beneath the spreading ridge, whereas high Cr#
valuesin Cr-spinel likely formed after the initiation of subduction.

The compositional variation of Cr-spinel reflects a change in the tectonic settings
during BOIC formation and a progressive depletion in the mantle through melt

extraction in a subduction setting.

Chapter 02

Both measured and calculated trace elements composition of the bulk rocks are
similar. Overall the measured trace element concentrations are higher than the
calculated ones. The amount of trapped melt in the rocks is calculated to be very
small, lessthan 1 % for all elements in both dunite samples.

Cr-spinel from BOIC dunite has the mgjor, minor and trace element composition
similar to that in dunites from the Semail ophiolite in Oman. Cr-spinelsin chromitite
from Thetford Mines have lower concentrations of V and Ga, higher concentrations

of Sc and similar concentrations of Co and Zn.
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