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ABSTRACT

An extremely heterogeneous section of upper mantie exposed over 2 km?

in the Springers Hill area of the Lewis Hills Massif, Bay of Islands Ophiolite
Complex, consists of two distinct associations: low-Al peridotites and
pyroxenites (LALPP), and high-Al peridotites, pyroxenites and gabbros
(HALPPG). These represent the processes of magma and fluid generation,
migration and evolution in the mantle wedge of a subduction zone.

The LALPP have Cr-spinel of Cr#=47-90, Mg#=23-65, and formed in
the order of harzburgite--orthopyroxenite (and associated dunite and
chromitite)--clinopyroxenite {and associated dunite, chromitite and websterite).
Harzburgite is a refractory residue from partial melting and complete removal
of low-Ti tholeiitic magma. This harzburgite has straight, positively sloping
chondrite-normalized REE patterns and Pd/ir < 1. Dykes of orthopyroxenite have
U-shaped chondrite-normalized REE patterns and very high Pd/Ir ratios, and
formed from hydrous, As-saturated magma of boninitic affinity, which
previously had fractionated significant quantities of Cr-spinel and relatively
minor olivine. By mechanical mixing or magmatic impregnation, a component
of orthopyroxenite was added to some harzburgites; these harzburgites have
U-shaped chondrite-normalized REE patterns and Pd/Ir>1. Dykes of
clinopyroxenite formed from LREE-depleted, high Pd/ir, S-saturated, low-Ti

tholeiitic magma. The LALPP formed at P <7-8 kbar in upwelling asthenosphere




(T=1300 = 100°C) below a zone of crustal accretion in a supra-subduction
zone environment.

The HALPPG contain spinel of approximately Cr# =30, Mg# =65, and
comprise dunite, wehrlite, olivine clinopyroxenite, gabbro and amphibole
peridotite. The HALPPG formed in the lithosphere (T=900 + 100°C) atP =5-9

kbar by combined assimilation and crystal fractionation, which involved fluid-

bearing magma and LALPP. The replacement of LALPP by HALPPG invoived

dissolution of ortho- and clinopyroxene, precipitation of clinopyroxene,
plagioclase, Ca-amphibole and phlogopite, and recrystallization of olivine and
spinel. In minerals and whole-rock samples of HALPPG, the Mg# is largely
controlled by the LALPP protolith, whereas concentrations of Ti, Al, Ca, Na, K
and REE are controlled by the magma or fluid.

The magma parental to the HALPPG was fluid-bearing, LREE-depleted,
Sr-rich and SiO ,-undersaturated, and formed by partial melting of amphibolitized
oceanic crust during intra-oceanic thrusting and obduction of the Bay of Islands
Ophiolite Complex. The fluid component of this magma became LREE- and Eu-
enriched and SiO ,-saturated by fractionation of Ca-amphibole and reaction with
LALPP. As such, this suggests a link between fluids within metamorphic soles
of ophioiites, metasomatized mantle peridotites and pyroxenites, and forearc
magmatic and fluid processes leading to the formation of wehrlitic bodies and

high-MgO, SiO,-saturated magmas or fluids of boninitic affinity.
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Chapter 1

INTRODUCTION

1.1 GENERAL STATEMENT

Understanding physical and chemical processes in the upper mantle is
critical to our understanding of global chemical budgets and the geochemical
and geodynamic evolution of the crust-mantle system. The upper mantle is a
massive reaction vessel that is best considered as a series of chromatographic
columns, in which magmas and fluids interact with a variety of solid phases as

they migrate away from their source regions (Navon and Stolper, 1987;

Bodinier et al., 1990). The mineralogy and chemical compositions of upper

mantle materials are controlled by partial melting and magma- and fluid-rock
interactions over a wvide range of temperatures and pressures in specific
tectonic environments. This thesis reports on an investigation of the processes

involved in the generation, migration and evolution of magmas and fluids in the

uppermost mantie.




1.2 THE UPPER MANTLE

The mantle is located between the crust and the core of the Earth. It is
divided into upper and lower regions. The upper mantle extends from the crust-
mantle interface (the Mohorovicic Discontinuity, or Moho) to a depth of 600-
1000 km. The lower mantle occupies the region between the upper mantle and
the outer core which begins at a depth of 2900 km.

The upper mantle comprises lithosphere and asthenosphere, which lie
above {lower temperature) and below (higher temperature} the 1000°C
isotherm, respectively (Nicolas, 1986a). The lithosphere is relatively stronger
than the asthenosphere, is thought to behave in a relatively brittie fashion, and
consists of the crust and uppermost mantle. The lithosphere is 100-200 km
thick in continental regions, 50-70 km thick in oceanic regions, and O km thick

at oceanic ridges where magma is erupted onto the surface of the Earth.

1.2.1 Samples of Upper Mantle
In-sity mantle beneath a crustal carapace is at present inaccessible, but

fragments of upper mantle ranging in size from <1 m? to > 1000 km? occur in

the crust as:

1) Mantle xenoliths entrained during eruption of kimberlites and alkali basalts.

The majority of these xenoliths consist of mineral assemblages which were

stable at depths of <150 km (Boyd and Nixon, 1975).

2) Ophiolitic and orogenic mantle material tectonically emplaced into the crust




in zones of compression.

3) Tectonically uplifted portions of lithosphere, such as St. Paul’s Rocks on the
transverse ridge of St. Paul’s Fracture Zone in the Atlantic Ocean (Melson et
al., 1972), and Zabargad Isiand in the Red Sea (Bonatti et al., 1983).

Each type of sampie has advantages when used to examine the upper
mantle. The most significant of these, is that tectonically emplaced or uplifted
mantle material allows in-situ examination of lithological and structural relations
and mapping of mantle heterogeneities. This is not possible for mantle
xenoliths, and yet much of our present knowledge of the processes and

chemical and isotopic compositions of the mantle is based on information from

xenoliths.

1.2.2 Composition of the Upper Mantle

The rock nomenclature of Streckeisen (1976) is applicable to the study

of ultramafic rocks of the mantle and is used throughout this thesis (Fig. 1.1).

Based on mineralogical, geochemical and geophysical data as reviewed by
Ringwood (1975) and Yoder (1976), the upper mantle beneath stable
continental regions and oceanic basins is composed of peridotite (Fig. 1.1) or
eclogite (almandine-pyrope garnet and omphacite). The need for olivine as an
essential constituent of the upper mantle, suggests that the upper mantle is
composed dominantly of peridotite, but this does not preclude the existence of
regions of eclogite, especially where subducted oceanic crust has been

transformed to eclogite (Green and Ringwood, 1968; Ringwood, 1969, 1975).
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Upper mantle material is described as ‘fertile’, ‘refractory’ or ‘residual’,
and ‘depleted’ or ‘enriched’. Fertile, refractory and residual are terms used to
describe mineralogy and major element composition. Fertile mantle is capable
of generating basaltic magma during partial melting, whereas refractory mantle
is not. Residual mantle has experienced partial melting. Owing to single or
multiple episodes of different degrees of partial melting and extraction of
basaltic magma, residual mantie covers a wide range of compositions, from
that which still is capable of yielding basaltic magma on partial melting (i.e., is
fertile), to that which is incapable of yielding basaltic magma during further
partial melting (i.e., is refractory). Examples of fertile peridotite are pyrolite
{(Ringwood, 1966}, Tinaquilio therzolite (Jaques and Green, 1980), Hawaiian
pyrolite (Jaques and Green, 1980), mid-ocean ridge basalt (MORB) pyrolite
(Falloon and Green, 1987}, and the Iherzolite compositions of Maalee and Aoki
{1977) and Jagoutz et al. {1979).

In agreement with Menzies and Hawkesworth (1987a), enriched and
depleted are used as simple geochemical (trace element or isotopic) descriptions
without any implication for the process(es) responsible. Enriched and depleted
are used relative to a defined composition, such as another sample or group of
samples, or the buik Earth.

Mineral, major and trace element, and isotopic compositions of upper

mantle materials are controlled by processes of partial melting, magma- and

fluid-rock interactions, and mechanical mixing. The important aspects of these

processes are summarized in the following sections.




1.2.3 Upper Mantle Heterogeneity
Attention has focused on the distribution and compaosition of physical

and chemical components in the mantle and their influence on the compositions

of magmas erupted at the Earth’s surface. In essence, this has been a study

of Earth evolution and mantle heterogeneity based on trace element and
isotopic studies of samples of crust and mantle (Schilling, 1973; Wasserburg
and DePaolo, 1979; O'Nions et al., 1980; Aliégre et al., 1981, 1982;
Anderson, 1981; Thompsonet al., 1984; Menzies and Hawkesworth, 1987b).

Owing to the compositional variation exhibited by crustal materials,
mantle heterogeneities have been mapped on scales of (i) >1000 km? as
evidenced by the evolution of the Earth’s crust over the last 3800 Ma (O’'Nions
et al., 1980), (ii) > 1000 km as exemplified by the Dupal anomaly in oceanic
basalts which encircles the Earth at about 30°S (Hart, 1984), and {iii) <5 km
as in the Lamont seamounts near the East Pacific Rise {(Fornari et al., 1988).
Ultimately, this leads to the question posed by Carison (1988): "Is the Earth’s
mantle chemically stratified or are there chemically distinct regions of various
sizes distributed like plums in a pudding throughout the whoie mantie ?”. On
a global scale there is sub-oceanic mantle and sub-continental mantle, but
within these regions there are relatively local variations which could result from:
1) Marble cake mantie, in which bands of subducted oceanic lithosphere are
present in the convecting mantle {(Aliégre and Turcotte, 1986; Kellogg and
Turcotte, 1986/87, 1990). Evidence for this comes from the extreme isotopic

variability exhibited by pyroxenite bands in orogenic peridotites (Polvé and
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Allégre, 1980; Allégre and Turcotte, 1986), and by basaltic glasses from the

East Pacific Rise {Prinzhofer et al., 1989).

2} Veining of th~ mantle by magmas and fluids (Wood, 1979), and the
consequent magma- and fluid-rock interactions, especially those involving
volumes of magma or fluid which occupy <0.1 % of the mantle (McKenzie,
1989; Menzies, 1990).

A classic example of upper mantle heterogeneity has been documented
in the Ronda Peridotite, Spain. These peridotites range from lherzolite to
harzburgite and exhibit a wide range of whole-rock major eiement compositions
iFrey et al., 1985). Partial melting of fertile Iherzolite and extraction of MORB
magma left residues of refractory harzburgite (Frey et al., 1985). However,
isotopic compositions of Cr-diopside separates from these peridotites are
extremely variable and are not restricted to the field of MORB (Reisberg and
Zindler, 1986/87). This suggests that after partial melting, the peridotites
interacted with a fiuid which modified isotopic evolution (Reisberg and Zindler,

1986/87).

1.2.4 Mantle Metasomatism

The concept of mantle metasomatism is unavoidable in any study of the
mantle, but before it can be assessed it is essential to define terminology.
Wilshire (1987) defines metasomatism as "a process or processes whereby the
mineralogy and/or chemical composition of a solid rock is altered by the

introduction of chemical components from an external source; the alteration
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process is commonly accompanied by loss of other components from the
altered rock.” Where components are introduced with the aid of intergranular
fluids (including magmas), it is called infiltration metasomatism; where
components are introduced without the aid of these intergranular phases, it is
termed diffusion metasomatism (Korzhinskii, 1970). The terms cryptic and
patent metasomatism {Dawson, 1984} and modal metasomatism (Harte, 1983)
have been applied to mantie xenoliths. Patent and modal metasomatism

essentially are synonymous and are recognizable through replacement textures

and development of hydrous phases in the aitered rock. Infiitration obviously

is a dominant process. Cryptic metasomatism is recorded by trace element
enrichment apparently unaccompanied by mineralogical changes; this implies
the operation of diffusional processes.

There is some confusion over use of the term ‘fluid’. Wyllie (1987}

states: "'Fluid’ is a descriptive term applicable in geological contexts to liquid

{melt, magma, silicate melt with dissolved volatile components), vapour {(dense
gas, pneumatolytic gas, hydrothermal solution), supercritical solution, or to an
undefined fluid phase. Fluid also has a more restricted meaning in phase
equilibria; it is the phase that is indeterminate between liquid and vapour, where
critical phenomena occur.” Magma will be used in this work to imply a silicate
melt that can contain crystals, rock fragments and dissolved volatile
components; in the classification of Eggler (1987), this is a fluid-bearing melt
(Fig. 1.2). Fluid will be used to imply a volatile component which corresponds

to the melt-bearing fluids of Eggler (1987) (Fig. 1.2).
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Frey and Green (1974) presented data on lherzolite xenoliths from
Australian basanites that clearly demonstrated the concept of mantle
metasomatism through a two component mixing model. Component A was the
residue from partial melting which controlled the major mineralogy, major
element composition, and abundances of compatible trace elements such as Ni,
Co and heavy rare earth elements (HREE). Component B was a migrating fluid
which was not genetically related to component A. It controlled the
abundances of incompatible trace elements such as K, P, Th, U and light rare
earth elements (LREE).
Following Frey and Green (1974) and Lloyd and Bailey (1975), mantle
metasomatism became an essential process by which to explain the
mineralogical, chemical and isotopic diversity of mantle peridotites and the

magmas derived from them.

1.2.5 Magma- and Fluid-Peridotite Interactions

During the emplacement of intrusions of various sizes into mantle
peridotites, associated reaction zones develop at the intrusion-peridotite
interface. These zones are the sites of magma- and fluid-peridotite interactions,

of which there are two types. The first type occurs where peridotites become

enriched in Fe, Ti, Al, Na, K and incompatible trace elements (LREE) by injection

of basaltic magma and/or associated fluid (Wilshire and Jackson, 1975;
Stewart and Boettcher, 1977; Irving, 1980; Wilshire ¢t al., 1980); this

enrichment may result from the crystallization of new phases in the peridotite
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(Wilshire, 1984). The second type is equatable with the process of zone

refining (Harris, 1957), by which magma or fluid assimilates the minimum
melting component of the peridotite and becomes enriched in Na, K, Ca, Al, Ti,
Si, Rb, Sr, U and LREE (Green and Ringwood, 1967; Quick, 1981a}. Both
these interactions can occur together by the simultaneous solution and

precipitation of mineral phases in the peridotite.

1.2.6 Magma and Fluid Migration in the Upper Mantle

The mode of magma and fluid migration in the upper mantle is extremely
important, as it controls the extent of magma- and fluid-rock interactions and
mantle metasomatism. Magmas and fluids migrate by (i) diapiric ascent, (ii)
magma fracture and conduit flow, (iti} percolation, and (iv) transport along shear
zones.

As a solid diapir rises in the upper mantle due to buoyancy effects (free
convection of Spera (1980)) or stress induced flow (forced convection of Spera
(1980)), it will partially meit by adiabatic decompression (Bottinga and Allégre,
1978). Magma will accumulate in zones where the permeability threshold of
the diapir is reached and exceeded (Maalee, 1981, 1982). Two possibilities
exist at this point: (i) at depth, magma will accumulate and escape by fluid or
magma assisted shear fracturing in the deforming peridotite (Weertman, 1972;
Nicolas, 1986b), whereas at shallower depth this will occur by hydraulic
fracturing {(Shaw, 1980; Nicolas ang Jackson, 1982; Nicolas, 1986b; Spera,

1987; Spence and Turcotte, 1990); (ii) magma will percolate through the
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peridotite matrix by porous flow (Sleep, 1974; Turcotte and Ahern, 1978;
McKenzie, 1984; Scott and Stevenson, 1984; Phipps Morgan, 1987). The
abundance of veins and dykes in samples of upper mantle peridotite (Nicolas
and Jackson, 1982; Nicolas, 1986b; Wilshire and Kirby, 1989), suggests that
hydraulic fracture is the dominant mechanism of magma extraction in the upper
mantle. Extremely refractory peridotites such as dunites, may be residues from
highly efficient drainage of the magma conduit (Nicolas, 1986b). Percolation
will be important where a magma cannot maintain hydraulic fracture and
impregnates its host-rock (Nicolas, 1989). If ascent rates of magma are high
and conduits are well defined, there will be minimal interaction between magma
and host-rock.
Conditions for migration of fluid are significantly different from those of
magma, because of the lower viscosity and reactive nature of fluid. if a fluid
is in equilibrium with its host-rock, then it will migrate without reacting and

hydraulic fracture theory can be applied in this situation (Spera, 1987).

Generally, however, it would appear that fluids infiltrate their host-rock by

percolation by porous flow and react with it (Spera, 1987). Large volumes of
fluid may be concentrated in shear zones in the lithosphere (Beach, 1976;
McCaig, 1984; Sinha et al., 1986; Kerrich and Rehrig, 1987), which then
become important zones of heat and mass transport (Bickle and McKenzie,
1987). Because fluids generally have a more pervasive mode of migration than
magmas, they are capable of significantly modifying the compaosition of their

host-rock.




1.2.7 Factors Affecting the Composition of Upper Mantle Peridotite

From the previous sections it is evident that the upper mantle is a
dynamic reaction vessel. Mineralogical, chemical and isotopic compositions of
upper mantle peridotites and the magmatic and fluid components which they
host, are controlled by processes of (i) partial melting, (ii) magma- and fluid-
rock interactions, and (iii) mechanical mixing, ali of which occur over a wide
range of temperatures and pressures in specific tectonic environments. Oniy
by integrating field, petrographic and geochemical studies can we begin to
unravel the complexities of these processes. Hence, ophiolitic and orogenic

peridotites must be primary targets of investigations of upper mantie processes.

1.3 OPHIOLITIC AND OROGENIC PERIDOTITES

1.3.1 Classification and Origin

Tectonically emplaced peridotite massifs were called alpine-type

peridotites by Thayer (1960) and have been divided into two groups (Thayer,

1960; Green, 1967; Den Tex, 1969; Jackson and Thayer, 1972): the lherzolite
group (known also as orogenic root zone or high temperature peridotites), and
the harzburgite group (known aiso as ophiolitic or low temperature peridotites).
By a sequence of tectonic events, both groups have been emplaced into or onto
continental crust as bodies which are <15 km thick (Spray, 1989).

It is here proposed that peridotite bodies conforming to the Penrose

Conference definition of an ophiolite {Anonymous, 1972), be called ophiolitic
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peridotites, and those which do not, be called orogenic peridotites. In cases
where bodies have not been severely dismembered, the former are associated
with an oceanic crustal sequence, whereas the latter are not (Spray, 1983}.
This classification is by no means rigorous, but is in keeping with previous
definitions and will serve its purpose in this work.

Orogenic peridotite massifs are composed of peridotites (mainly
lherzolite) containing variable proportions of bands and dykes of pyroxenite and
gabbro, e.g., Ronda (S. Spain), Lherz and Ariége (S. W. France), Lanzo (N.
Italy} and Beni Bousera (N. Morocco). Equilibration is recorded in the garnet,
spinel and plagioclase stability fields, e.g., the Ronda Peridotite (Obata, 1980).
Nicolas and Jackson (1972) interpreted orogenic peridotite massifs as
fragments of sub-continental mantle or deep sub-oceanic mantle. Prior to
meiting, many of these peridotites were fertile sources for the generation of
MORB magmas, e.g., the Ronda Peridotite (Frey et al., 1985).

Ophiolitic peridotites (mostly Iherzolite and harzburgite) contain variable
proportions of bands and intrusions of dunite, chromitite, pyroxenite, wehrlite
and gabbro. Equilibration occurred predominantly in the spinel stability field.

As examples, ophiolitic peridotites occur in the Troodas Ophiolite (Cyprus), the

Oman Ophiolite, and the Bay of Islands Ophiolite (Canada). There is a complete

spectrum of compositions in ophiolitic peridotites which can be related to their
crustal sequence. This has led to a number of classification schemes for
ophiolite complexes and these are compiled in Table 1.1. Nicolas and Jackson

(1972) interpreted ophioiitic peridotites as fragments of uppermost sub-oceanic
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mantle. This view is held currently, but there is a debate prompted by

Miyashiro (1973) concerning the exact tectonic environment which ophiolites
represent, e.g., mid-ocean ridge, back-arc basin or forearc region. The mantle
section of an ophiolite will be extremely sensitive to this environment, because
it will record the degree of partial melting and the compositions of magmas and

fluids that have traversed the mantle peridotites (Table 1.1).

1.3.2 Mafic and Ultramafic Bodies Hosted by Peridotite

Bodies of mafic and ultramatic material hosted by ophiolitic and orogenic
peridotites occur as layers (called bands from here on so as to have no genetic
implication), dykes, veins, lenses and pods that have been documanted in all
peridotites (Spray 1982, 1989). They typically are <1 m thick and parallel

(concordant) or cross-cut {discordant) the high temperature tectonits fabric of

their hosting peridotite. Textures where minerals are coarse grained with

interlocking grain boundaries are indicative of magmatic crystallization, whereas
granoblastic, mylonitic, schistose or gneissose textures are indicative of
subsolidus deformation. Mineralogy is dominated by pyroxene + olivine +
plagioclase + spinel £ garnet + amphibole + mica. Mafic and ultramafic
bodies in therzolites are dominated by clinopyroxene and have a basaitic bulk
composition {Loubet and Allégre, 1982; Spray, 1982, 1989). Those in
harzburgite frequently are monomineralic, such as dunite, chromitite,
orthopyroxenite and clinopyroxenite, and do not have a basaltic bulk

composition (Reuber et al., 1985). Bodies of websterite, wehrlite and gabbro
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also occur in harzburgite.

Numerous models have been proposed to explain the origin of mafic and
ultramafic bodies hosted by ophiolitic and orogenic peridotites. These bodies
represent:

1) Crystallized magmas that may be in-sity and primary (Boudier and Nicolas,
1972; Dickey gt al., 1979; Reuber et al., 1985), or crystallized magma
fractions (Moores, 1969; Malpas, 1978; Harkins et al., 1980; Quick, 1981b:
Boudier and Coleman, 1981; Hopson et al., 1981; Loubet and Allégre, 1982;
Reuber et al., 1982; Sinigoi et al., 1983; Gregory, 1984) that could form by
gravitational crystal accumuiation (Raleigh, 1965; Conquéré, 1977).

2) Material introduced downward into the mantle from the base of a magma
chamber by subsidence of cumulates (Dickey, 1975) or injection of dykes
(Reuber et al., 1982, 1985).

3) "Xenocryst cumulates’ produced by high temperature minerals accumulating
when a peridotite undergoes >50 % partial melting (Ishiwatari, 1985a).

#) Flow layers within a crystal mush (Thayer, 1963).

5) Metasomatites (Bowen and Tuttle, 1949; Carswell et al., 1974; Loomis and
Gottschalk, 1981).

6) Metamorphic differentiates produced by (i) deformation (Walcott, 1969:;
Moores, 1969; Loney and Himmelberg, 1976; Dick and Sinton, 1979}, (i)
pressure solution creep (Dick and Sinton, 1979), or (iii) anatexis (Dick and
Sinton, 1979).

7) Restites produced by the partial melting of pre-existing bands or dykes
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(Shervais, 1979; Loubet and Allégre, 1982, Sinigoi et al., 1983).
8) Recycled oceanic crust (Allégre and Turcotte, 198€, Kellogg and Turcotte,
1986/87, 1990).
Any of the above may be transposed into parallel alignment with the
peridotite foliation (Wilshire and Pike, 1975; Boudier, 1978; Cassard et al.,
1981; Nicolas and Jackson, 1982).

1.3.3 Magma- and Fluid-Peridotite Interactions

Magma- and fluid-peridotite interactions were described in section 1.2.5.
Classic examples of both types of interaction are found in ophiolitic and
orogenic peridotites:
1) Clinopyroxene and feldspar crystallize from magmas impregnating
harzburgites and dunites (Dick, 1977; Sinton, 1977; George, 1978; Savelyev
and Savelyeva, 1979; Violette, 1980; Nicolas et al., 1980; Boudier and
Coleman, 1981; Nicolas and Prinzhofer, 1983; Nicolas and Dupuy, 1984;
Evans, 1985; Evans and Hawkins, 1989). This often occurs where magma is
expelled into the peridotite ahead of the intrusion, because the magma or fluid
can no longer hydraulically fracture the peridotite (Nicolas, 1989).
2) The other type of interaction is exemplified by the formation of dunite by in-
sity reaction of pyroxene-bearing peridotite with an introduced magma or fluid
(Boudier and Nicolas, 1972, 1977, Dick, 1977; Sinton, 1977; Dungan and Avé
Lallemant, 1977; Leblanc et al., 1980; Quick, 1981a; Cassard et ai., 1981;
Nicolas and Prinzhofer, 1983; Gregory, 1984; Kelemen, 1990) (Fig. 1.3).




1.4 OBJECTIVES AND APPROACH

The following testable hypothesis forms the basis of this thesis:

Processes of partial melting and magma- and fluid-rock interaction in
different tectonic environments are likely to be similar, but the compositions of
residues, magmas and fluids will differ. As a magma or fluid migraics away
from its source region it will attempt to equilibrate with the environment

through which it passes. A fast moving magma or fluid undergoing little or no

equilibration will reflect the compositicn of its source, whereas a magma or

fluid undergoing continuous equilibration will refiect the composition of the rock
with which it last equilibrated. Magmatic and fluid components in the upper
mantle range from complstely crystallized primary compositions to
monomineralic crystal fractionates, all of which have experienced different
degrees of magma- and fluid-rock interaction. The mantle is a dynramic system
that experiences numerous episodes of partial melting and magma and fiuid
activity during continuous deformation. The most complete record of these
episodes is preserved in regions of low strain. Heterogeneities are rapidly
destroyed by diffusion and mechanical mixing in regions of high strain.

A test of this hypothesis requires a very practical approach which
integrates field and petrographic observations with geochemical data. In this
thesis the emphasis is on understanding the processes of magma and fluid
generation, migration and evolution in the uppermost mantie. Special attention

is paid to developing the platinum group elements (PGE) as petrogenetic




tracers.

1.5 AREA OF STUDY

The Bay of Islands Ophiolite Complex (BIOC), western Newfoundland,
Canada, was selected for this study because of its excellent exposure of
uppermost mantle, and convenient accessibility. Foliowing reconnaissance
work in the BIOC, the Springers Hill area of the Lewis Hills Massif was selected
for a detailed study. Before discussing the geology of the latter, the geology

of the BIOC is considered.

1.5.1 Regional Geology and Origin of the Bay of Islands Ophiolite Complex
The island of Newfoundland lies at the centre of the Appalachian-
Caledonian Orogen. From west to east the island is divided into the Humber,
Dunnage, Gander and Avalon tectonostratigraphic zones {Williams, 1979). The
Humber Zone documents the opening and closing of the proto-Atlantic Ocean

{Wilson, 1966). The Humber Arm Allochthon was emplaced onto the ancient

continental margin of North America during the Middle Ordovician Taconian

Orogeny as an assembled series of stacked thrust slices of east to west
derivation (Malpas, 1976). The BIOC and the Coastal Complex (CC) are two
adjacent Cambro-Ordovician ophiolite terranes that occupy the highest
structural slices of the Humber Arm Allochthon (Stevens, 1970; Church and

Stevens, 1970a, b, 1971; Bird and Dewey, 1970; Williams, 197 1; Williams and
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Malpas, 1972; Church, 1972; Malpas, 1973, 1976). Together they form a

discontinuous, narth-northeast trending belt of mafic-ultramafic rocks some
100 km long and 2% km wide (Fig. 1.4). From north to south the BIOC
comprises the Table Mountain, North Arm Mountain, Blow Me Down Mountain
and Lewis Hills massifs. There is disagreement over the definition of the CC.
For Karson and Dewey (1978}, Casey et al. (1983) and Karson (1984}, the CC
is that defined in Figure 1.4, whereas for Williams (1973) it is called the Little
Port Complex and does not include the western part of the Lewis Hills Massif
which oelongs to the BIOC. In keeping with the terminology of Karson and
Dewey (1978), Casey et al. (1983) and Karson (1984), their definition of the
CC will be used throughout this work (Fig. 1.4).

Two distinctly different origins have been proposed for the BIQC and CC:
(i} the BIOC formed at a major seafloor spreading centre (Casey et al., 1983,
1985), whereas the CC represents oceanic crust that has experienced a
transform fault tectonic history within an oceanic fracture zone (Karson and
Dewey, 1978; Karson, 1984); (ii) in contrast, Malpas et al. (1973) and Malpas
(1979a) interpreted the CC as an arc assemblage, which is supported by the
supra-subductionzone/back-arc basin origin proposed by Malpas {1976), Searle
and Stevens (1984), Edwards (1990) and Jenner et al. (in press) for the
evolution of the BIOC and CC. Age data are crucial for determining which
origin is most plausible. The BIOC has been dated at 501-508 Ma (Mattinson,
1976; Jacobsenand Wasserburg, 1979) and 476-489 Ma (Dunning and Krogh,

1985; Jenner et al., in press), whereas the CC has been dated at 505-508 Ma
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(Mattinson, 1975; Jenner et al., in press). Similar ages of the two complexes
are likely to support origin (i), whereas origin (ii) may accommodate similar or
dissimilar ages.
The metamorphic sole underlying the BIOC has been dated at 454-460
Ma (Dallmeyer and Williams, 19795, Archibald and Farrar, 1976) ai.d forms an
integral part of the ophiolite which documents dynamothermal metamorphism
during transport of the ophiolite slice (Church and Stevens, 1971; Williams,
1971; Williams and Smyth, 1973; Maipas et al., 1973; Malpas, 1976, 1979b).
Intra-oceanic thrusting and obduction of the BIOC is recorded by the mylonitic
fabric in the sole and basal peridotites of the mantle sequence (Girardeau and
Nicolas, 1981). The metamorphic sole may represent the hanging wall of a
once east-dipping subduction zone, in which the BIOC occupied the forearc of
the overriding plate (Casey and Dewey, 1984). According to Karson and
Dewey {1978) and Casey and Dewey (1984), the fracture zone preserved in
the CC was the nucleation site for the subduction zone and obduction of the

BIOC.

1.5.2 The Mantle Section of the Bay of Islands Ophiolite Complex

in the mantie section of the BIOC, harzburgite is the most abundant
residual peridotite and occurs with lesser amounts of lherzolite and dunite.
These peridotites crop out in each massif and reach a maximum thickness of
5 km (Malpas, 1978). The occurrence of fertile Iherzolite in Table Mountain

{Malpas, 1978) and abundant refractory peridotites in the southern massifs,
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suggests either a change in tectonic setting or degree of fertility in a given
tectonic environment. Accoiding to the classification n Table 1.1, this
southward trend reflects a change from the lherzolite to the harzburgite
ophiolite type. This agrees with the relatively high abundances of chromitite

and webhrlite in the Lewis Hills Massif (Dunsworth et al., 1986).

1.5.3 The Springers Hill Area of the Lewis Hills Massif

The Lewis Hills Massif preserves an original, subvertical contact between
the BIOC and CC. This contact is marked by the Mount Barren Assemblage of
the CC, which is a prominent belt of highly deformed greenschist, amphibolite
and granulite facies rocks that are intruded by wehrlite-lherzolite crystal mush
intrusions (Karson, 1977, 1979, 1984; Karson and Dewey, 1978; Karson et
al., 1983) (Fig. 1.5). The Mount Barren Assemblage records the transform
domain of the fracture zone in model (i} of section 1.5.1.

The Springers Hill area conforms to the harzburgite ophiolite type (Table
1.1), and is situated in the eastern part of the Lewis Hills Massif in the BIOC,
but lies directly adjacent to the CC (Fig. 1.5). Dunsworth et al. (1986) defined
an early suite of refractory harzburgite, dunite and mafic-ultramafic cumulates,
and a late suite of dunite, wehrlite, clinopyroxenite and gabbro. These record
a complex history of syn-kinematic multiple intrusion and ductile deformation
(Dunsworth gt al., 1986).

The area investigated in the present study is 2 km? and provides 40-50

% exposure of uppermost mantle peridotites which exhibit spectacular evidence
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for magmatic and fluid activity and interaction. As such, it is the best locality
in the BIOC to study the processes of magma and fluid generation, migration
and evolution. The structure of the area has been extensively documented by
Karson {1979), Dahl and Watkinson {(1986), Dunsworth et al. (1986} and Suhr
et al. (in pressj, which provided an excellent foundation on which to base this

petrologic study.

1.5.3a Mapping and Access

The area was mapped by the author during the Summer of 1987.
Mapping was undertaken at a scale of 1:4000 on enlargements of the Province
of Newfoundland and Labradar Department of Forest Resources and Lands
1:12500 scale colour aerial photographs NF84020-14, -121 and -122. The
Department of Energy Mines and Resources 1:50000 scale map sheet 12 B/16,
Georges Lake, covers the eastern part of the Lewis Hills Massif.

There are no roads close to the field area and access by helicopter is a
necessity. Camp equipment and provisions were flown in from the
communities of Pasadena and Fox Island River which are easily accessible by
road. The field area is barren, rugged and gently undulating, and is easily

traversed on foot.

1.5.3b Chemical Classification of the Springers Hill Area

Based on mineral chemistry, the rock types in the mantle section of the

Springers Hill area occupy two compositionally distinct fields (Fig. 1.6). Olivine
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and clinopyroxene plot in two fields, but there is some degree of overlap.
Spinels define two well separated fields and are used to classify the rock types
as low-Al peridotites and pyroxenites (LALPP), and high-Al peridotites,
pyroxenites and gabbros (HALPPG). The classification of rock types of the
Springers Hill area as LALPP and HALPPG is similar to those mapped by

Dunsworth et al. (1986) as early suite and late suite, respectively.

1.6 FORMAT OF THE THESIS

The subsequent chapters of this thesis are arranged in such a way that
after description and interpretation of the field relations and petrography in
Chapter 2, each chapter is a study which can stand alone. Chapters 3 and 4
are concerned with the chemistry and petrogenesis of LALPP and HALPPG,
respectively. Chapter 5 examines the physical and chemical interactions of
fluid in mantle lithosphere, and Chapter 6 is 3 summary of the ihesis which

emphasizes the importance of the Springers Hill area in studies of the upper

mantle.




Chapter 2

FIELD RELATIONS AND PETROGRAPHY

2.1 INTRODUCTION

This chapter describes the rock types found in the Springers Hil! area and
the deformation which they record. Emphasis is placed on the spatial relations
of rock types with respect to one ancther and to domains of deformation.
Particular attention is paid to features which document interaction between
low-Al peridotites and pyroxenites (LALPP) and high-Al peridotites, pyroxenites
and gabbros (HALPPG).

Petrographic descriptions are broad owing to wide variations in modal
composition within a given rock type, and between certain rock types. Detailed
descriptions are reserved for features particularly relevant to this study. The
terminology adopted for textures arising from deformation and recrystallization
follows that of Mercier and Nicolas (1975), except that coarse granular (Boullier
and Nicolas, 1975) is used as a purely descriptive term in place of
protogranular. Terminology of cumulate textures is based on Wager et al.
(1960). Recognition of textures frequently is hampered by the development of
serpentine, bastite, uralite, chlorite and other minor phases arising from low

temperature alteration. Thin sections were made from samples cut

i——-—d
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perpendicular to their foliation and parallel to their lineation where lineation

could be defined.
2.2 OVERVIEW OF THE FIELD AREA

As previously defined by Dunsworth et al. (1986), the Springers Hili area
comprises rocks of the mantle and crust. The mantle sequence is divisible into
LALPP, HALPPG, and a marginal zone which in places separates the two (Fig.
2.1 in map pocket). The LALPP are harzburgite, dunite, chromitite,
orthopyroxenite, clinopyroxenite, amphibole dunite and minor websterite,
whereas the HALPPG are dunite, wehrlite, olivine clinopyroxenite, gabbro and
amphibole peridotite. The marginal zone contains all these rock types. The
geological map (Fig. 2.1) illustrates that the uppermost mantle in the Springers

Hill area is extremely heterogeneous with respect to the distribution of rock

types and deformation. The crustal sequence was not mapped or sampled in
any detall in this study, and its relation to the mantie sequence is not known.
Hence, the crustal rocks are tincorrelated, but consist of wehrlite and gabbro
which host amphibolite dykes (Fig. 2.1).

Two episodes of deformation have affected the area, and these .re
thoroughly documented by Dahl and Watkinson (1986), Dunsworth et al.
(1986) and Suhr et al. (in press). These episodes are denoted D, and D,, and

are recorded by high temperature S, or L,-S, and L,=S, tectonite fabrics,

respectively. D, is preserved only in LALPP along the southern portion of the
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mapped area, where S, trends N-S to NE-SW and has a vertical to steep W to
NW dip. Mylonitic ductile simple shear zones that record D, are <700 m wide
and occur in all rock types throughout the area. Along the western portion of
*he mapped area, S, trends NNE-SSW to NE-SW and has a shallow WNW to
NW dip; lineations are N to NNE and shallow plunging. Along the southern
portion of the mapped area, S; is E-W with a shallow N dip. The variation in
orientation of S, in the northern part of the mapped area was produced by -
doming of this region during formation of the HALPPG (Dunsworth et al.,
1986). Faulting appears to correlate with D, because of high temperature shear
displacement along fault surfaces. The thrust fauits at the northern extent of
the mapped area are completely hosted within D, shear zones and thrust
surfaces lie parallel to the plane of S,. Mulitiple thrusting has juxtaposed slices
of LALPP and uncorrelated wehrlite and gabbro, which has produced an
interleaved stack of slices (Fig. 2.2).

To understand the mantle section of the Springers Hill area, it is
imperative that magmatic and fluid activity and deformation are considered
together, because deformation continually modifies primary magmatic and fiuid
features and relations, and magmas and fluids assist recrystallization and

deformation. The relative time of formation of rock types is summarized in

Figure 2.1.
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2.3 LOW-AI PERIDOTITES AND PYROXENITES

Within the LALPP generally there is a west to east distribution of the rock
types, which resuits in a regional banding paralle! to the dominant tectonite
fabric (Fig. 2.1). The west is dominated by harzburgite and dunite and their
amphibole-bearing equivalents. On moving east, harzburgite, dunite,
orthopyroxenite (OPXT |, see section 2.3.4a) and clinopyroxenite give way to
harzburgite, dunite and ciinopyroxenite. Harzburgite almost always is the host
of OPXT I, whereas dunite usually hosts clinopyroxenite. Consequently, on
moving from wvest to east, the ratios of harzburgite/dunite and OPXT
I/clinopyroxenite both decrease. Because concentrations of chromitite correlate
with abundances of dunite and clinopyroxenite, chromitite is more abundant in
the east than in the west, and culminates in the Springers Hill chromitite
showing. Dunites, chromitites and clinopyroxenites in the southeastern part of
the mapped area often are displaced along shear zones. Folded structures have
developed which were attributed to shear folding by Dahl and Watkinson
(1986). These features correlate with the western limb of a synform defined

by Dunsworth et al. (1986).

2.3.1 Harzburgite
2.3.1a Field Relations

iHarzburgite apparently is the oldest rock type preserved in the Springers

Hill area. Large volumes of pure harzburgite are rare due to the abundance of
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intrusive phases and local gradation into dunite. Porphyroclasts of
orthopyroxene define S, and S,, and these fabrics are enhanced by concordant
and subconcordant mm- to m-wide veins and dykes and their boudinaged
equivalents of dunite, OPXT | and clinopyroxenite. Veins and dykes may be
isoclinally folded, especially in D, shear zones.

Harzburgite has a modal composition of 50-90 % olivine, 10-50 %
orthopyroxene, <2 % Cr-spinel, frequent, but modally insignificant amphibole,
and rare clinopyroxene. The olivine/orthopyroxene ratio of harzburgite is
extremely variable. Where harzburgite grades into dunite, there is a progressive
decrease in the concentration of orthopyroxene as the dunite is approached.
A high concentration of orthopyroxene correlates with the presence of OPXT
{, and manifests itself as (i) individual grains and veins associated with the
margins or terminations of massive dykes of OPXT | (Fig. 2.3), or {ii) stretched,
boudinaged and highly disaggregated veins of OPXT I. A screen of harzburgite
may separate OPXT | from adjacent dunite. These relations suggest that a
significant percentage of the modal orthopyroxene in harzburgite may have

been derived from OPXT |I.

2.3.1b Petrography

The petrographic description of harzburgite is restricted to those samples
recording the D, deformation. The D, eventis recorded by porphyroclasts { <5
mm) and neoblasts of orthopyroxene distributed unevenly throughout a matrix

of olivine. This heterogeneity can result in alternating bands of orthopyroxenite
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and dunite (Fig. 2.4). Olivine is coarse granular (=10 mm) in dunite, but is
much finer grained in the presence of orthopyroxene, where polygonized grains
of olivine {<0.1 mm) define a mosaic equigranular texture. Olivine interstitial
to orthopyroxenein aggregates of orthopyroxeneis coarser grained (<0.5 mm)
and embays orthopyroxene. Grain boundaries of olivine and orthopyroxene
usually are well equilibrated (curvilinear to straight grain boundaries, well
equilibrated triple junctions), but bent and kinked substructures occur in
orthopyroxene porphyroclasts and neoblasts and coarse granular olivine.
Orthopyroxene rarely has exsolutions of clinopyroxene, but contains round and
oval inclusions of olivine and equant to ovalinclusions of spinel. Inclusions and
trails of inclusions of spinel and wunidentified opaque, transparent and
translucent phases are more common in finer grained olivine than in
orthopyroxene and coarse granular olivine. The silicate portion of harzburgite

is 40-70 % altered depending on the modal abundance of olivine.

Cr-spinelis most abundant in samples richest in orthopyroxene. Cr-spinel

most commonly is found in orthopyroxenes or at the grain boundaries of
orthopyroxenes, but also occurs at the grain boundaries of coarse granular
olivines. The grain size of Cr-spinel exhibits a bimodal distribution occurring as
large grains (<! mm) containing inclusions of olivine, serpentine and
orthopyroxene, and as minute grains disseminated throughout a sample.
Porphyroclastic and pull-apart textures are dominant, but their less deformed
and recrystallized equivalents do occur (Fig. 2.5). The foliation defined by Cr-

spinel either is concordant or discordant with respect to S, defined by




orthopyroxene (Fig. 2.4).
A relatively late generation of orthopyroxene manifests itself as delicate,

interstitial grains (< 1.5 mm). This orthopyroxene is most obvious where it is

oblique to banding in coarse granular olivine (Fig. 2.6). In areas of low strain,

the interstitial texture is preserved, but in areas of higher strain, the texture is
obliterated and the orthopyroxene inherits a porphyroclastic texture. The
orthopyroxene exhibits partial replacement by olivine (Fig. 2.6).

A very distinct feature in many harzburgites is the occurrence of olivine-
orthopyroxene clusters hosted in coarse granular olivine (Fig. 2.7). The clusters
contain remnants of porphyroclasts and aggregates of porphyroclasts of
orthopyroxene in a matrix of mosaic equigranular olivine. Spinel is a minor
phase in these clusters; it occurs as minute blebs and vermicular grains in
mosaic equigranular olivine, and along the contact between olivine and
orthopyroxene (Fig. 2.8). The highly embayed grain boundaries of
orthopyroxene in contact with olivine, and the optical continuity of islands of
orthopyroxenein olivine, demonstrate that orthopyroxene has been replaced by
olivine with the production of minor spinel (Fig. 2.8}. In extreme cases, zones
of mosaic equigranular olivine (<7 mm) exist which do not contain
orthopyroxene. The irregular morphology of orthopyroxene, olivine and spinel,
indicates disequilibrium with no overprint of deformation or recrystallization
associated with D,;. Olivine-orthopyraxeine clusters most commonly are
encountered in harzburgites adjacent to HALPPG.

Ca-amphibole occurs in association with orthopyroxene and Cr-spinelin
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many harzburgites. It commonly is encountered in samples with olivine-
orthopyroxene clusters, but may or may not be associated with the cluster
itself. Cr-spinel associated with Ca-amphibole often is equant to sub-equant,
has grain boundaries embayed by Ca-amphibole, and contains inclusions of
olivine, serpentine, Al-orthopyroxene, clinopyroxene, Ca-amphibole, phiogopite,
magnetite and magnesioferrite (Fig. 2.9). This Cr-spinel recrystallized in the

presence of Ca-amphibole after the D, event.

2.3.2 Dunite
2.3.2a Field Relations

The complex nature and 50-98 % serpentinization of dunites makes it
difficult to correlate them. Dunites dominantly occur within harzburgite and
bordering chromitite and clinopyroxenite. Their association with chromitite and
clinopyroxenite is described in sections 2.3.3 and 2.3.4e, respectively.

Dunites have a modal composition of olivine (85-98 %), Cr-spinel {2-15
%) and minor pyroxene and Ca-amphibole. Morphologically, dunites occur as
pods up to 400 m wide, veins and dykes. These occurrences possess both
sharp (restricted mainly to veins and dykes} and ragged (restricted mainly to
pods) contacts with harzburgite. Dykes and veins rarely are tabular for more
than several metres, and are concordant and discordant with respect to the
orthopyroxene S, fabric in harzburgite. Dunites that have ragged contacts with
harzburgite, in some places contain fragments of harzburgite. The concordance

of the foliation between harzburgite fragments and harzburgite hosting the
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dunite, suggests in-situ replacement of harzburgite by dunite. These Jdunites
contain a few isolated grains of orthopyroxene and a concentration and
distribution of Cr-spinel similar to that of the adjacent harzburgite. In certain
cases, the margin of a dunite may exhibit the aforementioned features, but as
the centre of the dunite is approached, (i) the proportion of orthopyroxene
decreases to <2 modal %, (ii) the concentration of Cr-spinel increases, and (iii)
a Cr-spinel banding may develop.

Based on the features observed in the core regions of dunite veins and
dykes, two generations of dunite have been defined. The earliest contains
minor orthopyroxene and is rich in Cr-spinel. The Cr-spinel is disseminated
throughout the dunite matrix, but may concentrate in homogeneous and layer-
like bands in the centre of the dunite (see section 2.3.3). The later generation
is devoid of orthopyroxene and contains disseminated Cr-spinel at <1 modal
%. The latter may offset the former where the two intersect. This two stage
formation of dunite is consistent with the observation of Suhr and Calon

(1987), that the Springers Hill chromitite is cut by Cr-spinei-poor dunite.

2.3.2b Petrography

Dunites have coarse granular olivines (<18 mm) with weil developed
kinked substructures. In the absence of neoblasts and a well developed
porphyroclastic texture, grain boundaries are curvilinear and smoothly
interlocking. Spinel, sulphide and unidentified inclusions occur in coarse

granular grains and are concentrated around Ca-amphibole enclosed in olivine
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(Fig. 2.10).

Cr-spinel { =4 mm) is restricted mainly to the grain boundaries of olivines,
but small ovoid grains occur in olivine. The abundance and grain size of Cr-
spinel approximately is inversely proportional to the grain size of olivine. Cr-
spinel exists as equant, ovoid, round, lobate, cuspate and porphyroclastic
grains, and granulated margins are common. Inclusions of olivine and
serpentine are restricted mostly to those Cr-spinels exhibiting the most
deformation and recrystallization. Olivine and Cr-spinel define the same
foliation. Clinopyroxene associated with Cr-spinel has been documented in a
concordant dunite which possesses a spinel chain texture (Jackson, 1961) (Fig.

2.11).

2.3.3 Chromitite

Chromitites range from massive true chromitites (95 modz| % Cr-spinel)
with well developed margins, to dunites rich in Cr-spine! (=30 modal % Cr-
spinel) where the Cr-spinel is disseminated and a faint banding is developed.
Mineral graded layering may develop in the latter (Fig. 2.12). The extremes
may occur together. Cr-spinel exists as equant, lobate and cuspate grains and
their porphyroclastic equivalents. Cr-spinels with granulated margins occur
where D, shear zones cut chromitite. Pull-apart fractures are filled with chlorite
or serpentine. Olivine interstitial to Cr-spinel is partially to completely
serpentinized. Inclusions in Cr-spinel are chlorite.

Chromitites are always enclosed in an envelope of dunite. Morphologies
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and textures of the composite chromitite-dunite body are the same as those

described for dunite, except that lenses, boudins and schlieren of chromitite

also are present. Dunite envelopes are <4 m wide on either side of chromitite.

These envelopes contain traces of pyroxene and the widest envelopes retain
bands of harzburgite that trend parallel to the chromitite. Two types of small
chromitite body are present within dunite envelopes. The first is very angular,
is <10 cm wide, and appears to be xenolithic. The second is elongate or pod-
like, possesses smoothly curved margins, measures up to 80 x 15 cm, and
exhibits simple zonation (>95 modal % Cr-spinel at the rim, >50 modal %

olivine and <50 modal % Cr-spinel in the core).

2.3.4 Type | Orthopyroxenite, Clinopyroxenite and Websterite
2.3.4a Field Relations
Websterites were not identified in the field and were mapped as
clinopyroxenite. They are a minor component of clinopyroxenite. Two types
of orthopyroxenite have been identified, and are described separately as Type
I (OPXT 1) and Type Il (OPXT ll) in accordance with Suhr and Calon (1987) and
Subr et al. {in press). Type |l orthopyroxenites are described in section 2.3.5.
Type | orthopyroxenites (<95 modal % orthopyroxene) and
clinopyroxenites ( <99 modal % clinopyroxene) occur as veins and dykes and
their boudinaged equivalents. Grain size typically is coarse to pegmatitic ( <40
mm). Recrystallization of dyke margins and veins correlates with D,, whereas

extensive mylonitization of veins and dykes is attributed to D,. No chilled
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margins have been identified. Clinopyroxenites consistently cross-cut OPXT |
and are more discordant with respect to S, than are OPXT | (Fig. 2.13).

The olivine content of pyroxenites varies along and across strike, and
many bodies exhibit features akin to lit-par-lit injection. Lensoid patches of
harzburgite and wehrlite occur in OPXT | and clinopyroxenite, respectively.
Patches of dunite in OPXT | usually are richer in Cr-spinel than those in
clinopyroxenite. These dunite patches have cumulate texture (Fig. 2.14).
Elongate bedies of host-rock occur in pyroxenite dykes where the dykes branch
into numerous subparallel veins or narrower dykes. These branches may
coalesce along strike to re-form a massive dyke.

The consistent association of OPXT | with harzburgite has been

described in section 2.3.1a. Clinopyroxenites are hosted by harzburgite (Fig.

2.13), or are enclosed in an envelope of dunite which separates them from
harzburgite (Fig. 2.15). The former is more common for true clinopyroxenites,
whereas the latter dominates for olivine clinopyroxenites. The width of the
dunite envelope is unrelated to the width of the clinopyroxenite ( £ olivine) it
encloses. The dunite need not be continuous along strike, especially where
there are variations in the olivine/clinopyroxeneratio of the clinopyroxenite and
in the degree of strain at the dyke margin. Bands of Cr-spinel in dunite are
parallel to clinopyroxenite (Fig. 2.15). A mm-wide band of chromitite often
defines the contact between clinopyroxenite and dunite. True clinopyroxenites
are more common in the west of the mapped area, which explains why there

is no dunite envelope around clinopyroxenites cutting OPXT | (Fig. 2.13). In
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the east of the mapped area, olivine clinopyroxenites are more common than

clinopyroxenites.

2.3.4b Petrography of Type | Orthopyroxenite

Orthopyroxene, olivine, Cr-spinel and amphibole occur in all OPXT |.
Clinopyroxene is a rare phase in some samples. The oldest texture is well
equilibrated and coarse granular. Grain boundaries between adjacent grains of
orthopyroxene are smoothly undulating or serrated with consertal intergrowth,
Exsolutions of clinopyroxene have not been identified positively in
orthopyroxene, but acicular grains of amphibole commonly are parallel to the
cleavage of orthopyroxene. Olivine, Cr-spinel, clinopyroxene and amphibole
occur as inclusions in orthopyroxene and interstitial to orthopyroxene. Cr-spinel
(=1 mmj) is equant to rectangular and oval, and generally is coarser grained
where it is interstitial to orthopyroxene, than where it is enclosed in
orthopyroxene. Cr-spinel is everywhere associated with Ca-amphibole, which
suggests that fluid was intimately involved in the formation of Cr-spinel.
Olivine embays orthopyroxene in a8 manner characteristic of parallel growth of
these two phases (Figs. 2.16 and 2.17). Clinopyroxene has poorly equilibrated
grain boundaries where it replaces orthopyroxene. Amphibole occurs as

tabular, acicular and bleb-like grains associated with all other mineral phases.

Tremolite replaces clinopyroxene (Fig. 2.18) and tremolite and cummingtonite

replace orthopyroxene (Fig. 2.19). Symplectitic growths of spinel are common

in amphibole and may define a previous feature such as a pyroxene that
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amphibole has replaced. Tabular grains of amphibole of the anthophyllite-
gedrite series have been identified in association with orthopyroxene.

Deformation resuits in porphyroclastic and equigranular {mylonitic)
equivalents of the features described above. Amphibole always is found in
zones of deformation. Deformation primarily nucleates at inclusions of olivine
and Cr-spinel in orthopyroxene, or where olivine embays orthopyroxene. Kink
band boundaries are smooth to serrated and neoblasts develop at the
intersection of numerous kink band boundaries. Clinoenstatite has once been
identified defining a kink band. Grains of orthopyroxene are cut by shear zones

that are filled with variably equilibrated, fine grains of orthopyroxene, olivine

and amphibole (Fig. 2.20). Silicates have recrystallized to enclose granulated

trails of Cr-spinel in zones of high strain. Pull-apart of orthopyroxene is
recorded in veins of OPXT I. Tremolite and cummingtonite are in places
deformed, and in others undeformed, as a consequence of the heterogeneous
distribution of strain in OPXT | during their growth. Serpentinization and
uralitization of OPXT | post-dates deformation and the formation of tremolite

and cummingtonite.

2.3.4c Petrography of Clinopyroxenite

Orthopyroxene, olivine, Cr-spinel and Ca-amphibole occur in
clinopyroxenite. Where these phases are minor, clinopyroxene is extremely well
equilibrated and coarse granular (Fig. 2.21). Grain boundaries may be less

equilibrated in the presence of other phases (Fig. 2.22). Clinopyroxene often
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has a dusted appearance due to exsolutions of orthopyroxene(?) and spinel.
Grains of Cr-spinel are equant throughout a sample, but are coarser where they
are interstitial to clinopyroxene than where they occur in clinopyroxene. Olivine
occurs rarely as embayments or inclusions in clinopyroxene. Ca-amphibole is
a rare phase restricted mainly to regions interstitial to clinopyroxene.

Recrystallization of clinopyroxene is recorded by grain boundary
migration, and possibly by lingar trails of spinel grains which traverse several
adjacent grains of clinopyroxene that bhave different orientations.
Clinopyroxenites record less deformation than OPXT |. Clinopyroxene has
ragged grain boundaries and substructures where porphyroclastic textures

develop.

2.3.4d Petrography of Websterite

Orthopyroxene (< 5 modal %) is present in most samples of
clinopyroxenite, but localized zones of websterite occur where orthopyroxene
is more abundant. Websterite that formed by the mutual exsolution of ortho-
and clinopyroxene is relatively rare, and is included in the definition of
clinopyroxenite from here on. The term ‘websterite’ is applied to a pyroxenite
which is a composite assemblage of clinopyroxenite and xenocrysts of
orthopyroxene. Waebsterites are most common where clinopyroxenites cross-
cut OPXT 1. Orthopyroxene xenocrysts record greater deformation than
clinopyroxene, and have ragged grain boundaries. Orthopyroxene xenocrysts

may be totally inert in the presence of clinopyroxene, or partially replaced by
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clinopyroxene or Ca-amphibole and olivine (Fig. 2.23). This olivine often
contains an interconnected network of unidentified symplectitic inclusions,
which may be indicative of the presence of fluid. Orthopyroxene xenocrysts

in websterite contain less amphibole than orthopyroxene in OPXT I.

2.3.4e Petrography of Dunite Associated with Clinopyroxenite

Olivine and Cr-spinel have textures as described for dunite in section
2.3.2b. Two types of dunite are definable according to the presence or
absence of pyroxene and Ca-amphibole. Dunites with well developed banding
of Cr-spinel are completely devoid of pyroxene and Ca-amphibole, whereas
dunites with no banding usually contain orthopyroxene, clinopyroxene and/or
Ca-amphibole.

Orthopyroxene is porphyroclastic, whereas clinopyroxene and Ca-

amphibole are undeformed and interstitial with respect to their hosting phases.

Harzburgites adjacent to these dunites may contain clinopyroxene replacing

orthopyroxene, and Ca-amphibole replacing ortho- and clinopyroxene (Fig.

2.24).

2.3.5 Type Il Orthopyroxenite
2.3.5a Field Relations

Dunite is the dominant host of OPXT ll. There exist two end-member
morphologies with a continuous spectrum between the two. Web textures

occur where ribbon-like veins of CPXT |l grade into an intricate network of
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web-like veins that resemble stockwork veining (Fig. 2.25). Web textures of
OPXT Il have been observed in dunite at the contact between harzburgite and
dunite. Ribbon mylonites develop in regions of high strain. They exist as mm-
wide ribbon-like veins in shear zones (Fig. 2.26). Type |l orthopyroxenites
generally are discordant with S,, but are found commonly in D, shear zones
(hence the mylonitic fabric) and parailel S,. Bodies of OPXT ! are cut by ribbon
mylonites.

Perhaps the most significant relationship exhibited by OPXT Il is their
frequent occurrence in or adjacent to zones containing HALPPG and/or
amphibole dunite, i.e., in the marginal zone and D, shear zones.

A relatively rare occurrence of websterite is found in association with
OPXT Il. It occurs as <20 mm wide veins which consist of alternating zones
of orthopyroxenite and clinopyroxenite along their length (Fig. 2.27).
Lherzolites are produced where these websterites become highly strained and

mi~ed with their harzburgite or dunite matrix in D, shear zones.

2.3.5b Petrography

The modal composition of the bulk sample (dunite matrix and OPXT i)

is harzburgite with at least 3-10 modal % Ca-amphibole. Type |Ii

orthopyroxenites contain 85-98 modal % orthopyroxene and 2-15 modal %
olivine, Ca-amphibole and minor Cr-spinel.
In samples with web texture, olivine is coarse granular (25 mm) in

dunitic regions, but is =<0.5 mm in association with orthopyroxena.
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Orthopyroxene ( <3.5 mm]) is restricted to veins of anastomosing QPXT Il that
are intergranular with respect to coarse granular olivine. In rare cases, these
veins cut grains of olivine. Orthopyroxene exhibits straight to undulatory
extinction. It is embayed by fine grained olivine and contains inclusions of
olivine, Ca-amphibole (=<0.5 mm) is found with crthopyroxene cnly, and Cr-
spirel {<1.2 mm) is almost always associated with orthopyroxene. Cr-spinel
is equant to porphyroclastic and bears inclusions of serpentine, clinopyroxene,
orthopyroxene,Ca-amphibole, Cr-cummingtonite, chlorite, sulphide (pentlandite)
and magnetite (Fig. 2.28).

Ribbon mylonites are composed of bands {< 10 mm wide) of OPXT |l,
dunite and Ca-amphibole (Fig. 2.29). The texture is mosaic equigranular for
olivine and orthopyroxene, but orthopyroxene is coarser than olivine. Grain
boundaries generally are well equilibrated. Porphyroclasts of orthopyroxene
(=1 mm) and olivine (<3 mm) are rare. Porphyroclasts of orthopyroxene
contain inclusion< of olivine. Grains of Cr-spinel {<1 mm) are equant to sub-
equant and contain inclusionis of olivine, serpentine, rnagnetite, chiorite and
amphibole. Bands of Ca-amphibole are restricted to dunitic zones, but
disseminated Ca-amphibole occurs in bands of OPXT Il and dunite. Ca-

amphibole is contemporaneous with the formation of banding during D,.

2.3.6 Amphibole Dunite
2.3.6a Fleld Relations

Amphibole dunite is a collective name for compositions that include
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dunite with <5 modal % Ca-amphibole, and assemblages of Ca-amphibole +
arthopyroxene + olivine £ chlorite which contain <20 modal % Ca-amphibole.
Cr-spinel is always present. Amphibole dunites are encountered throughout the
rmapped area as discontinuous sub-metre- and metre-size bodies associated
with all pyroxene-bearing LALPP, especially those in the marginal zone and D,
shear zones. In the latter, the foliation of Ca-amphibole defines S,. In the
marginal zone, amphibole dunite often separates LALPP from HALPPG.
Amphiboie in amphibole dunite preserves S, defined by orthopyroxene in
adjacent harzburgite, despite the amphibole post-dating D,. In a similar
manner, amphibole dunite may pseudomorph veins and dykes of OPXT | and
clinopyroxenite (Fig. 2.30). Amphibole is most abundant where amphibole
dunites are in contact with OPXT | or clinopyroxenite. In extreme cases,
enclaves of these pyroxenites reside in amphibole dunite and the latter separate
the former from dunite (Fig. 2.31). Undeformed amphibole may exhibit

poikilitic texture.

2.3.6b Petrography

Amphibole dunites with equigranuiar texture are restricted to the D,
harzburgite-dunite mylonite underlying the mylonites of uncorrelated wehrlite
and gabbro in the northern part of the mapped area. Modal mineralogy is
olivine (=93 %), Cr-spinel (2 %) and Ca-amphibole (<5 %). Textures of

olivine range from porphyroclastic and tabular equigranular to mosaic

equigranular. The latter (grain size <1 mm) dominates and is well equilibrated
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with a weak lattice fabric (Fig. 2.32). The coarsest grains of olivine and Cr-
spinel are restricted to those samples richest in Ca-amphibole. Ca-amphibole
(1.2 mm) and Cr-spinel {s2 mm) are commonly associated; they may exhibit
a sigmoidal pattern, with Ca-amphibole in the pressure shadow of Cr-spinel.
The preferred orientation of amphibole and spinel is parallel to the foliation
defined by olivine. Cr-spinelis porphyroclastic to poikiloblastic, and in extreme
cases, preserves a sieve texture with inclusions of olivine, serpentine, Ca-
amphibole and phlogopite. These inclusions exhibit a change both in
morphology and compasition from core to rim of the Cr-spinel (Fig. 2.33). As
in harzburgite (Fig. 2.9), the grain boundary of Cr-spinel in contact with Ca-
amphibole is highly embayed.

Amphibole dunite at the margin of OPXT | exhibits a progressive
evolution. As the concentration of Ca-amphibole increases above that normally
associated with OPXT I, orthopyroxeneis replaced by Ca-amphibole and olivine,
and OPXT | grades through an intermediate compaosition of harzburgite, into
amphibole dunite. A discontinuous seam of Cr-spinel separates harzburgite
from dunite. The grain size of olivine increases with its modal abundance, and
reaches 20 mm. In extreme cases of replacement of OPXT | by amphibole
dunite, olivine is cut by veins of Ca-amphibole and chiorite, and Ca-amphibole

is replaced by chlorite. Magnetite rims occur around most grains of chlorite and

some grains of Cr-spinel.




2.3.7 Interpretation

The S, fabric and coarse textures of har:burgite are indicative of

asthenosphericdeformation dominated by plastic flow at 1200-1300°C (Mercier
and Nicolas, 1975). Dykes and veins of dunite (+ chromitite), OPXT | and
clinopyroxenite are concordant 1o subconcordant with respect to S,. As such,
they were transposed into the mantle flow plane to different degrees according
to (i) their relative time of formation, (ii) their original orientation with respect
to the flow plane, and (iii) the intensity of strain (Nicolas and Jackson, 1982).
The strain recorded by a dyke need not correlate with its relative age of
formation, as strain partitioning is heterogeneous. Because veins and dykes of
dunite, OPXT | and clinopyroxenite intrude harzburgite and were transposed
into paralielism with S, under asthenospheric conditions, they may represent
a major feeder system for overiying accreting crust.
Harzburgite records three stages in its evolution:

1) The earliest event is recorded by the irregular morphology of Cr-spinel {Fig.
2.5), which suggests progressive melting-out of oyroxene (especially
clinopyroxene) and crystallization-recrystallization of Cr-spinel (Lehlanc et al.,
1980).

2) A component of orthopyroxene from OPXT | was then introduced into
harzburgite by mechanical mixing of veins and narrow dykes, or by magma
impregnation. These early events (1 and 2) occurred in the asthenosphere (D,).
J) The latest event post-dates D,, and is recorded by olivine-orthopyroxene

clusters with or without associated Ca-amphibole and recrystallized grains of
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olivine and Cr-spinel. Olivine is well recovered to coarse grains in areas of
dunite where no other minerals were present to impede growth. Coarse grains
derive from finer deformed grains by recrystaliization (Harte et al., 1973). Such
recrystallization requires active migration of grain boundaries at 1300 in the
presence of magma, or 1000°C in the presence of hydrous fluid (Nicolas,
1986a). Olivine in areas of dunite probably recrystallized in the presence of
fluid, wvhilst orthopyroxene underwent incongruent breakdown (Bowen and
Tuttle, 1949) to olivine and spinel in olivine-orthopyroxene clusters. Olivine in
the clusters did not recrystallize. Fluid did not affect harzburgite
homogeneously, and reactions occurred in-sity and at a grain by grain scale.

Dunites in the uppermost mantle of ophiolites either are magmatic
(O’'Hara, 1968; Jackson et al., 1975; Malpas, 1978; Eithon et al., 1982;
Komor et al., 1985; Furnes et al., 1988), or are the product of reaction of
harzburgite or lherzolite with a magma or fluid, thus being residual (section
1.3.3). Features documented in LAL dunites suggest both magmatic and
residual origins. Bands and layers of Cr-spinel in dunite suggest a magmatic
origin. Textures of coarse granular olivines associated with chains of Cr-spinel
are identical to those of olivine cumulates (Jackson, 1961). A gradational
contact with harzburgite, where fragments of harzburgite may be enclosed in

dunite, suggests formation by reaction. These dunites often contain

porphyroclasts of orthopyroxene, and are frequently impregnated by

clinopyroxene and Ca-amphibole. Dunites may exhibit magmatic features in

their interiors and residual features at their margins, as often observed in dunite
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surrounding clinopyroxenite. The textural evoiution of olivine and Cr-spinel,
from coarse granular olivine and lobate-cuspate Cr-spinel to their
porphyroclastic equivalents, results from progressive recrystallization during
plastic flow (Mercier and Nicolas, 1975). Mosaic equigranular texture is
characteristic of amphibole dunites which are considered in Chapter 5.

The sequence of dyke intrusion is dunite (£ chromitite)--OPXT |I--
clinopyroxenite (+ dunite), but nowhere has any gradation of one rock type
into another been observed along strike. However, many olivine
clinopyroxenites have a Cr-spine! dunite envelope, whereas clinopyroxenites
generally do not. From this it is assumed that clinopyroxenite { + olivine) and
its associated dunite are comagmatic. Clinopyroxenite bands in olivine
clinopyroxenites represent relatively evolved fractionates from the magma.
Type | orthopyroxenites are not related to this sequence, but Dahl and
Watkinson (1986) have documented orthopyroxene in dunitic dykes and veins
near the main Springers Hill chromitite. Consequently, it would appear that the
OPXT levent is olivine--orthopyroxene, which is post-dated by a separate event
of olivine (+ Cr-spinel)--clinopyroxenite. Further evidence that OPXT | and
clinopyroxenite record separate events, is that OPXT | contains relatively
abundant amphibole, whereas clinopyroxenites do not. This amphibole is not
cogenetic with that in amphibole dunite.

Clinopyroxenites contain xenocrysts of orthopyroxene from OPXT I. The

deformation recorded by the xenocrysts pre-dates the crystallization of

clinopyroxenite. Incorporation of xenoliths of OPXT | into the magma from
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which clinopyroxenite precipitated, would locally have increased the volatile
content of the magma. This is additional evidence for OPXT | forming before
clinopyroxenite.

Clinopyroxenites and OPXT | preserve textures identical to adcumulates
and mesocumulates. Apparently undeformed interiors of massive dykes of
pyroxenite should record relatively primary features, because it is extremely
difficult for pyroxene to recrystallize or flow under normal mantle conditions
when isolated in @ much weaker olivine-rich matrix {(Mercier, 1985). However,
OPXT | crystallized in the presence of fluid which would have aided
recrystallization, aspecially as the solidus of amphibole is lower than that of
olivine and orthopyroxene. This, and evidence of grain boundary migration in
clinopyroxenites, suggests that primary magmatic textures of pyroxenites may
have been modified or obliterated during recrystallization in the asthenosphere.

Interpretation of amphibole dunite and OPXT [l is reserved for Chapter

2.3.8 Platinum Group Minerals and Fe-Ni-Cu-S Phases in LALPP
Extensive documentation of platinum group minerals (PC) and Fe-Ni-Cu-
S phases in LALPP is given by Edwards (1990), and only a summary of this

work is presented here. Platinum group minerals occur as: (i) Os-bearing laurite

(RuS,) in unaltered Cr-spinel in chromitite {two samples); (ii) trails of inclusions

of arsenides of Pt and Pd in unaltered orthopyroxene in OPXT | (one sample);

{iii) an assemblage of Pt-Pd-Fe-Co-Ni-Cu-As phases in unaltered clinopyroxene
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in websterite (one sample). These PGM formed with their hosting silicate or Cr-
spinel and are primary and in-situ.

Harzburgites, dunites and OPXT | contain minute wisps and flecks of
undeformed Fe-Ni-Cu-S phases which were derived from silicates during
serpentinization. Chromitites very rarely contain Fe-Ni-Cu-S phases associated
with laurite, and these are primary in origin. In clinopyroxenites and
websterites, Fe-Ni-Cu-S phases form grains <0.15 mm in diameter. Nickel-rich
pentlandite and native Cu, and minor associated Cu sulphide, are the most
common phases found, both within clinopyroxene and at clinopyroxene grain
boundaries. Native Cu has exsolved from pentlandite and locally has been
mmobilized during serpentinization. Before crystallization, exsolution and
serpentinization, the suiphide formed immiscible Cu-bearing, Ni-rich pentlandite
globules in silicate magma. Such a sulphide component was derived from a
mantle source which previously had experienced partial melting and removal of
Fe and S (Garuti gt al., 1984). Harzburgites, dunites and OPXT | adjacent to
clinopyroxenites, in some places contain minor Fe-Ni-Cu-S phases derived from
the latter.

Fe-Ni-Cu-S phases are rare to absent in amphibole dunite and OPXT II.
Where they occur in the silicate matrix, they are most commonly associated
with Ca-amphibole and have been variably zffected by serpentinization.

Sulphides occur in orthopyroxene and Cr-spinel in OPXT Il with web texture

(Fig. 2.28).




48
2.4 HIGH-Al PERIDOTITES, PYROXENITES AND GABBROS, AND THE
MARGINAL ZONE

The main body of HALPPG crops out in the centre of the mapped area
and extends eastward (Fig. 2.1). Upward from the lowest ground, spinel dunite
progressively grades into clinopyroxene dunite, wehrlite, olivine clinopyroxenite
and gabbro; all contacts are gradational. The main body truncates lithological
domains and S, defined by LALPP. However, in undeformed HALPPG, dykes
and the foliation defined by clinopyroxene have a very similar trend to dykes
and S, of LALPP. The trend of S, in HALPPG is consistent with that in the
adjacent LALPP. Faulted contacts apart, the contact between HALPPG and
LALPP is marked by the marginal zone, except along the southern contact
where HAL dunites are in direct contact with LALPP over a distance of 340 m.

The chromitite-rich zone in the LALPP appears to continue into the HAL dunites

across this contact (Fig. 2.1). This suggests that the chromitite bodies in the

HAL dunites are xenolithic, as suggested by Dunsworth ¢t al. (1986), and
implies that a marginal zone exists along the contact.

Localized bodies of HALPPG crop out in LALPP. The most prominent is
in the southeastern corner of the mapped area. These bodies exhibit the

features found in the main body.




2.4.1 HAL Dunite
2.4.1a Field Relations

Dunites are composed of >85 modal % olivine, <15 modal % Al-spinel
and <2 modal % clinopyroxene and Ca-amphibole. Volumetrically they are the

most abundant rock type exposed in the HALPPG. Al-spinel is disseminated,

but banding and modal layering occur on a mm-cm scale (Figs. 2.34 and 2.35).

Some layers appear overturned. Banding and layering are oriented
approximately north-south or east-west. The former orientation is concordant
with the trend of dykes of olivine clinopyroxenite and gabbro, and the foliation
defined by clinopyroxene in wehrlite.

Three types of Al-spinel are found in dunite. Spinel-rich bands (cm-wide)
cross-cutdisseminated spinel (Fig. 2.35), and chromitite bands ( < 20 mm wide)
cross-cut spinel-rich bands. Lenses and angular pods ( <1 m long) of chromitite
occur in all HALPPG; these are the chromitite xenoliths of Dunsworth et al.
(1986).

Bands of Al-spinelin places define the contact between spinel dunite and
spinel wehrlite. In contrast, the foliation defined by clinopyroxene in wehrlite

may cross-cut spinel banding at a high angle.

2.4.1b Petrography
Ths features described here have not been affected by D,. Olivine{=<10
mm) coramonly is coarse granular with well equilibrated to lobate, cuspate

interlocking grain boundaries. Kink bands and deformation lamellae are
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common. Olivines have been observed having grown through one another. Ti-
spinel and Ti-Cr-magnetite occur as inclusions. Mosaic equigranular olivine is
very rare.

Clinopyroxene and Ca-amphibole are interstitial to olivine and Al-spinel.
Veins of clinopyroxene and Ca-amphibole occur within coarse granular grains
of olivine associated with mosaic equigranular olivine. The veins may define
original grain boundaries of olivine which have been destroyed during
recrystallization of olivine to coarser grains.

Al-spinel (=8 mm) is equant to lobate-cuspate. It is disseminated
throughout the olivine matrix with a preference for grain boundaries of olivine
rather than grain interiors; grain size is similar in both environments. Chains of
Al-spinel frequently occur parallel and perpendicular to layering defined by Al-
spinel in layered dunite (Fig. 2.36). Sharp contacts are preserved between
2ones of coarse and fine grained Al-spinel. Al-spinel may protrude along grain
boundaries of adjacent olivines, where the grain boundary is filled with
clinopyroxene (Fig. 2.37). Porphyroclasts are rare.

One case has been documented of a band of Al-spinel hosted by wehrlite
in dunite. The band has a higher concentration of Al-spinel and sulphide than
its host, in which Al-spinel is finer grained. Inclusions in Al-spinel in the host
usually are single round grains of olivine, whereas those in Al-spinel of the band

are abundant and comprise olivine or serpentine, chlorite {clinochlore}, iimenite,

pargasite, tremolite, phlogopite, Ca-plagioclase and orthopyroxene (Fig. 2.38).




2.4.2 HAL Wehrlite, Olivine Clinopyroxenite and Gabbro
2.4.2a Field Relations

Modal compositions are not defined for the rock types bearing

clinopyroxene, because proportions of constituent minerals are so highly

variable. This arises because of multiple generations of a complete spectrum
of compositions, which may grade from clinopyroxene dunite to gabbro over
a distance of <1 m to >10 m. The complete spectrum is observed along
strike of gabbro dykes and normal to these dykes. The complete gradational
sequence hosted by dunite is anorthositic gabbro (core}--olivine gabbro--
plagioclase, olivine clinopyroxenite--olivine clinopyroxenite--wehrlite--
clinopyroxene dunite (Fig. 2.39), which suggests a crystallization sequence of
olivine--clinopyroxene--plagioclase. The grain size of clinopyroxene decreases
from pegmatitic in gabbro and olivine clinopyroxenite, to medium-coarse in
wehrlite and clinopyroxene dunite. The orientation of the foliation defined by
clinopyroxeneir: wehrlite and clinopyroxene dunite is concordant with the strike
of dykes of gabbro and olivine clinopyroxenite. It is rare to find the complete
gradational sequence because dyke interiors concentrate strain and much of the
sequence may be sheared out (Fig. 2.39). Also, mulitiple injection of these
dykes causes overprinting of one sequence by another, and foliations and dyke
orientations may cross-cut one another. Discontinuous cm- to m-wide bands
and irregular zones of dunite separate sequences where the sequences do not
overlap. The contacts between this dunite and wehrlite or olivine

clinopyroxenite are both gradational and sharp (Fig. 2.40). Grains of Al-spinel




52
in the dunite generally are coarser and more abundant than those in adjacent
wehrlite (Fig. 2.41). Gabbros outside of the composite dunite-gabbro
sequences, occur as isolated, discrete ( <1 m wide) dykes with sharp margins
against their host-rock.

Unlike the gradational dyke contacts described above, there exist
essentially plagioclase-free olivine clinopyroxenite dykes with well defined
margins. These dykes are <1 m wide and have a margin of pegmatitic
clinopyroxenite and a core of coarse grained olivine clinopyroxenite, wehrlite or
dunite. The pegmatitic margin in some places is developed on one side of the
dyke only. Along strike, non-poikilitic olivine clinopyroxenite (clinopyroxene
=< 12 cm) often grades into poikilitic olivine clinopyroxenite {clinopyroxene <5
cm), wehrlite with interstitial clinopyroxene (<1 cm), and finally dunite. These
dykes often contain bands of Al-spinel at their margin with dunite. Olivine
clinopyroxenite dykes of this nature are relatively abundant in the marginal zone
and traversing LALPP outside of the marginal zone (Fig. 2.42). They are most
voluminous where they grade into LAL clinopyroxenites in the marginal zone
(Fig. 2.43). Associated with these dykes, are amphibole peridotites which crop
out as dykes { <1 m wide) in LALPP and the marginal zone. These dykes have
olivine { =55 modal %) and Ti-amphibole (<45 modal %).

The central regions of some dykes exhibit an intense L= S fabric which

is attributed to D,. The orientation of the fabric and dyke are the same. D, is

preserved in the form of shear zones in the northern extent of the HALPPG.




2.4.2b Petrography

The features described here have not been affected by D,. Textures are
gradational in parallel with progressive evolution of modal compositions from
wehrlite to gabbro. The crystallization sequence in gabbro is olivine--
plagioclase--clinopyroxene, which is a reversal of the order of crystallization of
plagioclase and clinopyroxene that is predicted from field relations. This is an
important point and is dealt with in Chapter 4.

Olivine in wehrlite is similar to that in dunite. Clinopyroxene is interstitial
to olivine in wehrlite, but develops into more massive crystals exhibiting broad
twins as its modal abundance increases (Figs. 2.44 and 2.45). Clinopyroxene
embays olivine and may dissect a large grain of olivine into a number of islands
that are optically continuous. Rarely, isolated veiniets and negative crystals of
clinopyroxene occur in olivine. Al-spinel is equant and decreases in abundance
and grain size with increase in abundance of clinopyroxene and plagioclase. Al-
spinel is rare to absent in gabbro. Plagioclase is present in most cases, but is
less abundant with respect to clinopyroxene. The morphology of plagioclase,
or its altered equivalent of hydrogrossular garnet, is similar to that of
clinopyroxene. Clinopyroxene or a Ca-amphibole-spinel symplectite separates
Al-spinel from plagioclase. Plagioclase always is separated from olivine by an
inner symplectitic intergrowth of Ca-amphibole and spinel, and an outer rim of
orthopyroxene. Ca-amphibole mimics the morphology of clinopyroxene and

plagioclase, except where it occurs as rare veins with magnetite. Ca-amphibole

may partially replace clinopyroxene. Brown Ti-amphibole occurs as interstitial
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grains associated with olivine and also enclosed within or rimming
clinopyroxene. Phlogopite occurs with Ti-amphibole and as inclusions in Al-
spinel. Sphene has been identified in Al-spinel in olivine clinopyroxenite. Ti-
amphibole partially replaces olivine in amphibole peridotite.

There is little sign of deformation outside of D, shear zones. That which
is present, is recorded by undulatory extinction, deformation lamellae and kink

bandsin olivine. Porphyroclastic textures are poorly developed in other phases.

2.4.3 The Marginal Zone
2.4.3a Field Relations

The marginal zone is <160 m wide and contains all LALPP and HALPPG.
Consequently, this zone is extremely complex and preserves essentially all the
features documented so far. The striking feature of the marginal zone is the
local abundance of spectacular xenoliths of harzburgite, LAL and HAL dunite,
and minor chromitite in HAL wehrlites and HAL olivine clinopyroxenites. Two
types of xenolith are found: (i) xenoliths with straight edges and angular or
rounded corners, and (ii) xenoliths with extremely irregular margins that are
diffuse (Fig. 2.46). Features of both types can be found in an individual
xer :''*  This situation arises commonly where a rim (<2 cm wide) of Al-
spinel and/or clinopyroxene is discontinuous around a xenolith of LAL or HAL
dunite. Where the rim is present, the xenolith margin is sharp, but where the

rim is absent, the margin is very diffuse due to clinopyroxeneimpregnation (Fig.

2.47). Trails of Cr-spinel in harzburgite xenoliths in some places are traceable
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into their enclosing HAL wehrlite or HAL olivine clinopyroxenite.

Dykes and anastomosing veins of dunite, wehrlite, olivine clinopyroxenite
and amphibole peridotite of HALPPG which traverse LALPP, exhibit features
similar to those documented for xenoliths. The development of HAL olivine
clinopyroxenite is governed by the composition of the LALPP encountered. It
develops where harzburgite is intersected (Figs. 2.48 and 2.49), but is
discontinuous or absent adjacent to LAL dunite (Figs. 2.42 and 2.43). Dyke
margins may be diffuse adjacent to LAL dunite, but sharp adjacent to
harzburgite. Most dykes of HAL olivine clinopyroxenite and HAL amphibole
peridotite have a zone of HAL or LAL dunite separating them from LALPP. The

same feature is observed for dyke-like LAL amphibole dunites (Fig. 2.30).

2.4.3b Petrography

Xenoliths of harzburgite and LAL dunite contain variable proportions of
impregnated HAL clinopyroxene, and olivine-orthopyroxeneclusters at different
stages of development. Narrow zones (mm- to cm-wide) of HAL dunite which
separate harzburgite (with olivine-orthopyroxene clusters) from HAL olivine
clinopyroxenite dykes, contain minor HAL clinopyroxene and abundant Al-
spinel. LAL dunites defining this zone, contain minor HAL clinopyroxene, and
Cr-spinel in no greater abundance than that in the adjacent harzburgite. In any
of these situations, Cr-spinel contained within HAL clinopyroxene frequently is

skeletal.

Type | orthopyroxenite in contact with HAL wehrlite or HAL olivine
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clinopyroxenite either is replaced by clinopyroxene, olivine and minor spinel, or
is replaced by Ca-amphibole and olivine to amphibole dunite. Type |
orthopyroxenite in contact with HAL amphibole peridotite is replaced by
harzburgite.

Inclusions of ilmenite rimmed by perovskite occur in spinelin a chromitite

xenolith in HAL dunite.

2.4.4 Interpretation

The temperature and pressure of equilibration of HALPPG can be
estimated from mineral assemblages and textures. The close spatial association
of Al-spinel and plagioclase, with plagioclase occasionally rimming Al-spinel,
demonstrates that the HALPPG equilibrated at or below the spinel-plagioclase
boundary. Under hydrous conditions, maximum temperatures and pressures are
875°C, 6 kbar to 1050°C, 9 kbar according to the phase relations for ultramafic
rocks modelled by Jenkins (1983) for the system H,0-Na,0-Ca0-Mg0-Ai,0,-
SiO, (Fig. 2.50). Corona textures in HALPPG are (i} orthopyroxene between
olivine and plagioclase in gabbro, and (i} symplectites of amphibole-spinel and
rare clinopyroxene-spinel around plagioclase in contact with olivine in wehrlite.
These coronas may correspond to the Seiland subfacies of the spinel lherzolite
facies as defined by O’'Hara (1967). The low pressure side of this subfacies is
bounded by reaction R2.1:

[R2.1] Plag + Ol == Al-Px + Sp

Experimental studies in the system pure anorthite-forsterite (£ H,0) yield
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pressures of 8 kbar at 1100-1300°C (Kushiro and Yoder, 1966} and 7 kbar at

900°C (Yoder, 1967) for this reaction. At 800°C the pressure can be reduced
to 6 kbar (Herzberg, 1978) or 5 kbar {Obata, 1976). These conditions restrict
the formation of HALPPG and D, shear zones to a high pressure environment
within the fithosphere. This in turn, requires that LALPP were part of the
lithosphere by this time.

All HALPPG are intimately associated through gradational contacts and
textures. These features are characteristic of cumulates and rocks impregnated
by magma. Nicolas (1989) states that fabric studies of olivine are necessary
to distinguish between true cumulates and impregnated mantle rocks. Fabric
studies have not been undertaken in this study, but minerai and whole-rock
chemical criteria will be used to assess the possible origins of the HALPPG,
which are:

1) If a magmatic origin is assumed, then HAL dunites are adcumulates that
have experienced very efficient removal of intercumulus material. During
compaction of the cumulate pile, Al-spinel was jostled into vertical and
horizontal alignment along channels accessed by migrating postcumuius
material in @ manner similar to that proposed by Irvine (1980) for the Muskox
Intrusion, Canada. Postcumulus growth of Al-spinel resulted in grains joined
by bridges of Al-spinel and sulphide, and protrusions of Al-spinel along olivine
grain boundaries occupied by clinopyroxene. Alsn consistent with lrvine's
model, is that maximum compaction of the cumulate pile occurred in zones

where crystals are aligned. It is in these zones that extreme adcumulate
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textures develop, and weak substructures develop in olivine due to compaction.
The postcumulus material concentrated progressively in zones of wvehrlite,
olivine clinopyroxenite and gabbro. Cross-cutting relations demonstrate that
expulsion of postcumulus material was not a single stage event. Itis possible
that postcumulus material impregnated its host-rock as it migrated away from
the zone of maximum compaction of cumulate crystals. In this model, the
marginal zone represents a zone of reaction surrounding a large igneous
intrusion. A simple model of fractional crystallization may be used to estimate
the compaosition of the parental magma. A variation of the magmatic model
would involve gabbroic or more evolved magma impregnating HAL dunite and
precipitating clinopyroxene. This also would explain the concentric zonation of
decreasing clinopyroxene and absence of plagioclase away from a gabbroic
dyke.

2) If 3 metasomatic grigin is assymed, then the marginal zone represents the
extent of a metasomatic front which passed through LALPP and metasomatized
them to HALPPG. Within the main body of HALPPG, all evidence of LALPP \.as
been obliterated by dissolution and diffusion. Reaction wou!d have been most
extensive in regions containing clinopyroxene and plagioclase. Gabbros may
represent extreme reaction, or conduits through which passed the magma or
fluid responsible for metasomatism. Estimation of the parental magma or fluid
may require complicated modelling of combined assimilation and fractional

crystallization {Bowen, 1928; Taylor, 1980; DePaolo, 1981).

Evidently, any model for the origin of HALPPG must consider the features
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observed in zones of interaction of HALPPG and LALPP. The most important

of these are here summarized. Pyroxene in harzburgite, OPXT | and LAL

clinopyroxenite has been replaced by Ca-amphibole, olivine and minor spinel.

Concentrations of chromitite and distributions of Cr-spinel in harzburgite are
traceable into HAL dunites and HAL wehrlites in much the same way as
sedimentary structures are preserved in granites produced by granitization (see
review by Hatch et al. (1972)). Contacts between HALPPG and LALPP
commonly are defined by HAL olivine clinopyroxenite and/or Al-spinel, which
likely represent reaction fronts. In the absence of these reaction fronts,
contacts are diffuse and LALPP are pervaded by HAL clinopyroxene. All these
features suggest replacement reactions involving LALPP and magma or fluid
related to HALPPG. Reactions occurred mostly in-situ. The close spatial
association of some xenoliths of LAL dunite, harzburgite and mylonitic
harzburgite prohibits an in-gity origin for these xenoliths. Interactions between
LALPP and magma and fluid related to HALPPG are considered in chapter +

and 5.

2.4.5 Fe-Ni-Cu-S Phases in HALPPG

Fe-Ni-Cu-S phases occur as <0.5 mm grains, which rarely exceed 1
modal % and occur nearly always with clinopyroxene. Outside of D, shear
zones, Fe-Ni-Cu-S phases are undeformed. Pentlandite is the most primitive
sulphide and volumetrically is most abundant. Pyrrhotite which pre-dates

serpantinization, increases in abundance with increasing modal proportion of
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plagioclase. In gabbros, pyrrhotite occurs with unaltered heazlewoodite.
Harzburgites, LAL dunites and OPXT | adjacent to HALPPG, in some places
contain minor Fe-Ni-Cu-S phases derived from the latter.

During serpentinization, sulphides were aiterad to an assembiage of
awaruite, wairauite, native Cu, digenite, chalcopyrite, pyrrhotite (believed to be
mackinawite), magnetite, pentlandite, and possible goethite and cuprite. Such
an assemblage is characteristic of ultramafic rocks serpentinized by extremely
reducing fluids (Eckstrand, 1975; Moody, 1976).

The morphology of pentlandite and pyrrhotite and their serpentinized
equivalents, and their common association with clinopyroxene, is very similar
to that of Fe-Ni-Cu-S phases in upper mantle peridotites of Table and Blow Me
Down mountains of the BIOC (Lorand, 1987), and the Oman Ophiolite (Lorand,
1988). Inthese localities, Fe-Ni-Cu-S phases are of metasomatic origin, having
precipitated from S-saturated basaltic magmas which became trapped as they
percolated through dunite at the top of a mantle diapir {Lorand, 1987, 1988).
The origin of Fe-Ni-Cu-S phases is intimately associated with the formation of

clinopyroxene in HALPPG, which is discussed in Chapter 4.

2.5 D, SHEAR ZONES AND THRUST FAULTS

The contemporaneity of HALPP/5, LAL amphibole dunites, OPXT il, and

D, shear zones and thrust faults, is evidence of magmatic and fluid activity

associated with a significant tectonic event. Constraining the nature and origin
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of D, is essential to understand the tectonic environment within which HALPPG
formed.

The abundance of LAL dunite and chromitite in the Springers Hill area
suggests that this section of mantle was situated just below the petrologic
Moho (Malpas, 1973} during formation of the HALPPG. The normal ophiolite
sequence of harzburgite grading upward into olivine-pyroxene-plagioclase
cumulates was disrupted by ductile shearing and thrusting of the D, event.
This event removed evidence of the petrologic Moho, as partially
amphibolitized, uncorrelated wehrlite and gabbro mylonites were thrust against
mylonitic LALPP. Thrust-bound lenses of uncorrelated wehrlite and gabbro
mylonites occur in mylonitic LALPP (Fig. 2.2). Obviously there has been
significant tectonic disruption, which resulted in the removal of at least several

hundred metres of uppermost mantle and lower crustal cumuiates.

2.5.1 Possible Tectonic Setting

The models of Girardeau and Nicolas (1981), Nicolas and Violette
{1982), Casey et al. (1983}, Nicolas and Rabinowicz (1984), Dunsworth et al.
(1986} and Calon ¢t al. {1988), suggest that D, shear zones may relate to
subhorizontal flow directed away from a ridge axis. Several features are
inconsistent with this interpretation: (i) D, mylonites and amphibole-bearing
LALPP mylonites are atypical of ophiolites, c.f., the Oman Ophiolite

(Christiansen, 1985); (ii} high pressures (5-9 kbar) recorded by HALPPG are far

too deep for HALPPG to have formed just below normal oceanic crust; (iii) in
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a spreading environment, fabrics of D, should be contemporaneous and
gradational with those of D,, but clearly they are not in the Springers Hill area.
Many of the features in D, shear zones and HALPPG are similar to those
of the Ingalls Complex, Washington, which is a fracture zone ophiofite that has
widespread amphibole-rich mylonites in imbricate thrust slices of uitramafic
rocks {Miller and Mogk, 1987; Miller, 1988). Based on evidence from the St.
Paul's Rocks (Melson et al., 1972), Miller and Mogk (1987) suggested that
mylonitic amphibole peridotites are an important component of oceanic
transform-fracture zones. D, shear zones and HALPPG may be explainedin this
way if the Mount Barren Assemblage represents a fracture zone (Karson and
Dewey, 1978), but this explanation cannot account for the high pressures
recorded by HALPPG, as oceanic crust is thin at fracture zones {Fox et al.,
1980).
Karson (1979) proposed that WSW to ENE shear zones in the Lewis Hills
Massif (Fig. 1.5) were tear faults that developed and evolved during early
obduction of the BIOC and CC. D, shear zones correspond with these zones

and, therefore, may relate to obduction. This possibility is considered below.

2.5.2 D, Shear Zones and Ophiolite Obduction

There are striking similarities in rock type, metamorphic grade and

structural style between D, shear zones and the Mount Barren Assemblage

(Dunsworth gt al., 1986), and between these and the basal peridotite mylonites

and metamorphic sole of the BIOC as documented by Malpas (1973b), McCaig
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(1983) and P. Cawood and G. Suhr (pers. comm., 1990). The Mount Barren
Assemblage grades from granulite to amphibolite and greenschist facies
mylonites over a distance of several kilometres on moving away from the BIOC
(Fig. 1.5). The same change is true in the metamorphic sole over a distance of
several hundred metres (Malpas, 1973b).

A noticeable difference between the Mount Barren Assemblage and
metamorphic sole, is the abundance of syn- to post-kinematic intrusions of
feldspathic wehrlite and lherzolite, diabase and plagiogranite in the former
(Karson, 1984). These intrusions are lacking in the metamorphic sole of the
BIOC, but plagiogranites produced by anatexis of amphibolites during obduction
are relatively common in some other ophiolites, e.g., Oman (Searle and Malpas,
1980, 1982; Boudier et al., 1988), the Lizard, England (Malpas and Langdon,
1987), and Karmoy, Norway (Pedersen and Malpas, 1984).

Despite similarities between the metamorphic sole of the BIOC and the
Mount Barren Assemblage of the CC, very different origins have been
proposed. The basal peridotite mylonites and metamorphic sole of the BIQC
record intra-oceanic thrusting and obduction of the ophiolite (Williams and
Smyth, 1973; Malpas, 1979b; Girardeau and Nicolas, 1981; McCaig, 1983).
The Mount Barren Assemblage records the transform domain of a ridge-
transform-fracture zone system (Karson and Dewey, 1978). Massive hydration
of the crust and upper mantle along the fracture zone resulted in the formation

of amphibolite and serpentinite (Karson et al., 1983). Consequently, it would

appear that the Mount Barren Assemblage and metamorphic sole developed in
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distinctly different tectonic environments. In fact, this may not be so, because
the model of Karson and Dewey (1978) has the site of obduction of the BIOC
at the transform-fracture zone. With the intensity of deformation during the
obduction process, the original features of the Mount Barren Assemblage are
likely to have been cbliterated.

A new interpretation of the Mount Barren Assemblage is suggested here,
which has it as a thick sequence of metamorphic sole. This interpretation
explains the similarity between shear zones and thrust faults in the Springers
Hill area, the Mount Barren Assemblage, and the metamorphic sole. In
particular, it explains the generally consistent north, shallow plunging lineations
in shear zones in the Springers Hill area, Mount Barren Assemblage, and
harzburgites and metamorphic sole at the base of the Lewis Hills Massif (data
from Karson (1979) and Dunsworth et al. (1986)), which may correlate with

northward thrusting during obduction of the BIOC {Girardeau, 1982). The

original morphology and origin of the Mount Barren Assemblage is open to

question, but indeed it may once have been part of a transform-fracture zone.

Casey and Dewey (1984} proposed that the metamorphic sole of the
BIOC represents the hanging wall of a once east-dipping subduction zone, in
which the BIOC occupied the forearc of the overriding piate. An evaluation of
this tectonic situation is not possible here, but if it were so, the Mount Barren
Assemblage would represent a thick metamorphic sole accreted to the leading

edge of the forearc region of the overriding plate.




2.5.3 The Importance of Thrusting in the Springers Hill Area

The HALPPG formed at the very top of the mantle, and the high

pressures of 5-9 kbar which they record must be accounted for in the crust.

The minimum pressure of 5 kbar requires 15 km of crust above the HALPPG.
There are at least four possible explanations of these high pressures:

1) The assemblages of minerals from which the pressures are estimated are
metastable, and actually they formed at pressures of 2-3 kbar, which is
expected for the thickness of normal oceanic crust. This possibility cannot be
evaluated.

2) McCaig (1983) used the model of Nicolas and Le Pichon (1980) to explain
high pressures in the metamorphic sole of Table Mountain, by detachment of
the BIOC from below a subduction zone. This mechanism cannot be evaluated
at present.

3) Similar pressures as those in HALPPG occur in granulite facies
metacumulates of the Yakuno Ophiolite, Japan, where they record thick
oceanic crust like that beneath the Black Sea (Ishiwatari, 1985b). There is no
evidence for such thick crust in the BIOC, but B, shearing and thrusting may
have transported HALPPG and LALPP from a higher pressure environment.

4) Tectonic thickening by stacking of thrust slices. The interleaved stack of
thrust slices of uncorrelated wehrlite and gabbro and LALPP attest to the
importance of thrusting in the Springers Hill area. However, there are several
problems with this explanation: (i) the overall effect of thrusting in the area was

the removal of material; (i) if the crustal sequence originally was 5 km thick,
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thrusting wouid have to add a further thickness of 10-22 km; (iii) pressures in
the crustal sequence permit little, if any, tectonic thickening.

At this time it is not possible to say which explanation is mcst plausible.

Clearly this is a problem which requires further investigation.

2.6 SUMMARY

Harzburgite is a refractory residue from extensive partial melting and
complete extraction of magma, as attested by its total lack of clinopyroxene
other than that resulting from impregnation. Dunite, chromitite, OPXT | and
clinopyroxenite of the LALPP intruded harzburgite under asthenospheric
conditions (D,, T=1200-1300°C) below a region of crustal accretion. A
component of the dunite is residual by replacement of harzburgite. Harzburgite
has a component of OPXT | that was introduced by impregnation or mechanical
mixing. Type | orthopyroxenites were derived from hydrous, As-saturated
magma which fractionated olivine (+ Cr-spinel) and orthopyroxene, whereas
clinopyroxenites were derived from relatively anhydrous, S-saturated magma
which fractionated olivine, Cr-spinel and clinopyroxene. Clearly these magmas
are not comagmatic.

Dunite, wehrlite, olivine clinopyroxenite and gabbro constitute the
HALPPG, which are essentially devoid of orthopyroxene. They formed in the

uppermost mantle lithosphere at abnormally high pressure, by magmatic

crystallization, or magma or fiuid metasomatism. Olivine, clinopyroxene and Al-
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spinel formed as reaction fronts at the interface between HALPPG and LALPP.

D, shear zones and thrust faults, HALPPG, and amphibole dunite and
OPXT Il of LALPP, are contemporaneous with intra-oceanic thrusting and
obduction of the BIOC and formation of the metamorphic sole. The Mount
Barren Assemblage in the Lewis Hills Massif represents an unusually thick
sequence of metamorphic sole, which was accreted to the leading edge of the

BIOC as it was obducted in a northerly direction.




Chapter 3

CHEMISTRY AND PETROGENESIS OF
LOW-ALUMINA PERIDOTITES AND PYROXENITES

3.1 INTRODUCTION

The aim of this chapter is to characterize the chemistry of LALPP, and
use it in combination with field relations and petrography (Chapter 2) to
determine the petrogenesis of LALPP. Data for amphibole dunite and OPXT I
are presented, but they are not discussed until Chapter 5. Chemical analyses
of LALPP at LALPP-HALPPG contacts and in LALPP-HALPPG reaction zones are

not considered in this chapter. They are dealt with in chapters 4 and 5.

A major aim of this thesis has been to develop a method to analyse the
rare earth elements, La-Lu (REE), at sub-ppm concentrations by inductively
coupled plasma-mass spectrometry. The analysis of REE in LALPP caused
many probiems owing to extremely low absolute concentrations of REE.
Sample preparation procedures, and precision and accuracy of the analyses, are
discussed in Appendix 1, which should be read before assessing the
significance of REE data presented in this chapter.

Analytical methods are described in Appendix 1, and mineral and whole-

rock chemical analyses of LALPP are presented in appendices 3 and 4, respectively.



3.2 MINERAL CHEMISTRY

Unless stated otherwise, the compositions reported below are for

analyses of cores of grains.

3.2.1 OQOlivine

The composition of olivine in LALPP is summarized in Figure 3.1, which
illustrates that the Mg# of olivine generally occupies the compositional range
88.3-91.9, but extends to 85.7 and 92.7. Olivine has the highest Mg# in
harzburgite, dunite, amphibole dunite, OPXT | veins, OPXT li, and dunite
associated with clinopyroxenite, whereas olivine in OPXT | dykes, websterite
and clinopyroxenite has a slightly lower Mg#. The Mg# of olivine associated
with Cr-spinel is high; olivine of Mg# =92.7 occurs in Cr-spinel in OPXT |, and
the Mg# of clivine increases from 89.9 to 91.9 over 6 mm on passing from
dunite into a band of chromitite in a dunite envelope around clinopyroxenite.
Olivine of Mg# =85.7 in websterite sample L288 is anomalous and may
correlate with olivine in HALPPG,

The NiO content of olivine is 0.08-0.73 wt.%, but the majority of

analyses cluster about 0.40-0.50 wt.%.

3.2.2 Orthopyroxene

Orthopyroxene in all LALPP has very low concentrations of TiO, (=<0.08

wt.%) and Al,O, (=<1.40 wt.%), and high Mg#. The Mg# ranges from 88.6 in
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clinopyroxenite to 92.2 in harzburgite, and exhibits the same trend as olivine
(Fig. 3.2). Orthopyroxene in harzburgite exhibits wide variation in CaO (0.26-
1.73 wt.%) and Al,O, (0.32-1.40 wt.%) for a narrow range of Mg# (91.1-
92.2). Variation in Ca0 may be attributed to extremely fine lamellae of
clinopyroxene parallel to the cleavage of orthopyroxene. Analyses of dykes of
OPXT I and clinopyroxenite are limited, but they exhibit a slight FeO enrichment

trend as Ca0 and Al,0, increase.

3.2.3 Clinopyroxene

Clinopyroxene in all LALPP is diopside having extremely depleted
chemistry of CaO =23-26 wt.%, Ti0,<0.07 wt.%, Al,0,<1.0 wt.% and
Fs=<4.0. Clinopyroxene in harzburgite, dunite and OPXT | has Mg# =94 .3-
95.3, whereas in websterite Mg#=94.3 and in clinopyroxenite Mg# =92.5-

94.3, which is the same trend as for olivine and orthopyroxene.

3.2.4 Ca-Amphibole
Ca-amphibole exhibits a continuous compasitional range from tremolite

to pargasite. The chemistry of Ca-amphibole is dealt with in Chapter 5.

3.2.5 Cr-Spinel
Cr-spinel exhibits the widest variability in composition of all the mineral

phases in LALPP. It occupies the compositional range of Cr#=47-30,

Mg# = 23-65 (Fig. 3.3). Cr-spinels exhibit a relatively uniform change in
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composition from low Cr#, high Mg# in chromitites, changing through
harzburgites, dunites and amphibole dunites, to high Cr#, low Mg# in
pyroxenites., The widest variation is exhibited by amphibole dunite (Cr# =55-
89, Mg# =37-61). A bimodal distribution occurs in harzburgite, where grains
of Cr-spinel associated with Ca-amphibole have lower Cr# than those
associated with olivine and orthopyroxene. As observed for silicates, OPXT li
and the vein of OPXT | plot in the field of harzburgite. Dunites overlap with
OPXT 1 and clinopyroxenite. Websterites, and clinopyroxenites containing

xenoliths of OPXT |, have lower Cr# than OPXT | and clinopyroxenite.

3.2.6 Interpretation
3.2.6a Silicate Chemistry
Harzburgites have olivine and orthopyroxene that are similar in
composition to these phases in (i) harzburgites of the Lewis Hills Massif (Smith
and Elthon, 1988), the whole BIOC (Malpas, 1978), and the White Hills
Peridotite, Newfoundland (Talkington, 1981), and (ii) abyssal peridotites (Prinz
et al., 1976; Hamlyn and Bonatti, 1980; Shibata and Thompson, 1986). As
such, they represent residues from extensive partial melting (approximately 23
%) of fertile Iherzolite and efficient extraction of magma (Malpas, 1978).
Nicolas (1989) suggested that magmatic dunites should have olivines
with Mg# that are less than or equal to those in adjacent harzburgite, whereas

residual dunites should have olivines with Mg# that are greater than or equal

to those in adjacent harzburgite. The trend of olivine in LAL dunite is to lower




Mg#, but limited data do not permit a conclusive statement.

The highly magnesian and depleted chemisiry of silicates in OPXT |,
clinopyroxenite and websterite, is unusual for pyroxenite dykes and crustal
cumulates of the BIOC, which generally are richerin Al,0, (Elthon et al., 1982;
Komor gt al., 1985; Smith and Eithon, 1988). Elthon et al. (1982) explained
the depleted chemistry and absence of plagiociase in pyroxenites, by high
pressure (P> 10 kbar) polybaric crystal fractionation of primary MORB magmas
beneath a mid-ocean spreading centre. However, large volumes of
orthopyroxenite were not documented by Eithon et al. (1982), who suggested
that o.thopyroxenite would be related to boninitic magmatism.

Pyroxenite bodies in several localities have been attributed to arc
magmatism. Jan and Windley (1990) proposed that the highly depleted mineral
chemistry of pyroxenite bodies in the Jijal Complex, Pakistan, correlates with
high pressure (P>8 kbar) crystallization of arc-related magmas.

Orthopyroxenite dykes cutting mantle harzburgite in the Papuan Ultramafic Belt

contain orthopyroxene with Mg# =89.4, Al,0,<0.09 wt.% and Ca0=0.14

wt.% (Jaques and Chappell, 1980). These orthopyroxenites are related to
tonalites, which represent the early stages of island arc magmatism
immediately prior to emplacement of the Papuan Ultramafic Belt {Jaques and
Chappell, 1980). Pyroxenites associated with chromite in the White Hills
Peridotite, Newfoundland, have highly depleted mineral chemistry, and
crystallized from a second-stage magma of magnesian quartz tholeiite (Duncan

and Green, 1980) at P<8 kbar (Talkington, 1981). Similar silicate mineral
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chemistry is found in boninitic lavas (Crawford, 1980; Crawford et al., 1989;
Coish, 1989; Falloon gt al., 1989). Silicate mineral assemblages and chemistry
in LAL OPXT 1, clinopyroxenite and websterite, are very similar to those in the
aforementioned occurrences, and suggest that these LAL pyroxenites correlate

with high-SiO,, high-MgO arc-related magmas.

3.2.6b Cr-Spinel Chemistry

The considerable solid solution exhibited by spinel makes it a very useful
monitor of magma composition and the extent of partial melting recorded by a
peridotite residue. Spinel also is sensitive to subsolidus reequilibration and
alteration, and these effects must be determined prior to using spinel chemistry
as a petrogenetic indicator.

I ion, Serpentinization has affected ali LALPP, and
serpentinization is often most severe around grains of Cr-spinel, which is why
olivine in chromitite generally is completely serpentinized. Cr-spinel may be
altered to magnetite and ferrichromite at grain margins and along internal
fractures. Alteration and metamorphism increase Cr# and decrease Mg#
relative to the unaitered parent grain (Frost, 1975; Bliss and MaclLean, 1975;
Lipin, 1984; Jan and Windley, 1990). Analyses of Cr-spinels in LALPP are from
cores of grains which are unfractured and exhibit no optical evidence of
alteration. It is assumed that the analyses record little evidence of alteration,

which is supported by the increase in Cr# and decrease in Mg# of LALPP

exhibiting progressively less alteration, i.e., chromitite, dunite and harzburgite




are significantly more aitered than pyroxenite.
ii) Subsolidus reequilibration. Mg= =Fe?* and Cr= = Al substitutions

control the chemistry of spinel. Subsolidus Mg = =Fe?* exchange between

spinel and silicate lowers the Mg# of spinel (Irvine, 1967; Dick and Bullen,
1984; Jan and Windley, 1990). The lower Mg# of accessory Cr-spinel in
dunite and harzburgite relative to chromitite (Fig. 3.3}, probably is the resuit of
subsolidus reequilibration. Two major reactions affect the Cr# of spinel: (i)
transfer of Cr from spinel to pyroxene (Irvine, 1967; Komor et al. 1985}, and
(ii) transfer of Al frorn spinel to plagioclase (Irvine, 1967; Henderson, 1975).
Plagioclase is not present in LALPP and is not involved in reequilibration. The
Cr# of Cr-spinel in pyroxenite, especially clinopyroxenite, may be lower than its
original value due to subsolidus reequilibration.

iii) Chromitite. Cr-spinel in chromitites from the Springers Hill area lies
within the field of podiform chromitites of ophiolites, and overlaps with
chromitites from stratiform intrusions (Figs. 3.3 and 3.4). The wide range of
Cr# and narrow range of Mg# are typical of podiform chromitite deposits
(Thayer, 1964). The low TiO, content (0.12-0.23 wt.%)} of Cr-spinel in
Springers Hill chromitites is characteristic of podiform deposits (Dickey, 1975).

In ophiolite mantle sequences, Al-rich and Cr-rich chromitites occur at the
harzburgite-dunite and iherzolite-harzburgite transitions, respectively (Leblanc
and Violette, 1983). The Cr-rich chromitites precipitated from Cr-rich magmas
that were produced by the complete melting-out of Cr-diopside (Leblanc and

Violette, 1983). The Ai-rich chromitites have a genetic relation with Al-rich
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magmas that were parental to crustal cumulates (Thayer, 1969; Golding and
Johnson, 1971). Such a correlation does not hold for the Springers Hill area,
as all chromitites are hosted in dunite associated with harzburgite. Subsolidus
reequilibration or reaction may be responsible for the observed variation in
composition, as one traverse of a Cr-spinel grain in sample L289 shows a core
of Mg# =65, Cr#=47 and a rim of Mg# =58, Cr# =61, i.e., a large variation
in Cr# for a relatively small change in Mg#.

ivl Accessory Cr-spinel. The Mg# of accessory Cr-spinel appears more
susceptible than Cr# to change with alteration, metamorphism and subsolidus
reequilibration. The Cr# is here considered more representative as a
petrogenetic tracer than Mg#. Apart from several Cr-spinel grains associated
with Ca-amphibole in harzburgite and amphibole peridotite, all Cr-spinels
analysed have Cr#>60. According to Dick and Bullen (1984}, Cr# > 60 are
indicative of arc environments.

Harzburgites lie in the high Cr# field of harzburgites from the BIOC, but
at higher Cr# than harzburgites previously analysed from the Lewis Hiils Massif
(Figs. 3.3 and 3.4). Using the argument of Dick and Fisher (1984), the low
content of Ca0 and Al, 0, in orthopyroxene, and high Cr# of Cr-spinel, indicate
that partial melting occurred well into the three phase field of olivine-
orthopyroxene-spinel-magma. This is in total agreement with the petrographic
evidence that harzburgite is devoid of clinopyroxene. If the precursor to

harzburgite approximated the composition of Tinaquillo Iherzolite, then, under

anhydrous conditions, 12-15 % magma could have been extracted from the
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Iherzolite before clinopyroxene in the residue was exhausted (Jaques and
Green, 1980). Cr-spinel in harzburgite of the Springers Hill area is similar to
that in harzburgite of the Miyamori Ophiolite Complex, Japan (Figs. 3.3 and
3.4), which represents residual mantle of an island arc (Ozawa, 1988).
Dunites, OPXT |, clinopyroxenites and websterites lie in the field of
stratiform intrusions (Figs. 3.3 and 3.4). Dunites lie in the field of peridotites
of the BIOC and Miyamori Ophiolite Compiex (Figs. 3.3 and 3.4). Type |
orthopyroxenites, clinopyroxenites and websterites have Cr#(Sp) similar to
those of low-alumina orthopyroxenites of the White Hills Peridotite, olivine
clinopyroxenites of the Miyamori Ophiolite Complex, boninites, and basaltic
komatiites (Figs. 3.3 and 3.4). Dunites, OPXT | and clinopyroxenites do not
exhibit the fractionation trend of decreasing Mg# and Cr# that is observed in
stratiform intrusions (Figs. 3.3 and 3.4). This is expected as OPXT | and
clinopyroxenite (and their associated dunites) are not comagmatic. Type |
orthopyroxenites and clinopyroxenites precipitated from different magmas
which had fractionated olivine (£ Cr-spinel), and yet they have very high
Cr#(Sp), which may have been even higher prior to subsolidus reequilibration.
High Cr#(Sp) and lack of fractionation recorded by Cr#(Sp) was explained by
Irvine (1976) and Cick and Bullen (1984) in terms of Cr-spinel precipitating
from a magma with high molecular Si/Al. Pyroxenites (and their associated
dunites and chromitites), therefore, precipitated from magmas with high SiO,

and low Al,0;, which is in total agreement with silicate mineral chemistry.

These magmas are diagnostic of an arc environment (Dick and Bullen, 1984).
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3.2.7 Summary
Mineral chemistry, field relations and petrography of LALPP demonstrate
that harzburgite, dunite, OPXT | and clinopyroxenite are not cogenetic, except
perhaps for dunites associated with their respective pyroxenites. Prior to
intrusion of magmas from which dunite, chromitite and pyroxenite precipitated,
harzburgites had experienced melting well into the three phase field of olivine-
orthopyroxene-spinel-magma. Following the argument of Dick and Bullen
(1984), this melting would have occurred in an arc environment.
Clinopyroxenites and OPXT | (and their associated dunites and chromitites)
precipitated from magmas with high MgO and SiO, and low Al,0,. These
magmas are present in arc environments (Dick and Bullen, 1984), and the
pyroxenites could not have formed by high pressure (P> 10 kbar) polybaric
crystal fractionation of a basaltic magma parental to MORB, as proposed by
Elthon et al. (1982} for cumulates in North Arm Mountain.
The mineral chemistry of OPXT Il and veins of OPXT | indicates that they
are in equilibrium with harzburgite. Veins of OPXT | equilibrated with

harzburgite by subsolidus reequilibration. The harzburgitic composition of

OPXT Il is considered in Chapter 5.
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3.3 WHOLE-ROCK CHEMISTRY

3.3.1 Major and Trace Elements

Major elements and Sc, V, Cr and Ni reflect the modal mineralogy and
mineral chemistry of LALPP. Extremely low concentrations of TiO, (<0.02
wt.%), Rb (=1 ppm), Y (=<2 ppm) and Zr (<2 ppm) are consistent with the
depleted mineral chemistry of LALPP. Concentrations of Sr range from <0.8
ppm to 64 ppm, and these values will be considered in the next section on rare
earth elements. Native Cu and minor associated Cu sulphide account for 125-
313 ppm Cu in clinopyroxenite.

Whole-rock Mg# is equivalent to that of Mg#(Ol) for harzburgites,
dunites, amphibole dunites and OPXT |l, which have olivine as the dominant
phase. Whole-rock Mg# is noticeably higher than Mg#(Ol) for OPXT |,
clinopyroxenite and websterite, which have pyroxene as the dominant phase
and Mg#(Px)> Mg#(0l). Whole-rock Cr# are lower than those of Cr-spinel for
all LALPP because Cr-spinel is an accessory phase. Whole-rock Cr# of dunite
approach those of Cr-spinel because pyroxene and amphibole are minor phases
or absent. In all other rock types, the modal abundances of pyroxene and
amphibole are significantly higher than in dunite and Cr#(whole-rock) is

approximately half that of Cr#(Sp) because of the low Cr# of pyroxene and

amphibole.
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3.3.2 Rare Earth Elements
Absolute concentrations and specific ratios of REE in LALPP are not used
because of uncertainty of the quality of the REE data (Appendix 1). Despite
this, chondrite-normalized REE (CNREE) patterns of LALPP are assumed to
closely approximate the true patterns of LALPP, because CNREE patterns of
standard PCC-1 determined in this study are very similar to those determined
in other studies (Appendix 1).
All CNREE patterns of LALPP lie in the range 0.001-1.0 x chondrite (Fig.
3.5). The lowest abundances of REE occur in harzburgite, dunite, amphibole
dunite, OPXT | and OPXT Ili, whereas the highest abundances occur in
clinopyroxenite and websterite. Flat to positively sloping CNREE patterns occur
in harzburgite (sample L225) and dunite (samples L246 and L262), which are
composed of olivine, Cr-spinel and orthopyroxene (harzburgite only).
Harzburgite sample L225 records the earliest documented partial melting event
and apparently does not contain introduced OPXT |, clinopyroxene or Ca-
amphibole. Harzburgite containing OPXT | (sample L106) has a U-shaped
CNREE pattern very similar to those of OPXT |. Type | orthopyroxenites have
negative Euanomalies. Harzburgite containing Ca-amphibole {sample L103) has
a positive Eu anomaly and U-shaped CNREE pattern similar to amphibole
dunites. Type |l orthopyroxenites have U-shaped CNREE patterns similar to
OPXT |, harzburgite containing OPXT 1, and amphibole dunite. Dunites

(samples L216 and L217) enveloping clinopyroxenite contain orthopyroxene

(both samples), clinopyroxene (sample L216) and Ca-amphibole (sample L216),
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and have CNREE patterns similar to the LREE-depleted patterns of
clinopyroxenites. Websterites are composite pyroxenites of OPXT | and
clinopyroxenite and have flatter CNREE patterns than clinopyroxenite, which
may be explained by the LREE-enriched patterns of OPXT 1.

Concentrations of Sr correlate well with the CNREE patterns of LALPP.
Consistent values occur in amphibole dunite (2-13 ppm Sr) and amphibole-
bearing harzburgite (8 ppm Sr), which have U-shaped CNREE patterns with
positive Eu anomalies. Type | orthopyroxenites and clinopyroxenite have 2-6
ppm and 2-19 ppm Sr, respectively; these concentrations cannot account for
53-64 ppm Sr in websterite. Concentrations of Sr in harzburgite and dunite are

=<0.8-15 ppm.

3.3.3 Platinum Group Elements

Harzburgites have flat chondrite-normalized platinum group element
(CNPGE) patterns at approximately 0.01 x chondrite (Fig. 3.6a). Ratios of Pd/Ir
are 0.6-1.7. The lowest value occurs in sample L225, which records the

earliest documented partial melting event, whereas the highest value occurs in

harzburgite sample L106, which has been impregnated by OPXT I. Sample

L218 is from harzburgite adjacent to dunite enveloping clinopyroxenite, and it
contains clinopyroxene and Ca-amphibole, and has Pd/ir=1.2.

Chromitites have remarkably uniform CNPGE patterns despite the wide
range of composition of Cr-spinel in these samples (Fig. 3.6b). The V-shaped

Os-Ir-Ru patterns support the occurrence of Os-bearing faurite in these sariples.
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The CNPGE pattern of a xenolith of chromitite in HAL olivine clinopyroxenite is
indistinguishable from the other chromitites, except for Pd. Osmium-be aring
laurite occurs in the xenolith. All samples have characteristic CNPGE patterns
typical of ophiolites (e.g., Page et al., 1982, 1983; Page and Talkington,
1984), but exhibit a positive slope from Pt to Pd, which is a characteristic
feature of Newfoundland ophiolites (Page and Talkington, 1984).

The dunites that have been analysed for PGE are all associated with
clinopyroxenite. The sampies that have CNPGE patterns similar to chromitite
(Fig. 3.6¢c), either contain minor orthopyroxene and clinopyroxene (sample
L254), or they are devoid of these phases (sample LO54}. Those samples with
very different patterns (Fig. 3.6d) contain orthopyroxene (samples L216 and
L217), clinopyroxene (sample L216) and Ca-amphibole (sample L216). Similar
CNPGE patterns and Pd/Ir ratios of chromitites and dunites (Figs. 3.6b and
3.6¢), suggest that the Cr-spinel component of these dunites controls their
abundances of PGE, although no platinum group minerals (PGM) or base metal
phases have been identified. This is supported by the highest abundances of
PGE in the dunite richest in Cr-spinel (sample LO54). Consequently, a similar
origin is suspected for the chromitites and these dunites. The low Os/Ru value
of the highiy serpentinized dunite (sample L054) may argue for the presence of
Os-poor to Os-free laurite in this sample. Osmium-free laurite has been
observed in serpentine and chiorite interstitial to chromite grains in chromite-

rich samples from the Shetland Ophiolite (Tarkian and Prichard, 1987). Dunites

in Figure 3.6d contain minor base metal sulphide and native Cu associated with
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clinopyroxene and Ca-amphibole. These dunites have relatively high Pd/Ir ratios
and a somewhat positive slope from Os to Pd.

Type | orthopyroxenites have Pd/Ir = 32-470 and CNPGE patterns which
approximate a mirror image of the patterns for chromitite (Fig. 3.6e). The
CNPGE patterns of OPXT | support the occurrence of Pt- and Pd-arsenide grains
in orthopyroxene. Websterite has Pd/Ir =120 and a CNPGE pattern similar to
that of OPXT | (Fig. 3.6f). The pattern is consistent with the occurrence of Pt
and Pd phases in clinopyroxene. Clinopyroxenites have Pd/ir>44-1040 and
highly variable CNPGE patterns (Fig. 3.6f). Clinopyroxenites without a dunite
envelope, have CNPGE patterns somewhat similar to OPXT |, whereas those
with a dunite envelope, exhibit extreme depletion of Ru and negative slopes
from Os to Ir. Both types of clinopyroxenite contain abundant primary native
Cu and base metal sulphides, but PGM have not been identified.

The CNPGE patterns of OPXT Il are very different from those of OPXT
I, and are more like those of harzburgite and chromitite (Fig. 3.6g). Their Pd/Ir
ratios are equivalent to those of harzburgite. The anomalous enrichment of Ru
in the web-textured OPXT Il could be inherited from Cr-spinel, as Legendre
(1982) reports chromitites with extreme enrichment in Ru from ophiolites of
Oman and Cyprus. Alternatively, the high concentration of Ru could represent
contamination from HCI during sample preparation (Jackson et al., 1990). The
latter is favoured because a sample previously analysed and reanalysed with

sample L271 shows no change in abundances of PGE, except for extreme

enrichment in Ru. The sulphide content of OPXT |l may influence their CNPGE
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patterns. No sulphide is observed in the ribbon mylonite which has a
harzburgitic CNPGE pattern. Harzburgites do not contain sulphide that pre-
dates serpentinization. Sulph.de occurs in the web-textured OPAT Il which has

a chromititic CNPGE pattern.

Only amphibole dunites associated with OPXT | have been analysed for

PGE. Their CNPGE patterns exhibit remarkable similarity with those of OPXT
I (Fig. 3.6h). Ratios of Pd/Ir in amphibole dunite are lower than those of OPXT
I. Platinum group minerals have not been identified in these samples and
sulphide is absent, except for rare altered sulphide or native Cu in amphibole-

rich areas.

3.4 CHEMICAL EFFECTS OF SERPENTINIZATION

In order to use whole-rock concentrations of major and trace elements,
REE and PGE as petrogenetic tracers, the effects of alteration must be known.
The silicate portion of LALPP is always serpentinized. Serpentinization is most
severe in areas rich in olivine and the silicate portion of some dunites is 100 %
serpentinized. An extensive discussion of the effects of serpentinization is
beyond the scope of this thesis, but the most important points are considered

below.

3.4.1 Major and Trace Elemeants

Under conditions of non-constant wvolume, serpentinization is an




84

isochemical process except for the introduction of H,0 and loss of Ca (Coleman
and Keith, 1971; Eckstrand, 1975). Frey et al. (1985} report no change in
major eiement abundances for serpentinized peridotites of Ronda (<31 %
serpentinization). Concentrations of Si, Mg, Fe, Cr, Al and Ni in Archean
dunites of Western Australia are unaffected by serpentinization (Donaldson,
1981). Concentrations of Fe, Ni and Cu are redistributed during
serpentinization, but are unaffected at the scale of a whcle-rock sample (Shiga,
1987; Edwards, 1990). Peridotite samples in the Springers Hill area have
Mg#(whole-rock) =Mg#(Ol}, which demonstrates that Mg#(whole-rock) is
unaffected by serpentinization. Pyroxenite samples are much less serpentinized
than peridotite samples.

For the purpose of this thesis, it is adequate to assume that

serpentinization in the Springers Hill area had relatively little influence on

abundances of major and trace elements, except for the introduction of H,0.

3.4.2 Rare Earth Elements

There is no clear consensus as to the mobility of REE during
serpentinization. It has been argued that hydrous alteration can result in either
a subparallel shift downward of CNREE patterns, or development of negative
Ce anomalies with preferential loss of LREE (Ottoneilo et al., 1979). Frey
(1969) also predicted that LREE are removed during serpentinization. Mobility
of Eu?* during serpentinization (Sun and Nesbitt, 1978) may account for

positive Eu anomalies in peridotites lacking plagioclase (Frey, 1984). On the
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other hand, there is strong evidence to argue that concentrations of REE are
unaffected by serpentinization. Michard (1989) suggested that because
hydrothermal fluids have low concentrations of REE, hydrothermal activity is
not expected to change REE abundances of arock unless water,rock ratios are
extremely high. In agreement with this argument, Frey (1984) presented data
for serpentinites which appear to preserve the original CNREE patterns of their
ultramafic protoliths. Further agreement comes from the harzburgites and
dunites of the New Caledonia Ophiolite, where there is no correlation between
the degree of serpentinization (<40 %) and LREE enrichment (Prinzhofer and
Allégre, 1985). Frey (1984) made a similar observation for the peridotites of
Ronda that were <30 % serpentinized.

In the Springers Hill area, serpentine and associated alteration products
occur mostly in areas rich in olivine. Pyroxene and amphibole generally are
unaltered to partially altered. Because partition coefficients of REE are so much
greater for pyroxene and amphibole than olivine (Fig. 3.7), and because
pyroxene and amphibole control CNREE patterns of peridotites (Stosch and
Seck, 1980), the removal of REE from olivire will have little effect on CNREE
patterns of whole-rock samples. This appears to be the situation in the
Springers Hill 2area, especially as all CNREE patterns of LALPP are adequately

explained by their mineralogy which pre-dates serpentinization. Consequently,

CNREE patterns of whole-rock samples of LALPP reflect processes pre-dating

serpentinization of the Springers Hill area.
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3.4.3 Platinum Group Elements

Platinum group elements generally are immobile during serpentinization
(Keays and Davison, 1976; Groves and Keays, 1979: Oshin and Crocket,
1982; Prichard and Tarkian, 1988; Edwards, 1990), and concentrations of PGE
in whole-rock samples of LALPP reflect processes pre-dating serpentinization
of the Springers Hill area. This is well supported by the similarity of CNPGE
patterns of dunite (sample L254) and extensively serpentinized Cr-spinel-rich
dunite (sample LO54) (Fig. 3.6¢c). The mineralogy of PGM in LALPP is primary
and relatec to fractionation of immiscible As-S-rich liquids in the early stages

of crystal fractionation (see sections 2.3.8 and 2.6).

3.5 PETROGENESIS OF HARZBURGITE

3.5.1 CaO/Al,0, Ratio as an Index of Partial Maelting

Harzburgites have experienced melting well into the three phase field
olivine-orthopyroxene-spinel-magma. Klein and Langmuir (1987) stated that
melting-out of clinopyroxene from iherzolite to produce harzburgite, causes an
increase in Ca0/Al,0, ratio of the whole-rock until clinopyroxene is exhausted:
as melting continues, the CaO/Al,0, ratio decreases. Extremely refractory
harzburgites in the Papuan Ultramafic Belt (Jaques and Chappell, 1980),
provide evidence that CaO/Al,0, ratios drop sharply as orthopyroxene is
progressively melted out of harzburgite (Fig. 3.8a). Falloon and Green (1987)

demonstrated this trend in experiments of equilibrium partial melting of MORB
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pyrolite at 10 kbar. Further work by Falloon gt al. (1989) confirmed this trend
(Fig. 3.8a).

Samples of harzburgite from the Springers Hill area record melting wvell
beyond the melting-out of clinopyroxene. These samples should have
Ca0/Al,0, ratios similar to, or lower than, those in lherzolites, but they have
Ca0/Al,0, ratios which generally are higher than |herzolites (Fig. 3.8a). The
lowest ratios (samples LO97 and L225) correlate with harzburgites from other
ophiolites, and agree with petrographic and chemical evidence that they are
residues from the earliest documented episode of partial melting and efficient
extraction of magma. Due to the abundance of chemical data on sample L225
relative to sample LO97, the former will be used as the harzburgite end-member
of partial melting and efficient extraction of magma. This sample has not been
modified petrographically or chemically by subsequent processes, except for the
formation of serpentine from olivine.

Harzburgites having CaO/Al, O, ratios higher than that of sample L225,
contain clinopyroxene and/or Ca-amphibole, or infiltrated OPXT | (Fig. 3.8a).
Clinopyroxene and Ca-amphibole have high CaO/Al,O, ratios. Petrographic
evidence shows that 1-2 modal % of these phases in harzburgite cause the

observed increase in CaO/Al,O, ratio. Type | orthopyroxenite has a lower

Ca0/Al,0, ratio than clinopyroxene or Ca-amphibole, and yet the harzburgite

containing introduced OPXT | (sample L106) has the highest Ca0Q/Al,O, ratio.
Figure 3.8b shows that sample L106 contains a large component of OPXT | in

addition to a component of sample L225. The composition of sample L106
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estimated from CaQO/Al,0, ratios is 58 % sample L225 and 42 % OPXT |

(Appendix 5). Modal abundances of orthopyroxene are 15 % in sample L225,
90 % in OPXT Il and 45 % in sample L106. Therefore, sample L106 contains
an estimated 8.7 % orthopyroxene from sample L225 and 37.8 %
orthopyroxene from OPXT |, which is a total of 46.5 % orthopyroxene, i.e.,
essentially identical to the 45 % orthopyroxene estimated visually.

The introduced component of orthopyroxene in harzburgite is not
apparent from mineral chemistry, even though compositions of minerais in
OPXT | are very different from those in harzburgite. The changes in mineral
chemistry associated with the introduction of OPXT | into harzburgite should
be accounted for by reequilibration at magmatic and subsolidus temperatures
with or without the later effects of serpentinization. To determine the response

of mineral chemistry to these changes is an immense task well beyond the

scope of this thesis.

3.5.2 Rare Earth Elements

At the present time, the key to understanding the origin of ophiolite

harzburgites lies largely in understanding their CNREE patterns. Unfortunately,

the REE data acquired in this thesis limits interpretation, and modelling using

the REE is not possible. The essence of the following discussion is that CNREE
patterns of harzburgites of the Springers Hill area are representative of
processes which pre-date serpentinization of the area.

Sample L225 has a straight, positive sloping CNREE profile from La-Lu
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(Fig. 3.5a). The pattern is controlled by orthopyroxene as suggested by (i)
modal mineralogy, (ii} partition coefficients of REE in orthopyroxene (Fig. 3.7},
and (iii) REE analyses of orthopyroxene separates from anhydrous spinel
peridotite nodules from Dreiser Weiher, Germany (Stosch and Seck, 1980).
Patterns of this type are rare in ophiolites, but they have been documented in
harzburgites from the New Caledonia (Nicolas and Dupuy, 1984) and Trinity
(Brouxel and Lapierre, 1988) ophiolites. They also have been documented in
the Ronda Peridotite (Fiey et al., 1985). Schilling (1975), Menzies et al. (1977)
and Frey et al. (1989) have calculated that positive sloping CNREE profiles in
residues can be produced by 9-30 % partial melting of LREE-depleted lherzolite.
The magmas which segregated from the Ronda peridotites were picritic (12-22
wt.% MgO) and may have been parental to MORB (Frey et al., 1985). Ronda
harzburgites with CNREE patterns similar to that of sample L225 were in
equilibrium with the picritic magma for 26-32 % partial melting (Frey et al.,
1985). Experiments performed by Green et al. (1979) show that such picrites
are multiply saturated in olivine and orthopyroxene at P =20 kbar (60-70 km
depth) and T =1430°C. The harzburgite residue left after extraction of this
picrite would contain orthopyroxene with >5 wt.% Al,0, and >2.5 wt.%
Ca0, and would recrystallize to spinel Iherzolite at lower pressure {Green gt al.,
1979}

The mineral chemistry of sample L225 is inconsistent with it being a
residue from extraction of picritic magma at P =20 kbar. Cr-spinel in sample

L225 lies in the range of those analysed from the Troodos Upper Pillow Lavas
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by Duncan and Green (1987). Many of these lavas are severely LREE-depleted

(Kay and Senechal, 1976; Smewing and Potts, 1976), which correlates with
the CNREE pattern of sample L225. Consequently, this sample could be a
residue from (i) continuous meiting of a Iherzolite diapir {Smewing and Potts,
1976), or (ii) 5-10 % second-stage partial melting of an anhydrous, residual
Iherzolite diapir at P = 7-8 kbar (<25 km depth) and T = 1360°C, and extraction
of a LREE-depleted magnesian quartz tholeiite or olivine-poor tholeiite (Duncan
and Green, 1980). The latter would correlate with melting in a back-arc basin
{Duncan and Green, 1987).

The majority of harzburgites in the Springers Hill area are assumed to
have an initial origin similar to sample L225, but some experienced subsequent
modification by the addition of OPXT | (sample L106) and Ca-amphibole
{sample L103}, which produced U-shaped CNREE patterns. Ailthough these
modifications occurred during separate events, they both produced significant
enrichment in the LREE. If these harzburgites had undergone further melting,
they would have produced high-MgO and -Si0, magmas with U-shaped CNREE
patterns. Magmas of this type occur as boninites in arc environments (Hickey
and Frey, 1982).

It has been argued on the basis of CNREE patterns of ophiolitic rocks,
that harzburgites possessing U-shaped patterns are not genetically related to
overlying rocks of the crustal sequence through a simple parent-daughter
relationship because of the relative LREE depletion exhibited by the crustal

sequence {Suen et al., 1979; Pallister and Knight, 1981; Frey, 1984).
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Harzburgites of the Springers Hill area having U-shaped CNREE patterns support
this view, but the positively sloping CNREE pattern of sample L22% suggests
that prior to involvement of fluids and fluid-rich magmas, ophiolite harzburgites
may indeed have LREE-depleted CNREE patterns and be related to the LREE-
depleted component of the crustal sequence. Such a suggestion disagrees with
the sequential integrated disequilibrium melting model developed by Prinzhofer
and Allégre (1985), which requires that LREE-enriched residues and LREE-
depleted magmas are cogenetic. Prinzhofer and Allégre (1985) developed this
model from harzburgites in the New Caledonia Ophiolite which have CNREE
patterns similar to that of harzburgite in the Springers Hill area which contains

OPXT I. The importance of this will be discussed in section 3.5.4,

3.5.3 Piatinum Group Elements

Before interpreting the PGE chemistry of harzburgites, it is necessary to
understand the behaviour of PGE, base metals and sulphides in these rocks.
The sulphide component of the upper mantie has a low melting point (Naldrett,
1973) and is largely involved in mantle melting (Garuti et al., 1984). This
allows the abundance of Fe-Ni-Cu-S phases to be used as a depletion index,
especially as their abundance correlates with the modal abundance of
clinopyroxene and plagioclase in residual mantle material (Lorand, 1388). The
Springers Hill harzburgites are devoid of primary Fe-Ni-Cu-S phases and residual
clinopyroxene and plagioclase, which is consistent with their having

experienced extensive partial melting prior to local modification by infiltrating




fluid and fluid-rich magma.

it is possible to estimate the degree of partial melting required of a
mantle source to yield a harzburgite residue totally barren of sulphide (Barnes
et al., 1985). Garuti et al. (1984) report an Fe-depleted, Ni- and Cu-enriched
mantle sulphide component for the Baldissero and Balmuccia lherzolites of the
lvrea-Verbano mantle peridotites, western Italian Alps. These l|herzolites
preserve S contents of 140-320 ppm, which are representative of the S
content of undepleted to partially depleted upper mantie {Garuti et al., 1984).
For the Springers Hill harzburgites, it is assumed that the initial S content of the
mantle source was 140-320 ppm, that partial melting occurred at a depth of
<40 km (Duncan and Green, 1987), and that S solubility in basic silicate

magmas is 0.19 wt.% (Wendlandt, 1982). For these parameters, 7-17 %

partial melting is required to remove all of the mantle sulphide into the magma

for, respectively, S concentrations between 140-320 ppm in the initial mantle
source. Partial melting to produce Springers Hill harzburgites was far in excess
of 17 %. These rocks contain no petrographically visible sulphide phase, apart
from that resulting from serpentinization of the silicate phases. During partial
meliting, the dissolution of all of the mantie sulphide left no sulphide residue
into which the PGE could partition. Magma has been very effectively removed
from the Springers Hill harzburgites, as there is no evidence for trapped silicate
or sulphide magma.

The Springers Hill harzburgites contain 23-38 ppb total PGE. Because

there is no sulphide in which the PGE can exist, they must be present in either
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Cr-spinel and silicate phases, or an intergranular phase. It has been postulated
that refractory Cr-spinel and olivine in S-poor ultramafic rocks may act as a sink
for Ir (Crocket, 1979; Naldrett et al., 1979). In addition, Mitchell and Keays
(1981) predicted that high-temperature Ir alloys may exist under upper mantie
P-T conditions in environments of low fS,. Iridium in this form would remain
as a residual phase during partial meiting of the mantle (Mitchell and Keays,
1981). In contrast to Ir, Pd is more volatile (Arculus and Delano, 1981) and,
therefore, during partial melting Pd fractionates from iIr which is left in the
residue (Hertogen et al., 1980; Mitchell and Keays, 1981). Hence, highly
depleted and refractory mantle peridotites have low total PGE contents,
fractionated CNPGE patterns with negative slopes from Ir to Pd, and Pd/Ir< < 1.
Such patterns have been reported from the Thetford Mines Ophiolite, Quebec
(Oshin and Crocket, 1982), and the Ronda Peridotite, Spain (Stockman, 1982),
and calculated for the Vourinos Ophiolite Complex, Greece (Cocherie et al.,
1989).

The CNPGE pattern and Pd/ir =0.6 of sample L225 is consistent with it
being a residue from partial melting. However, more extreme fractionation of
Pd and Ir is expected for harzburgite as refractory as sample L225. The PGE-
depleted (ir =2.1-2.9 ppb, Pd =0.45-0.68 ppb) Black Lake harzburgites of the
Thetford Mines Ophiolite have average Pd/Ir =0.22 (Oshin and Crocket, 1982),
which are expected to be more typical of harzburgites that are residues from
extensive partial melting and efficient extraction of magma. Despite this,

sample L225 will be used as the starting composition for discussing the PGE
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content of harzburgite with Pd/Ir> 1.

The CNPGE patterns and Pd/ir=1.2-1.7 of Springers Hill harzburgites
that contain OPXT I, and Ca-amphibole and clinopyroxene derived from
clinopyroxenite, are completely inconsistent with a simple residual origin. In
fact, the flat PGE patterns coincide with the CNPGE data compiled by Arculus
and Delano (1981) for undepleted upper mantie (Jagoutz et al., 1979; Morgan
and Wandless, 1979; Morgan et al., 1980; Mitchell and Keays, 1981). The
discrepancy can be explained by the introduced components. That involving
a component of clinopyroxenite is of minor sigrificance based on petrographic
evidence; it will be considered with the origin of dunite in section 3.7.1. The
addition of OPXT | to harzburgite is, however, significant.

The formation of sample L106 by addition of OPXT | to sample L225 has
been demonstrated earlier. Using the same approach as for Ca0Q/Al,0Q, ratios,
the proportions of OPXT | and sample L225 in sample L106 are calculated
using Pd/Ir ratios (Appendix ). Concentrations of Ir are similar for all
components, whereas concentrations of Pd differ significantly, so that addition
of OPXT | to harzburgite will produce large variations in concentrations of Pd
at approximately constant concentrations of Ir. The composition of sample
L106 estimated from Pd/Ir ratios is 98 % sample L225 and 2 % OPXT I. This
clearly is inconsistent with petrographic evidence and the calculation involving
CaQ/Al,0, ratios, which estimated 58 % sample L22% and 42 % OPXT | for
sample L106. Using the OPXT | sample poorest in PGE (sample LO71), the
estimate becomes 81 % sample L225 and 19 % OPXT | {Appendix 5).
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Significant variations are expected in the calculation using Pd/ir ratios because
these ratios in the mixing components are very different relative to CaO/Al,0,
ratios. Consequently, it is predicted that the component of OPXT | in sample
L106 has a lower Pd/Ir ratio and total abundance of PGE than the massive
dykes sampled in this study. Alternatively, Pd may have been removed from
sample L106 by fluids associated with the formation of the HALPPG (section
5.5.3). Some orthopyroxene in sample L106 was converted to olivine during

this late event.

3.5.4 Orthopyroxene in Harzburgite

Although extensive field and petrographic work has documented the
addition of OPXT | to harzburgite by magmatic impregnation or mechanical
mixing, the chemical data base is limited to several carefully selected samples.
The question arises as to how significant are the orthopyroxene-addition
processes in terms of modifying harzburgite compositions in mantle sequences
of ophiolites. In the Springers Hill area, dykes and veins of OPXT | are
abundant, and a significant proportion of the harzburgite appears t0 be
modified. However, the area mapped in this study is only 2 km2. There is
evidence of orthopyroxene impregnation in other massifs of the BIOC (G. Suhr,
pers. comm., 1990). A survey of literature data on the PGE content of
harzburgites from ophiolites, reveals that many of them preservePd/ir> 1, e.g.,
the Troodos Ophiolite (Becker and Agiorgitis, 1978), the Thetford Mines

Ophiolite (Oshin and Crocket, 1982), and the Vourinos Ophiolite (Cocherie et
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al., 1989). A similar survey reveals that harzburgites from the ophiolites of

Othris, Vourinos, Troodos, Oman, New Caledonia and Bay of Islands, exhibit
U-shaped CNREE patterns (Prinzhofer and Allégre, 198%; compilation of Frey
(1984)). Without detailed field and petrographic studies of harzburgites from
these ophiolites, it is premature to attribute elevated Pd/Ir ratios and U-shaped
CNREE patterns to addition of orthopyroxenite. If such a process operated in
these ophiclites, then significant modification of the trace element composition
of harzburgite, with little or no evidence of this in the petrography or mineral
chemistry, would appear to be the rule rather than the exception. Partial

melting of these harzburgites should produce magmas of the boninitic series

which have U-shaped CNREE patterns, negative Fu anornalies, and high Pd/Ir

ratios.

3.6 PETROGENESIS OF CHROMITITE

Lago et al. (1982) have discussed the origin of chromite deposits in
ophiolites. They concluded that chromitites represent magmatic accumulations
from basaltic magmas. Field, petrographic, mineral chemical and PGE data
support a similar origin for the chromitites of the Springers Hill area, which are
magmatic accumulations from magmas with high malecular Si/Al ratios. This
is in agreement with Roberts (1988), who proposed that extensive chromite

mineralization is restricted to ophiolites with supra-subduction zone

characteristics.
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The CNPGE pattern of the xenolith of chromitite (sample L326) from the

marginal zone of the HALPPG, and the occurrence of Os-laurite in this sample,
suggests that it is a xenolith of LALPP affinity (Fig. 3.6b). This evidence
disagrees with the interpretatior of Bédard {1991), that chromitites may be
products of the assimilation of gabbro and pyroxenite by invading primitive

magma.

3.7 PETROGENESIS OF DUNITE

The origin of dunites in ophiolites as residual versus magmatic is a topic
of major discussion which is largely beyond the scope of this chapter. For a
review of the problem see Nicolas (1989, pages 225-236). Field and
petrographic observations presently are the best way to examine the origins of
dunite in LALPP. These observations have been interpreted in section 2.3.7.
The chemical data available for dunites is varied, limited, and may be affected
by serpentinization, but some general statements will be made based on

abundances of PGE in dunites enveloping clinopyroxenites,

3.7.1 Platinum Group Elements

The CNPGE patterns of dunites with chromititic patterns (Fig. 3.6c¢c) are
controlled by Cr-spinel, which is inferred to be magmatic based on the origin of
chromitite. Whether or not olivine is magmatic is questionable because rare

porphyroclasts of orthopyroxene are hosted in one sample. According to Lago
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et al. (1982), residual dunite is expected to develop by the incongruent melting

of orthopyroxene at the interface between harzburgite and the magma conduit
in which olivine and Cr-spinel are accumulating by magmatic crystallization.
Olivine and Cr-spine! in dunites having chromititic CNPGE patterns would
appear to have developed by this process.

A more complicated situation is portrayed by dunites containing Ca-
amphibole and relatively abundant pyroxene (Fig. 3.6d). To explainthe CNPGE
patterns of these dunites, they are considered with the clinopyroxenite dyke
which they envelope and the harzburgite which hosts them (Fig. 3.9). Figure
3.9 shows that Pd/lr=1.2 in harzburgite is due to a component of
clinopyroxenite. The same conclusion was reached using Ca0O/Al,0, ratios (see
section 3.5.1). Dunite (sample L217) sampled 1.5 m from this harzburgite is
residual in origin as supported by (i) olivine of Mg# =91.3, which is the same
as that in harzburgite, (ii) orthopyroxene porphyrociasts, and liil a CNPGE
pattern almost identical to harzburgite except for Pd. The elevated Pd value
demonstrates that a component of clinopyroxenite is contained by sampie
L217, although it is not visible in the field or in thin section. This variation in
Pd is testimony to the much higher degree of incompatibility of Pd relative to
Pt (Peck and Keays, 1990). The dunite (sample L216) sampied 0.7 m from
sample L217 has clots of Cr-spinel and a very different CNPGE pattern. The
pattern is a mirror image of that of chromitite and may indicate that a
significant amount of Cr-spinel had fractionated previously from the magma.

However, porphyrociasts of orthopyroxene are present, which indicate that a
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component of the dunite is residual. The extreme depletion of Ru in
clinopyroxenite also may support the conclusion that the magma had
fractionated significantly large amounts of a Ru-bearing phase (most likely
laurite).

Thus, CNPGE patterns are very sensitive to the magmatic and residual
components in a dunite. A better understanding of the PGE, and careful use
of the data in combination with field and petrographic observations, may make

these elements an important tool for solving the dunite problem.

3.8 PETROGENESIS OF TYPE | ORTHOPYROXENITE AND CLINOPY ROXENITE

3.8.1 Magmatic versus Metasomatic Origin of Pyroxenites

In section 1.3.2, numerous models were outlined that can be used to
explain the origin of pyroxenites. From the field and petrographic observations
and geochemical evidence presented for OPXT | and clinopyroxenite, there are
two plausible origins for these rocks. Either they may have crystallized directly
from two distinct magmas, or they may represent the products of
metasomatism of harzburgite and dunite by two distinct fluids.

Bowen and Tuttle (1949) suggested that pyroxenites are produced by
the interaction of hydrous, SiO,-saturated fluid with olivine {dunite).
Pyroxenite-amphibolite bands have a hydrothermal origin in the Seiad Complex,
Ca.ifornia (Loomis and Gottschalk, 1981). These authors stated that as fluid

equilibrates with peridotite, the minerals that precipitate in the bands shouid
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have compositions similar to those in the peridotite. Orthopyroxene is the
dominant pyroxene in most metasomatic bands (Carswell et al., 1974; Loomis
and Gottschalk, 1981).

There are a number of difficulties in accepting this interpretation. The
first is that clinopyroxenites essentially are anhydrous. Secondly, OPXT | are
hydrous, but they do not contain the abundance of amphibg'e expected for a
metasomatic origin. Thirdly, the CNPGE patterns of OPXT | may be explained
by previous fractionation of a significant volume of Cr-spinel as chromitite;
chromitites are magmatic in origin (section 3.6). Aiternatively, field and
petrographic observations and mineral chemistry of OPXT | and
clinopyroxenites, are best explained by these pyroxenites having precipitated
from hydrous and anhydrous magmas with high molecular Si/Al ratios which

fractionated olivine, Cr-spinel and pyroxene.

3.8.2 Compaositions of Parental Magmas

At least two parental magmas were required to produce OPXT | and
clinopyroxenite. These magmas had high MgC, high molecular Si/Al ratios, and
high Pd/ir ratios. The high Mg# of olivine and pyroxene in the pyroxenites,

suggests that the magmas from which they precipitated had undergone very

little olivine fractionation before pyroxene became the dominant fractionating

phase. Cr-spinel fractionated with olivine as exemplified by the strong control
of Cr-spinel on CNPGE patterns of pyroxenites. Despite these similarities, there

were important differences between the two magmas: OPXT | precipitated from
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a hydrous magma with abundances of REE very different from the essentially

anhydrous magma which precipitated clinopyroxenites.

3.8.2a Rare Earth Elemaent Abundances of Parental Magmas

The uncertainty in the REE data of the pyroxenites does not preclude an
estimation of the CNREE patterns of the magmas from which they precipitated.
If all crystalline products remained in chemical equilibrium with the magma, the
situation is a reversal of batch meiting. This is a plausible situation in the
pyroxenite dykes because crystals are unzoned (although this may be the effect
of subsolidus reequilibration) and dykes internally are unfractionated. For
clinopyroxenites, the latter applies to any dyke without a dunite enveiope.
Crystals in the dykes probably grew dominantly by an adcumulus process,
whereby all interstitial magma wvas physically removed as a result of crystal

growth. This process is in agreement with the assumption of mineral-magma

equilibrium. Itis assumed that the system was open and homogeneous crystal

growth occurred by crystals plating to dyke walls. The composition of the
magma passing through the dyke was constant because no mineralogical

zonation is present.
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Equation E3.1 is the Berthelot-Nernst equation and is used here to
calculate the composition of the magma in equilibrium with the pyroxenite:
(E3.1] C/Cs = 1/(F+D-FD), if F=0, then

C. = C4/D,

where C, is the concentration of the element in the magma, Cs is the

concentration of the element in the pyroxenite, F is the proportion of material
representing trapped magma in the pyroxenite, and D is the bulk partition
coefficient of the element (calculated as the product of the weight proportion
of each mineral in the pyroxenite multiplied by its mineral/matrix partition
coefficient (Kp)).

For the clinopyroxenites, the equation with F=0 provides a good
estimate of the composition of the magma because there is no interstitial
material representing trapped magma. For the OPXT I, the equation with F=0
is used, but it is questionable because amphibole is present, which may
represent a component of trapped magma. In OPXT | sample L268 used for the
calculation, amphibole is 5 wt.%. It is unlikely that F=5 wt.% because
amphibole replaces clinopyroxeneand orthopyroxene,i.e., F <5 wt.%. Because
partition coefficients of clinopyroxene and amphibole are similar (Fig. 3.7),
amphibole is considered in the calculation for F=0.

The estimated CNREE patterns of magmas in equilibrium with pyroxenites
are very different (Fig. 3.10). Type | orthopyroxenite was in equilibrium with
a magma with a U-shaped CNREE pattern, whereas clinopyroxenites formed

from a magma with a relatively flat CNREE pattern. These patterns are
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characteristic of boninites and low-Ti arc tholeiites, respectively. Locations
where these two magma types are juxtaposed are the western Pacific island
arcs (Hickey and Frey, 1982), the Betts Cove Ophiolite, Newfoundtand (Coish
et al., 1982), the Upper Piliow Lavas of the Troodos Ophiolite (McCulloch and
Cameron, 1983; Cameron, 1985), and western Tasmania (Brown and Jenner,
1989). Whether boninites are produced before or after low-Ti tholeiites varies
from one location to the next. In the Betts Cove Ophiolite, boninites formed
before and during the formation of low-Ti tholeiites (Coish et al., 1982), which

is similar to the sequence in the Springers Hill area.

3.8.2b LREE Enrichment of Mantle Sources of Boninites

The LREE enrichment of the source region of boninites is explained by
invasion of a LREE-depleted harzburgite by small volumes of a i.REE-enriched,
Ti-depleted component (Sun and Nesbitt, 1978; Jenner, 1981; Hickey and
Frey, 1982; Coish gt al., 1982). This component may be from a sedimentary
source, or a mantle source with recent to ancient LREE enrichment {Hickey and
Frey, 1982; McCulloch and Cameron, 1983; McCulioch et al., 1983). The
LREE-enriched component may be similar to that associated with ocean island
basalts (Hickey and Frey, 1982). The fluid or magma which produces the LREE
enrichment may crystallize as veins (Wood, 1979), or react with harzburgite
and crystallize new minerals such as mica, amphibole, rutile, ilmenite and
diopside (MARID) that are found in MARID suite xenoliths in kimberlites

(Kramers et al., 1983). The LREE-enriched source may then experience partial
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melting. Alternatively, flushing of harzburgite by fluid may trigger incongruent

melting of orthopyroxene, given the experimental evidence of Kushiro (1969,

1972) and Nicholls and Ringwood (1973).

3.8.2c La Enrichment of Mantle Sources of Low-Ti Tholeiites

The analytical uncertainty in the LREE data of clinopyroxenites does not
permit a conclusive statement to be made about the positive La, or negative
Ce, anomaly diagnostic of this rock type. If the anomaly is not associated with
contamination during sample preparation, then it would correlate with similar
anomalies found in supra-subduction zone volcanics (Rautenschlein et al.,
1985; Brown and Jenner, 1989) and island arc volcanics (White and Patchett,
1984), and could correlate with a sedimentary component in the mantle source

(Hole et al., 1984).

3.8.3 Maelting Models for the Generation of Boninites and Low-Ti Tholeiites
Smewing and Potts (1976) explained the variation in chemistry of the
lava sequences in the Troodos Ophiolite by continuous partial melting of a
Iherzolite diapir. Cameron (1985) proposed that the Upper Pillow Lavas of
Troodos were produced by incrementat melting of a variably depleted and
residual source region. The latter is similar to the model proposed by Hickey
and Frey (1982) for production of boninites and low-Ti tholeiites in western
Pacific island arcs by partial melting of a variably depleted and residual source

which had been pervasively enriched in LREE. This kind of model was used by
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Coish et al. (1982) to explain the lava sequence in the Betts Cove Ophiolite.

The OPXT 1 are very similar in composition to orthopyroxenite veins and
dykes in the mantle sequences of the Pindos Ophiolite, Greece (Montigny et al.,
1973), the Troodos Ophiolite (Menzies and Allen, 1974), the Papuan Uitramafic
Belt (Jaques and Chappell, 1980}, the White Hills Peridotite (Talkington, 1981},
and the Oman Ophiolite (Lippard et al., 1986) (Table 3.1). Montigny et al.
(1973), Menzies and Allen (1974) and Jaques and Chappell (1989) interpreted
orthopyroxenites as the final products of partial melting of extremely residual
peridotite. Talkington (1981) proposed that orthopyroxenites formed from a
magma of magnesian quartz tholeiite produced by localized second-stage partial
melting at P<8 kbar of lherzolite nearly devoid of clinopyroxene (Duncan and
Green, 1980). This magma crystallized significant quantities of chromitite,
orthopyroxenite and websterite, in this order. The situation in the White Hills
Peridotite most closely approaches that of the Springers Hill area, except that
websterite is not present in the latter, and mineral compositions are more
depleted in the latter with respect to the former.

Harzburgites, as exemplified by sample L225, are residues from the
extraction of magnesian quartz tholeiite, which probably was LREE-depleted,
low-Ti tholeiite. This residue subsequently was intruded, respectively, by OPXT
I (boninite magma) and clinopyroxenite {low-Ti tholeiite magma), and their
respective dunites and chromitites. The juxtaposition of these rock types,
suggests that partial melting and magma intrusion occurred within a well

defined vertical column of upwelling asthenosphere. The experimental work of
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Duncan and Green (1987) demonstrated that all these events could have

occurred through partial melting of residual therzolite and harzburgite diapir(s)

at P<7-8 kbar (<25 km) with and without the presence of hydrous fluid.
These conditions agree with the supra-subduction zone environment proposed

for the BIOC by Malpas (1976), Edwards (1990) and Jenner et al. (in press).

3.9 ENVIRONMENT OF FORMATION OF THE SPRINGERS HILL AREA

3.9.1 Spreading Centre

The S, fabric and coarse textures of harzburgite are indicative of
asthenospheric deformation dominated by plastic flow at 1200-1300°C (section
2.3.7). These fabrics and textures are indicative of the low velocity zone
beneath a ridge (Mercier and Nicolas, 1975), and this environraent has been
proposed for the Springers Hill area by Dahi and Watkinson (1986).
Consequently, the Springers Hill area could represent a zone of asthenospheric
upwell, extreme partial melting and magmatic activity below a spreading centre
in a supra-subduction zone. Such an interpretation is consistent with the steep
foliations in the mantle sections of the Troodos and Oman ophiolites, which
have been ascribed to asthenospheric flow beneath a spreading centre (George,
1978; Ceuleneer gt al., 1988). Also consistent with this interpretation are the
occurrence of veins and dykes of pyroxenite and economic concentrations of
chromitite in the residual mantle peridotites of ophiolites such as Troodos

(Menzies and Allen, 1974; Greenbaum, 1977).




3.9.2 Fracture Zone

In section 1.5, the models for the origin of the BIOC were summarized.
In the model of Karson and Dewey (1978), the Springers Hill area would have
been situated adjacent the non-transform domain of an oceanic fracture zone.
Several features in the Springers Hill area are consistent with this environment
of formation:
1) Fabrics similar to those in harzburgites of the Springers Hill area have been
documented in the Bogota Peninsula, New Caledonia (Prinzhofer and Nicolas,
1980), the Antalya Ophiolite, Turkey {(Reuber, 1984), and the Western Limassol
Forest Complex, Cyprus {(Murton, 1986). In all three cases the fabric was
formed in a transform fault zone.
2) Chromitite mineralization is associated with fracture zone ophiolites. One of
the largest chromite deposits in the world is the Tiébaghi chromitite pod in New
Caledonia. This chromitite contains Cr-spinel of 59 wt.% Cr,0, and marks the
Iherzolite-harzburgite contact (Leblanc, 1987). The deposit is located along the
Tiébaghi-Poum-Belep Fracture Zone, which represents a palaeotransform fault
(Sécher, 1981).
3) Magmas having highly depleted chemistry are associated with fracture zone
ophiolites. Separating the Troodos Complex from the Limassol Forest Complex

in Cyprus, is the Arakapas Fault Belt, which Moores and Vine (1971)

interpreted as a palaeotransform fault. Murton (1986) explained LREE-depleted

or U-shaped CNREE patterns of lavas in the Arakapas Fault Belt, by partial

melting of mantie material associated with a once active palaeotransform fault




zone in a supra-subduction zone environment.
Evidently, features in the LALPP of Springers Hill area can be explained
by the presence of a fracture zone. If such a tectonic environment existed,

then, as the CC is older than the BIOC by 14-29 Ma (Jenner et al., in press),

relatively cold lithosphere (T < 1000°C) of the CC would be juxtaposed against

relatively hot (T=1200-1300°C) asthenosphere of the BIOC at the fracture
zone. The lithosphere would act as a thermal and mechanical boundary to the
upwelling asthenosphere (Sécher, 1981; Nicolas, 1989), and flow would be
channelled parallel to the fracture zone (Vogt and Johnson, 1975). Fluids and
magmas also would be channelled parallel to the fracture zone. Casey and
Dewey (1984) explained the association of boninites with a fracture zone by
initiation of subduction along a transform-fracture zone. In this model,
underthrusting of the CC would explain arc magmatism in the overriding BIOC.

At the present time, it is not possible to make a conclusive statement
about the possible involvement or influence of a fracture zone adjacent to the
Springers Hill area, especially as (i) the original morphology of the Mount Barren
Assemblage (which would represent the fracture zone if it existed) is open to
question (section 2.5.2), and (ii) the fabrics, textures and chemistry of LALPP
(excluding amphibole dunites and OPXT |l) are adequately explained by a
spreading centre in a supra-subduction environment. However, Suhr et al. (in
press) suggest that the proximity of a fracture zone explains many features in

the Springers Hili area. Once again, this aspect requires further investigation.
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3.10 IMPLICATION OF THE SPRINGERS HILL AREA FOR THE ORIGIN OF THE
BAY OF ISLANDS OPHIOLITE COMPLEX

The mapped area is 2 km? and is anomalous with respect to the rest of
the Lewis Hills Massif and BIOC. Nowhere else in the BIOC has such an
abundance of pyroxenite and chromitite bodies been documented. Comparison
of mineral chemistry of harzburgites and LAL pyroxenites with the data of
Malpas and Strong (1975) and Smith and Elthon (1988}, demonstrates that the
Springers Hill area may represent the most residual and depleted section of

mantle in the BIOC. This would agree with the proposed idea that the

Springers Hill area is located in a zone of extreme partial melting and magmatic

activity. The mineralogical and chemical signatures of harzburgite, OPXT | and
clinopyroxenite reflect a supra-subductionzone environment, which may or may
not be recorded in the rest of the BIOC. Jenner et al. (in press) propose that
the whole BIOC has this signature.

The mineralogy and chemistry of cumulates in North Arm Mountain need
not be explained by high pressure (P> 10 kbar) polybaric crystallization of a
MORB parent (Eithon et al., 1982), if these cumulates crystallized from
magmas of arc theoleiite composition. It is important to mention that MORB-like
chemistry is to be expected in a supra-subduction zone environment. The arc
may be built on MORB basement and MORB-type magmatism is tc be expected

as an arc evolves (Crawford et al., 1981).




3.11 SUMMARY

Three partial melting events are recorded by LALPP {excluding amphibole
dunite and OPXT Il). All occurred at P < 7-8 kbar under anhydrous or hydrous
conditions. Harzburgite was the residue from melting and extraction of low-Ti
tholeiite. These harzburgites then were intruded by boninitic magmas which
iractionated hydrous OPXT | (+ dunite and chromitite}). Subsequently, low-Ti
tholeiitic magmatism returned with the formation of anhydrous clinopyroxenite
(+ dunite and chromitite). This sequence of intrusion, and the extremely
depleted nature of all components involved, is predicted for a supra-subduction
zone setting of the Springers Hill area. The steep foliation of orthopyroxene in
harzburgite, and the parallel to subparaliel alignment of veins and dykes of
dunite and pyroxenite to this foliation, was produced as asthenosphere flowed

up below a zone of crustal accretion.

Harzburgites with slightly LREE-depleted CNREE patterns are refractory

residues from the removal of low-Ti tholeiitic magma. Addition of a component
of OPXT | or Ca-amphibole to some of these harzburgites has produced U-
shaped CNREE patterns. These modified harzburgites are a potential source of

boninitic magma.

3.11.1 Platinum Group Elements
The PGE are essentially immobile during serpentinization. Ratios of Pd/Ir

used in conjunction with CNPGE diagrams are a very powerful tool for
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understanding the petrogenesis of highly depleted ultramafic rocks where other
more conventional trace elements fail. Further development of the PGE as
petrogenetic tracers, particularly with the Re-Os isotopic pair, should be
pursued in the future. Although ophiolites have not yet yielded economic
concentrations of PGE, it is possible that pyroxenites which fractionated from

arc-related magmas may be of economic interest.




Chapter 4

CHEMISTRY AND PETROGENESIS OF
HIGH-ALUMINA PERIDOTITES, PYROXENITES AND GABBROS

4.1 INTRODUCTION

Bodies of wehrlite are diagnostic of the harzburgite ophiolite type (Table
1.1), and the occurrence of HALPPG in the Springers Hill area is in keeping with
this classification. However, the HALPPG are different from wehrlite crystal
mush intrusions in other ophiolites, as these intrusions contain orthopyroxene
and either are never found in harzburgite (Benn and Laurent, 1987; Benn et al.,
1988; Juteau gt al., 1988), or have sharp intrusive contacts with harzburgite
(Murton, 1986). The observation that the HALPPG post-date asthenospheric
deformation, is inconsistent with the model of Benn and Laurent (1987) and
Benn et al. (1988), who proposed that wehrlite intrusions are a normal product
of magmatic activity at a fast spreading centre. One feature that is common
to the HALPPG and most wehrlite intrusions is that olivine may be a cumulus
phase or a xenocryst from the mantle. The difficulty in distinguishing between
these twao origins of olivine arises because adcumulate and heteradcumulate
textures may be produced by the corrosion and recrystallization of olivine and

spinel xenocrysts during crystallization of clinopyroxene and plagioclase as
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poikilitic grains (Violette, 1980; Nicolas and Prinzhofer, 1983; Donaldson,
1985).

According to Figure 1.5, the HALPPG do not correlate with the wehrlite-
Iherzolite crystal mush intrusions in the Mount Barren Assemblage of the CC.
These intrusions contain orthopyroxene, but otherwise possess many features
which re similar to the HALPPG (Karson et al., 1983).

The aim of this chapter is t¢ examine the processes involved in the
formatinn of the HALPPG. As discussed in section 2.5, the contemporaneity

of HALPPG, amphibole dunites and OPXT Il of LALPP, and D, shear zones and

thrust faults, is evidence of magmatic and fiuid activity in the lithosphere during

intra-oceanic thrusting and obduction of the BIOC. The magmatic activity is the
focus of this chapter, whilst the fluid activity associated with the formation of

the HALPPG is the subject of Chapter 5.

4.2 CHEMISTRY

Analytical methods are described in Appendix 1; mineral analyses of
HALPPG and LALPP-HALPPG contacts and reaction zones are presented in
Appendix 3, and whole-rock analyses of HALPPG are presented in Appendix 4.
The effects of alteration and subsolidus reequilibration on mineral and whole-

rock chemical analyses have been discussed in Chapter 3.




4.2.1 Mineral Chemistry

Unless stated otherwise, the compositions reported below are for
analyses of cores of grains.

Qlivine has a composition of Mg#=80.2-90.4 and Ni0=0.10-0.40
wt.%, and has fairly constant values of NiO with decreasing Mg# (Fig. 4.1).
Within-sample variations are limited, except in gabbros where the Mg# of
olivine varies by as much as 1.7.

Al-spinel ranges from approximately Cr# =30, Mg# =65 in dunites and
wehrlites, to Cr# =78, Mg# =22 in amphibole peridotite (Fig. 4.2}. This wide
variation also is exhibited by TiO, (Fig. 4.2). For a given Mg#, Al-spinel in
dunite has a higher Cr# than Al-spinel in wehrlite. Within-sample and within-
grain variations are present, but these have not been studied systematically.

Clinopyroxene is high-Ca diopside and occupies the compositional range
En=43.5-48.6, Fs =3.2-8.0, W0 =45.1-52.3 (with the exception of sample
L115). Iron enrichment is very limited through the compositional range from
dunite to gabbro. Variation diagrams are plotted in Figure 4.3. There is a clear
positive correlation between Mg# and CaO, whereas the converse is true of
Mg# and Al,0,. Concentrations of Na,0, TiO, and Cr,0, exhibit no systematic
change with Mg#. The Mg# of clinopyroxene is significantly higher than that
of olivine with which it is associated. The composition of clinopyroxene varies
to different degrees within a given sample.

Plagiociase has been analysed only in gabbroic parts of HALPPG.

Plagioclase is labradorite (An=66.7, Ab=33.3) to bytownite (An=75.5,




Ab =24.5) and essentially is devoid of K,0.

Ca-amphibole is pargasitic and its chemistry is described and discussed

in Chapter 5.

4.2.2 Whole-Rock Major and Trace Element Chemistry

The Ca0-Al1,0,-Mg0O (CAM) diagram reflects the modal mineralogy of
HALPPG, in that the progressive increases in abundances of clinopyroxene and
ihen plagioclase produce enrichment in Ca0O and then Al,0, (Fig. 4.4). A
surprising feature of the Na,0 +K,0-FeO(t)-MgO (AFM) diagram is that gabbros

do not show any enrichment in FeO with increase in their proportion of alkalies

(Fig. 4.4). The enrichment in alkalies essentially is caused by Na,0, which

supports the evidence from mineral chemistry that minerals in HALPPG
essentially are devoid of K,0, except for rare phlogopite. Inthe CAM and AFM
diagrams there is little evidence of olivine control on the compositional
evolution of the HALPPG.

Variations in trace element concentrations correlate with modal
mineralogy. Nickel and Cr decrease with decreasing modal abundance of
olivine and Al-spinel, respectively. Scandium and V increase with increasing
modal abundance of clinopyroxene, and Sr increases with increasing modal

abundance of plagioclase. Zirconium is concentrated in gabbro.

4.2.3 Whole-Rock Rare Earth Element Chemistry

Appendix 1 should be read before assessing the significance of REE data
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presented in this section. Howvever, because absolute concentrations of REE
in HALPPG are so much greater than those in LALPP, analyses of the former are
more reliable than those of the latter.

The CNREE patterns of HALPPG all exhibit LREE depletion with the
exception of dunite (Fig. 4.5). The evolution of CNREE patterns from dunite to
olivine clinopyroxenite is simply explained in terms of an increase in the ratio
of clinopyroxene/olivine. The shape of the CNREE pattern of the amphibole
peridotite is indistinguishable from those of wehrlite and olivine clinopyroxenite.
The CNREE patterns of gabbros are controlled by clinopyroxene and plagioclase,
and this control is in agreement with concentrations of REE in plagioclase and
clinopyroxene mineral separates from cumulate gabbros of the Oman Ophiolite
(Pallister and Knight, 1981). The CNREE patterns of amphibolite dykes are

discussed in section 4.3.

4.2.4 Mineral Chemistry of LALPP in Contact with HALPPG

The mineral chemistry of phases in LALPP in contact with HALPPG have
been examined at a scale of <40 mm unless otherwise indicated. Olivine,
orthopyroxene, clinopyroxene and Cr-spinel in LALPP all exhibit significant
changes in composition adjacent to HALPPG.

The Mg# of olivine in harzburgite (Mg# =90.9-91.9) decreases to
Mg# =89.0-90.2 adjacent to HALPPG (Mg# =80.2-90.4). Harzburgite rarely

is in contact with HALPPG as the boundary is marked by a 7-12 mm wide zone

of dunite which has olivine of Mg# =8%.3-88.5. Olivine in dykes of OPXT | has
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Mg# =89.6-90.9, but adjacent to HALPPG this decreases to 89.3. Similarly,

where UPXT | has been converted to an olivine orthopyroxenite-harzburgite
assemblage adjacent to a dyke of HAL amphibole peridotite, olivine in the
assemblage has Mg# =86.9.

Orthopyroxene in harzburgite and OPXT | adjacent to HALPPG exhibits
enrichment in CaO and Al,0, (Fig. 4.6), in addition to FeO, relative 10 the
unaffected protolith. Orthopyroxene in xenoliths of harzburgite record the
greatest change. The Mg# of orthopyroxene adjacent to HALPPG is always
lower than that not associated with HALPPG.

The composition of Cr-spinel straddles the gap between LALPP and
HALPPG (Fig. 4.7). Where amphibole dunite replaces OPXT I, spinel exhibits
a decrease in Cr# and increase in Mg#, much the same as observed for Cr-
spine! associated with Ca-amphibole in harzburgite (Figs. 3.3 and 4.7).
Concenirations of Ti0, are highiy variabie, often higher than those in HALPPG,
and almost always are higher than those in precursor LALPP (Fig. 4.7). Cr-
spinels in harzburgite intruded by HAL olivine clinopyroxenite exhibit smooth
and symmetrical increases in concentrations of V,0, and TiO,, which peak in
the HAL olivine clinopyroxenite, but show less regular patterns for Mg# and Cr#
(Fig. 4.8).

Only one case has been studied of LAL olivine clinopyroxenite in contact
with HAL olivine clinopyroxenite. On passing from LAL olivine clinopyroxenite

into HAL olivine clinopyroxenite, (i) the Mg# of olivine remains approximately

constant, (ii) the Mg# of clinopyroxene decreases, (iii) the concentrations of
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Al,0, and TiO, in clinopyroxene increase, (iv) the Cr# of spinel decreases, and

(v) the Mg# of spinel increases (Fig. 4.9).

4.2.5 Interpretation
4.2 52 HAL Gabbro

No clear fractionation trend is apparent for the HALPPG. The HAL
gabbros do not represent magma compositions because of their (i) high whole-
rock Mg#, (ii) high Mg# of olivine, and liii} positive Eu anomaly which is
supportive of textural avidence for the accumulation of plagioclase. Using
sample L294 as an example, the anorthite content (An =69) of plagioclase is
much lower than predicted for olivine of Mg# =83 with which it coexists. As
a comparison, leucogabbros in North Arm Mountain with olivine of Mg# = 76-88
have plagioclase of An =78-88 (Komor et al., 1987). This ~sscciation of high
MgO in olivine and relatively high Na,Q in plagioclase is portrayed in the AFM
diagram by the lack of FeO enrichment with increasing proportion of Na,0 (Fig.
4.4). Consequently, the HALPPG do not exhibit a tholeiitic or calc-alkaline
trend, but a trend where enrichment in FeQ is suppressed below that of the
normal calc-alkaline trend. This trend may be explained by combined
assimilation and crystal fractionation. The effect of assimilation of rocks rich
in MgO by a fractionating magma, is to produce a less FeO-enriched, more
alkaline derivative magma than would be produced by crystal fractionation
alone (Kelemen, 1986). Such a process is believed to have operated during

formation of the HALPPG and is considered in section 4.3.
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Another striking feature of the HAL gabbros is their high concentration

of Sr (320-860 ppm! These high values and associated positive Eu anomalies
(Fig. 4.5), attest to the precipitation of plagioclase. Gabbros in the BIOC have
significantly lower concentrations of Sr (60-290 ppm) (Malpas, 1976; Komor
etal., 1987; Komor and Eithon, 1990), as do gabbros from the Oman Ophiolite
(70-200 ppm) (Lippard et al., 1986). Such high concentrations of Sr in HAL
gabbros indicate that plagioclase could not have been retained in the magma
source during meiting, unless concentrations of Sr in the source were extremely
high. Alteinatively, the magma from which HAL gabbro precipitated could have

been contaminated by seawater or continental material.

4.2.5b Contacts between HALPPG and LALPP

Chemical differences between LALPP and HALPPG confirm field and
petrographic observations that these two associations are not cogenetic. This
especially is supported by steep chemical and mineralogical gradients at the
contact between LALPP and HALPPG, which imply extreme disequilibrium and
limited reequilibration, i.e., the contact represents a reaction front which has
not been smoothed by subsolidus reequilibration. The mechanisms by which
LALPP are modified are (i) by the interaction of magma and fluid as evidenced
by the presence of HAL clinopyroxene and Ca-amphibole in LALPP, and (ii) by
diffusion according to the criteria of McCaig and Knipe (1990), as evidenced

by smooth compositional variations and symmetrical profiles in Figure 4.8.

Mineral chemistry described in section 4.2.4, demonstrates that in the
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immediate vicinity of HALPPG, LALPP experience a depletion in Si, especially
by the incongruent breakdown of orthopyroxene to olivine and spinel, and an
enrichment in Ti, Al, Ca and Fe. In many cases, Cr-spinel experiences
Mg = =Fe exchange favouring Mg in the spinei structure, in order to
accommodate the increase in Al,0, as Cr-spinel evolves toward MgAl,O, by
Cr= =Al exchange. By these exchange reactions, Cr-spinel in LALPP is
converted to Al-spinel in HALPPG. AIl these compositional changes are very
similar to those reported by Evans (1985) for the Zambales Ophiolite,
Philippines, where peridotites have reacted with mafic material impregnated

from mafic dykes.

4.3 PETROGENESIS OF HIGH-AI PERIDOTITES, PYROXENITES AND GABBROS

4.3.1 Interactio: between LALPP and the Parent Magma of HALPPG
Evidence that reaction has occurred between LALPP and the parent
magma and associated fluid of HALPPG is supported by (i) reaction zones at the
contact between HALPPG and LALPP, (ii) mineral compositions in this zone that
bridge the compositional gap between LALPP and HALPPG, (iii) impregnations
of HAL clinopyroxene and Ca-amphibole in LALPP, (iv) the lack of FeO

enrichment exhibited by HALPPG, and (v) HAL gabbros having plagioclase with

a lower content of anorthite than predicted from the Mg# of coexisting olivine.




4.3.1a Assimilation and Crystal Fractionation

Several reactions best summarize the evidence for reaction of magma

ar-d its associated fluid with LALPP:
[R4.1] Mg-Ol + Opx + Cpx + Cr-Sp + Fiuid = =

Ci (lower Mg#) + Cr-Al-Sp + Ca-Amph + Phlog + Si-Fluid
(R4.2] Mg-Ol + Opx + Cpx + Cr-Sp + Magma = =

Ol (lower Mg#) + Al-Sp + Cpx {assemblage A}

[R4.3j {A} + Magma = =

Ol (even lower Mg#) + AI-Sp + Cpx + Plag {assemblage B}
[(R4.4] {B} + Magma = = Cpx + Plag

At low pressure, fluid exsolves from magma (Burnham, 1979) and a fluid
front advances ahead of the magmatic front. In so doing, it would convert
pyroxene-bearing LALPP to pyroxene-poor LALPP or dunite with affinities to
HAL dunite (reaction R4.1).

Fzactions R4.2 to R4.4 describe the evolution of the HALPPG in terms
of magma/rock ratio. In the gabbros, magma/rock ratics are highest and
plagioclase crystallizes before clinopyroxene. As the magma/rock ratio
decreases, dyke-like intrusions grade into impregnations along olivine grain
boundaries. This is observed as gabbro dykes grade into HAL dunites by the
progressive decrease in modal abundance of plagioclase and then
clinopyroxene. Hence, clinopyroxene in wehrlite represents the complete

reaction of magma with olivine. These relations explain the crystallization

sequence of plagioclase before clinopyroxene in gabbros, and the appearance
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of clinopyroxene before plagioclase in wehrlites as the proportion of
impregnated material in the olivine matrix decreases. In terms of field relations,
the highest magma/rock ratios are recorded in the northern extent of the
HALPPG, where dunite is absent and gabbro, olivine clincpyroxenite and

wehrlite are most abundant.

4.3.1b Thermodynamics and Kinetics of Reactions

Much of the discussion in this section is based on the work of Kelemen
{1986) and Kelemen and Ghiorso (1986).

Reaction between LALPP and fluid-bearing magma parental to HALPPG
was possible only if the temperature of LALPP was high enough to permit
reaction. Temperatures estimated from assemblages of hydrous phases in
amphibole dunite and OPXT Il of LALPP are 750-1050°C (section 5.4}, which
approximate the temperature of the lithosphere at the time of formation of
HALFPG. The addition of magma to the lithosphere would locally have raised
the ambient temperature at sites of reaction, and the reactions themselves may
liberate heat. Consequently, it is considered that the temperature of LALPP
was high enough to permit reaction.

Thermodynamic modelling by Kelemen and Ghiorso (1986) shows that
isothermal assimilation of olivine-rich rocks in hydrous dioritic magma is
spontaneous and exothermic because reactions involve large negative changes

in enthalpy, volume and free energy of the magma-rock system. This system

may approximate the LALPP-magma system; a negative volume change during
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reaction of magma with LALPP may have produced fracturing concordant with
S, in LALPP, as evidenced by the concordance of dykes and foliations of
HALPPG with dykes and S, of LALPP. However, upward doming of the wide
D, shear zone aroundu the northern part of the mapped area during the formation
of the HALPPG, demonstrates that the overali volume chanrge during the
formation of the HALPPG was positive. This results because not all the fiuid-
bearing magma reacted, and the volume of unreacted magma exceeded the
negative volume change produced by reaction.

Where fracturing could not be sustained, magma was injected along grain

boundaries of olivine in a manner demonstrated experimentally by Stolper

(1980) and Watson (1982). Viscosity influences the kinetics of infiltration ard
is related to the surface energy difference which determnes the equilibrium
wetting angle in a given system (Bulau and Waff, 1979; McKenzie, 1984). The J
ability of silicate magma to infiltrate is greatly enhanced by H,0, which
depolymerizes the mclten silicate phase and lowers the viscosity of the magma
(Burnham, 1979). H,0 also is important in diffusion of magmatic components
into wall-rocks, as diffusion is significantly enhanced in the presence of H,0
(Walther and Wood, 1984). Infiltration and diffusion both have been important
in producing HALPPG from LALPP (section 4,2.5b).

High activities of H,0 and alkalies in the magma would cause dissolution
of pyroxene and greatly expand the olivine stability field (Kushiro, 1975). Ca-
amphioole ard phlogopite attest to the presence of H,0 and alkalies in the

ma:gma, but the formation of clinopyroxcne from magma reacting with olivine
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suggests that activities of H,0 and alkalies were low enough to permit stability
of clinopyroxene. Amphibole dunite and OPXT Il in LALPP are evidence that
the activities of H,0 and alkalies in HALPPG were kept low by the release of
these components into LALPP.

At the present time, it is difficult to distinguish between rocks
precipitated entirely from the magma and those which have been recrystallized
and reacted in the presence of magma. Even cumulate textures and chemistry
of Al-spinel and olivine in the HALPPG are probably the product of in-sity
recrystallization of Cr-spinci and Mg-rich olivine of LALPP parentage in the

presence of the magma and its associated fluid.

4.3.2 Possible Parent Magma of the HALPPG

It has been previously stated that the HAL gabbros do not represent the
composition of the parent magma of the HALPPG. The compositions of HAL
gabbros, olivine clinopyroxenites and wehrlites do, however, reflect the
composition of the parental magma. They require that the magma was fluid-
bearing, LREE-depleted, Sr-enriched, and was capable of precipitating
plagioclase before clinopyroxene.

In the upper thrust slice in the northern part of the mapped area there are
brown amphibolite dykes <1 m wide, which intrude uncorrelated wehrlite and
gabbro. These dykes have sharp contacts with their host and exhibit variable
deformation. Three samples have been examined: SD194, SD380 (kindly

donated by S. Dunsworth) and L341, Mineralogically they consist of
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plagioclase, Ti-ferroan pargasite, clinopyroxene and minor opaques. Plagioclase

and pargasite are most abundant and the latter may reach 60 modal %.
Clinopyroxene contains abundant inclusions of pargasite. Orthopyroxene and
olivine have not been found. The amphibolite dykes have CNREE patterns very
similar to those of HALPPG (Fig. 4.5).

The amphibolite dykes have relatively low SiO,, low P,0,, high Ca0 and
high Mg#, which correlate them with diabase dykes of the Lewis Hills Depleted
Suite of Casey gt al. {1985) and Elthon et al. (1986). Petrographic and REE
data are unavailable for the diabase dykes, but they are high in Sr (117-649
ppm) (Eithon et al., 1986). All samples studied by Elthon et al. (1986) in the
vicinity of the Springers Hill area belong to the Lewis Hills Depleted Suite. The
diabase dykes of the Lewis Hills Depleted Suite are syn- to post-kinematic with
respect to deformation in the Mount Barren Assemblage (Casey et al., 1985).
These dykes often strike ENE (Casey et al., 1985), which is approximately
consistent with the orientation of HAL dykes of gabbro and olivine
clinopyroxenite. Consequently, there may be a genetic link between diabase
dykes of the Lewis Hills Depleted Suite, amphibolite dykes in the uncorrelated

wehrlite and gabbro, and the HALPPG.

4.3.3 Modelling of Magma-Rock Interactions
In order to determine whether the diabase dykes of the Lewis Hills
Depleted Suite and amphibolite dykes represent the parent magma of the

HALPPG, it is convenient to model magma-rock interactions on AFM and CAM
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diagrams (Fig. 4.10). This modelling is at best semi-quantitative. As will be
expounded in section 4.4, it is reasonable to assume that dykes having sharp
contacts with their hosting metamorphosed mafic rocks are close to their
source region and record little if any crystal fractionation or assimilation. This
is supported by the high Mg# of amphibolite dykes (Mg# = 65-71) and diabase
dykes (Mg#=56-77 (Eithon et al., 1986)), which may be controlled by fe:roan
pargasite (Mg# =68) in the case of amphibolite dykes.

The FeQ enrichment trend followed by the diabase dykes is assumed to
represent crystal fractionation alone (Fig. 4.10a). Based on field, petrographic
and chemical evidence, reaction of the magma of these dykes and amphibolite
dykes with LAL harzburgite, dunite, OPXT | and clinopyroxenite will generate
HAL wehrlite, olivine clinopyroxenite and clinopyroxenite. HAL gabbros do not
represent complete reaction of the magma with LALPP; their Mg# is controlled
by reaction which produced clinopyroxene and perhaps olivine, whereas their
relative proportions of alkalies reflect the compositional evolution of the magma
(Fig. 4.10a}. The AFM diagram demonstrates that following reaction, the
resultant magma will have a higher Mg# than predicted from its proportion of
alkalies, i.e., plagioclase with a relatively low anorthite content can coexist with

olivine wvith a relatively high Mg#, as is observed in the HAL gabbros.

The CAM diagram (Fig. 4.10b) is more sensitive of the reactive system

magma-LALPP, because it considers proportions of element oxides that are
more sensitive of the system than the AFM diagram. The triangle HC-MA-LO

in Figure 4.10b represents the three component system of 100 % unreacted
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olivine and orthopyroxene in LAL dunite, harzburgite and OPXT 1 (LO), 100 %
HAL clinopyroxenite produced by 100 % reaction of magma with LO (HC), and
100 % magma not having experienced any reaction with LO (MA). LAL
clinopyroxenite is a minor reactant relative to LAL olivine and orthopyroxene,
and is not considered for simplicity. Most of the whole-rock compositions of
HALPPG are restricted to the triangle HC-MA-LO, which supports the field and
petrographic evidence that they are composite rocks containing variable
proportions of the end-members HC, MA and LO. The relative proportions of
these end-members in a sample, as estimated from the triangie HC-MA-LO,
agree well with the modal abundances of minerals in the sample. Problems
arise with the HAL gabbros because the proportion of unreacted magma (MA)
is overestimated due to the accumulation of large amounts of plagioclase,
which drives the composition of HAL gabbro toward anorthosite (indicated by
P in Figure 4.10b). Despite this problem, CaO/Al,0, ratios of HAL gabbros
(0.70-0.80, average 0.74) are similar to those in dykes of amphibolite {0.70-
0.76, average 0.73) and diabase (0.46-0.98, average 0.73). Consequently, the
magma controls this ratio in HAL gabbros.

In summary, CaO/Al, O, ratios and relative proportions of alkalies in HAL
gabbros reflect the composition of the magma, whereas their Mg# is controllied
by olivine and clinopyroxene produced by reaction of magma with olivine and
orthopyroxene in LAL dunite, harzburgite and OPXT |. Olivine in HAL gabbro
may represent incompletely reacted xenacrysts, which have reequilibrated to

a lower Mg# by interaction with the magma. Alternatively, olivine may have
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formed by chemical stoping (Watson, 1982), whereby chemical solution of
olivine is accompanied by simultaneous precipitation of olivine in the magma
reservoir (represented by HAL gabbro). In a magma which does not have
olivine on the liquidus, as appears t0 be the case for the amphibolite dykes, the
process of chemical stoping enables olivine to appear as a liquidus phase by
driving the magma into the olivine stability field. Considering all the evidence
presented in this section, magmas represented by the diabase dykes of the
Lewis Hills Depleted Suite and amphibolite dykes are capable of reacting with

LALPP to produce HALPPG.

4.4 THE PARENT MAGMA OF THE HIGH-AI PERIDOTITES, PYROXENITES
AND GABBROS

4.4.1 Origin of the Parent Magma

Diabase dykes of the Lewis Hills Depleted Suite were not derived from
magmas produced by partial melting of the mantle because they are not
saturated with respect to orthopyroxene (Elthon et al., 1986). Diabase dykes
(and amphibolite dykes) are significantly different in composition from MORB,
island arc tholeiites, calc-alkaline basalts and within-plate basalts (Casey et al.,
1985). In order to explain the unusual chemistry of SiO, undersaturation and
low concentrations of incompatible trace elements of diabase dykes, Elthon et
al. (1986) proposed that these dykes formed from magmas derived by partial

melting of gabbroic and troctolitic cumulates at 2-3 kbar within a fracture zone.
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This partial melting occurred under dominantly anhydrous conditions in order
to produce SiJ,-undersaturated magmas (Eithon et al., 1986). There are three
major problems with this model:

1) Fracture zones are sites of fluid circulation at temperatures as high as 900°C
(Kimball et al., 1985), where fiuid and stress induce ductile deformation and
equilibrium recrystallization of gabbro under amphibolite facies conditions
(Honnorez ¢t al., 1984). Under these conditions it is unlikely that partial
melting of gabbroic and troctolitic rocks could have occurred under anhydrous

conditions.

2) Amphibolite dykes are syn-kinematic with respect to deformation in D, shear

zones (section 2.2), and diabase dykes of the Lewis Hills Depleted Suite are
syn- to post-kinematic with respect to deformation in the Mount Barren
Assemblage (Karson, 1984). This deformation is attributed to intra-oceanic
thrusting and obduction of the BIOC and is unlikely to record deformation in a
fracture zone {section 2.5).
3) The HALPPG equilibrated at pressures of 5-9 kbar {section 2.4.4).
Evidently, it is necessary to have a period of magmatism and associated
fluid activity during intra-oceanic thrusting and obduction of the BIOC. The
composition of amphibolite dykes indicates that amphibolite in the metamorphic
sole and Mount Barren Assemblage may have been the source of this magma.
Melting under hydrous conditions is documented in amphibolites of the Mount
Barren Assemblage, where net veins and massive bodies of plagiogranite are

associated with granulite facies mafic gneiss, which is the residue of partial
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melting and magma extraction (Karson, 1984).
Plagiogranites produced by partial meiting of amphibolite are enriched in
Si0, relative to Al,0,, depleted in Sr, and enriched in LREE and Eu, because of
preferential melting-out of plagioclase and stabilization of amphibole and Ca-
plagioclase in the amphibolite residue (Helz, 1973, 1976; Pedersen and Maipas,
1984). These plagiogranite magmas are unsuitable as parents to the HALPPG.
However, continued melting of amphibolite beyond the point required for the
production of plagiogranite, or second-stage melting of the amphibolite residue
from which plagiogranitic magma had been extracted, will generate magma
approaching the composition of amphibolite. This magma will be fluid-bearing,
Si0,-undersaturated, LREE-depleted, and have a flat to positive Eu anomaly.
Such a composition is identical to the amphibolite dykes. High concentrations
of Sr in HAL gabbros attest to the melting of plagioclase and involvement of

seawvater.

4.4.2 Thermal Regime for Partial Melting of Amphibolite

Partial melting of amphibolite to produce magma saturated with
plagioclase before amphibole requires T >925°C and P(H,0) > 2 kbar (Yoder and
Tilley, 1962). Several sources of heat may produce these temperatures in
amphibolite:
1) Webhrlite-lherzolite crystal mush intrusions in the Mount Barren Assemblage
(Figure 1.5). Many diabase dykes of the Lewis Hills Depleted Suite are spatially

associated with these intrusions (Elthon et al., 1986).
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2) Subduction of a dying spreading centre (Boudier et al., 1988; Ernewein et

al., 1988).

3) Juxtaposition of hot obducted lithosphere (T =1000°C) against subducted
lithosphere (Malpas, 1979b; Boudier et al., 1988).

4) Frictional heating during obduction {Malpas, 1979b; Pavlis, 1986).

5) Thickening of the lithosphere (England and Thompson, 1984).

These sources of heat constrain distinct tectonic environments. The
question is how does all the syn- to post-kinematic magmatism recorded by
diabase dykes of the Lewis Hills Depleted Suite, amphibolite dykes,
plagiogranites, webhrlite-Iherzolite crystal mush intrusions, and HALPPG reiate

to a tectonic environment. This question is addressed in section 4.5.

4.5 ORIGIN OF BODIES OF WEHRLITE IN OPHIOLITES

Field and petrographic evidence suggests that the HALPPG are quite
different from wehrlite crystal mush intrusions in ophiolites (section 4.1). This
difference is borne out by mineral and whole-rock chemistry in the Oman
Ophiolite, where gabbros associated with wehrlite exhibit FeO enrichment and
have 50-180 ppm Sr (Lippard et al., 1986), and wehrlites have spinel of
Cr# =50-70, Mg# =5-70 and plagioclaseof An=73-95 (Erneweinetal., 1988).
Despite these differences, webhrlite crystal mush intrusions in the Oman
Ophiolite may indicate a genetic link with the environment of formation of the

HALPPG, as they are contemporaneous with magmatism at a ridge duringintra-
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oceanic thrusting and obduction of the ophiolite (Boudier et 3l., 1988; Ernewein
et al., 1988; Juteau et al., 1988). Picritic to ankaramitic dykes which are
cogenetic with these wehrlites (Ernewein et al., 1988; Juteau et al., 1988),
correlate with the Lasail Lava Unit and the Alley and Clinopyroxene-phyric lava
units, which record an arc seamount environment and a rifting event in a supra-
subduction zone, respectively (Alabaster ¢t al., 1982).

In conclusion, although the HALPPG appear quite unique, these and
wehrlite crystal mush intrusions suggest a link between fluids within
metamorphic soles derived from oceanic crust, metasomatized mantle
peridotites, and forearc igneous processes leading to the formation of wehrlite.

To test for this link, age determinations of all components involved are crucial.

4.6 SUMMARY

The HALPPG do not represent crystal mush intrusions, but an extensive
zone of lithospheric mantle metasomatized during obduction of the BIOC. Fluid-
bearing, SiO,-undersaturated, LREE-depleted, Sr-rich magmas were produced
by nartial melting of dominantly amphibole and plagioclase in amphibolite.
These magmas reacted with LAL dunite, harzburgite, OPXT | and
clinopyroxenite to produce HALPPG. A situation of this type suggests a link
between fluids within metamorphic soles derived from oceanic crust,
metasomatized mantie peridotites, and forearc igneous processes leading to the

formation of webhrlite.
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Reactions which produced the HALPPG invoived a fluid front preceding

a magmatic front. The clinopyroxene content of the reaction product is
proportional to the extent of reaction, which in turn is proportional to the
magma/rock ratin. Increasing modal abundances of clinopyroxene and then
plagioclase reflect an increasing magma/rock ratio. Unreacted magma is
represented by plagioclase, which is cumulus in HAL gabbros, and minor Ca-
amphibole. The Mg# of HAL gabbros is controlled largely by the Mg# of the
LALPP with which the magma reacted. CaO/Al,0, ratios and relative
prcportions of alkalies in HAL gabbros essentially were unaffected by reaction
and reflect the composition of the original magma and the compositional
evolution of the magma. Through reaction with LALPP, the magma evolved
toward SiO, saturation, as the precipitating ferromagnesian mineral changed
from Ca-amphibole (amphibolite dyke) to clinopyroxene (HAL gabbro dyke).
Evidently, the chemical and mineralogical composition of a magma may
change significantly during magma-rock interactions, to the point where it is
difficult to define the original composition of the magma. For example, a
magma which does not have olivine on the liquidus, may react with an olivine-
bearing solid by chemical stoping (Watson, 1982} to the point where olivine
appears on the liguidus. Such possibilities must be considered when modelling

magma evolution.




Chapter 5

COGENETIC ORIGIN FOR
AMPHIBOLE DUNITE, TYPE Il ORTHOPYROXENITE,
HIGH-ALUMINA PERIDOTITES, PYROXENITES AND GABBROS,
AND D, SHEAR ZONES

5.1 INTRODUCTION

A knowiedge of the physical and chemical behaviour of fluids is central
to our understanding of the upper mantle. Fluids have a tremendous influence
on the physics and chemistry of mineral stability, heat and mass transport,
melting, and processes of deformation and recrystalization. Much attention in
mantle petrology focuses on the influence of fluids in the development of
petrographic features and chemical variations in mantie samples. In recent
years, this has culminated in compilations devoted solely to this topic,
especially mantle metasomatism (Menzies and Hawkesworth, 1987a; Morris
and Pasteris, 1987; Nixon, 1987). Despite this interest, a hitherto poorly
documented aspect of mantle petrology is the role of fluids in ophiolite mantle
sequenc:s. Perhaps a reason for this is that magmas associated with ophiolites

often are considered anhydrous. With the occurrence of boninites and hydrous
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wehrlites in ophiolite sequences, there is a need to consider fluid activity,
This chapter attempts to place some constraints on fluid processes in
ophiolitic upper mantle, by investigating amphibole-bearing harzburgite,
amphibole dunite, OPXT Il, HALPPG, and D, shear zones in the Springers Hill
area. The field, petrographic and chemical features of these have been
documented in chapters 2, 3 and 4, and should be referred to if necessary.
Certain points are crucial and must be emphasized:
1) The HALPPG formed by reaction of fluid-bearing magma with LALPP under
lithospheric conditions. Amphibole in LALPP is concentrated at the contact of
LALPP with HALPPG. Amphibole dunite and OPXT Il are often rooted in the
rmarginal zone of HALPPG and are most abundant in D, shear zones which are
contemporaneous with HALPPG.
2) Qlivine-orthopyroxene clusters in harzburgite were produced by the
incongruent breakdown of orthopyroxene to olivine and minor spinel in the
presence of fluid (Figs. 2.7 and 2.8). In amphibole-bearing harzburgite and
amphibole dunite, grains of Cr-spinel which recrystallized in the presence of
fluid are associated with Ca-arnphibole and phlogopite (Figs. 2.9 and 2.33).
Some olivine in LAL dunite recrystallized to coarse grains in the presence of
fluid (Fig. 2.10).
3} The mineral and whole-rock chemistry of OPXT Il is very similar to that of
harzburgite. The bulk modal composition of web-textured OPXT Il and its
dunite matrix is harzburgite.

As already stated in section 2.5 and Chapter 4, these points emphasize
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that OPXT Il, HALPPG, D, shear zones and amphibole in dunite and harzburgite
are contemporaneous. They all relate to magmatic and fluid activity during

intra-oceanic thrusting and obduction of the BIOC.

5.2 MINERAL CHEMISTRY

5.2.1 Ca-Amphibole

Ca-amphibole exhibits a continuum of ccmpositions from tremolitic to
pargasitic end-members as Na+K (formula units) increases and Si (formula
units) decreases (Fig. 5.1a). Ca-amphibole in harzburgite and OPXT Il generally
is tremolitic, whereas amphibole dunite contains edenite-pargasite amphibole.
Ca-amphibo‘es in HALPPG contain a large component of pargasite, and overlap
with the compositions of Ca-amphibole in amphibole dunite and OPXT Il. Ca-
amphibole in harzburgite, amphibole dunite and OPXT Il exhibits a relatively
narrow range of Mg#, but wide range of Na +K (formula units); Ca-amphibole
in HALPPG exhibits the opposite trend (Fig. 5.1b). The Mg# of Ca-amphibole
is always higher than that of olivine and orthopyroxene with which it is
associated. An exception occurs in the web-textured OPXT Il sample L271,
where the Mg# of olivine is greater than that of Ca-amphibole. Concentrations
of TiJ, in Ca-amphibole (Fig. 5.1c) are 0.04-0.14 wt.% in harzburgite and
OPXT II, with the exception of 1.4 wt.% TiO, in the web-textured OPXT Il
sample L271. In amphibole dunites, Ti0,=0.07-0.58 wt.%. Ca-amphibole in

the HALPPG has Ti0,=0.01-3.1 wt.%. Ca-amphibole exhibits within-sample




variation of all elements.

5.2.2 Cr-Spinel

Cr-spinel exhibits significant within-grain and within-sample variation, but
certain trends have been identified. In harzburgite, Cr-spinel has a lower Cr#
where it is associated with Ca-amphibole than where it is not (Fig. 3.3a). A
detailed study of a grain of Cr-spinel associated with Ca-amphibole in
harzburgite sample L173, reveals little within-grain variation (Fig. 2.9). Within
the same sample, grains of Cr-spinel associated with Ca-amphibole cover a

wide compositional range of Cr#=59-71, Mg#=44-54. A wide range of

compositions occur in amphibole dunite (Fig. 3.3b), and extreme within-grain

variation is preserved in some samples (Fig. 5.2). Cr-spinel in OPXT li is very

similar to that in harzburgite (Fig. 3.3).

5.3 INTERACTION BETWEEN FLUID AND LOW-A! PERIDQTITES AND
PYROXENITES

5.3.1 Source of Fluid

The contemporaneity of rock types and deformation (D,) associated with
fluid, necessitates a8 common source of fluid and a well defined period of flux
of fluid. Several features support a source of fluid in, or associated with,
HALPPG: (i) the occurrence of Ca-amphibole and phlogopite in LALI’P and

HALPPG, (ii) the continuous chemical evolution of Ca-amphibole betweer
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LALPP and HALPPG, (iii) the rooting of some amphibole dunites and OPXT Il in

the marginal zone of HALPPG, (iv) the syn-kinematic formation of HALPPG with

D,, and (v) the common occurrence of amphibole dunite and OPXT Il in D,

shear zones.

5.3.2 Incongruent Breakdown of Orthopyroxene to Olivine

Bowen and Tuttle (1949) showed that orthopyroxene transforms to
olivine in the presence of H,0-fluid. This concept has since been applied to the
formation of dunite bodies by the metasomatic transformation of harzburgite
in the Canyon Mountain Ophiolite, northeast Oregon (Dungan and Avé
Lallemant, 1977). Many of the features described by Dungan and Avé
Lallemant (1977) are found in the Springers Hill area, such as the replacement
of orthopyroxene by amphibole, and the abundance of amphibcle dunite at the
contact between dunite and OPXT I.

Olivine-orthopyroxene clusters in harzburgite formed at the same time as
amphibole dunite and OPXT iI; all formed in the presence of fluid. The clusters
are poorly equilibrated and represent the incongruent breakdown of
porphyrociasts and neoblasts of orthopyroxene to olivine and minor spinel.
Breakdown occurred locally, in-sity, and at a grain by grain scale, depending on
the presence of fluid. Grains of orthopyroxene at different stages of
breakdown, attest to heterogeneous distribution of fluid in harzburgite. The
conversion of orthopyroxene to olivine or Ca-amphibole appears isovolumetric.

Silica is liberated by the conversion of orthopyroxene to olivine (Nakamura and




Kushiro, 1974); the consequence of this is addressed in section 5.3.4.

5.3.3 Formation of the Assemblage Phlogopite-Amphibole-Olivine-Spinel
The assemblage phlogopite-amphibole-olivine-spine! is found in LALPP
and HALPPG. Phlogopite and amphibole are important constituents of many
mantle xenoiiths in kimberlites and alkali basalts, but they are rare in orogenic
and ophiolitic peridotites. In both occurrences, spinel and hydrous phases are
associated, but two different modes of formation are postulated:
1) In the orogenic and ophiolitic peridotites, the hydrous phases usually are
associated with chromite in podiform chromitites. Inclusions of olivine, ortho-
and clinopyroxene, edenite-pargasite amphibole, phlogopite and plagiociase
occur in chromite (Johan et ai., 1983; Talkington et al., 1984; Augé, 1987;
Leblanc, 1987; Leblanc and Temagouit, 1989; Bacuta et al., 1990). An
extensive discussion of the origin of these inclusions is inappropriate here. it
is sufficient to say that .ne silicate inciusions in chromite are believed to be
magmatic phases crystallized at high temperature with their chromite host
(Talkington et al., 1984; Augé, 1987; Bacuta et al., 1990).
2) Based on textural criteria from xenoliths sampled by kimberlites, spinel and
hydrous phases often are associated as a result of metasomatic reaction.
Phiogopite frequently is observed replacing orthopyroxene {(Kushiro and Aoki,

1968; Dawson, 1987; Hatton and Gurney, 1987; Erlank et al., 1987), and

garnet and clinopyroxene (Hatton and Gurney, 1987; Erlank et al., 1987).

Phlogopite forms more easily from orthopyroxene than clinopyroxene or garnet,
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as the latter minerals possess substantial amounts of Ca which cannot be
accommaodated in the structure of phlogopite (Hatton and Gurney, 1987), Of
course, Ca is involved in the formation of amphibole. Spinel, as a reaction
product, is an essential constituent where phlogopite replaces garnet, olivine,

and ortho- and clinopyroxene; the amount of Cr-spinel in phlogopite-bearing

garnet peridotites is indicative of the amount of garnet replaced (Erlank et al.,

1987). In metasomatic reactions, amphibole appears generally after phlogopite,
but in rare cases, pargasite and edenite accompany replacement of garnet by
phiogopite (Erlank et al., 1987).

The textural relations of the assemblage phlogopite-amphibole-olivine-
spinel (Figs. 2.9 and 2.33), and the occurrence of such an assemblage in
harzburgite, which is a refractory residue from partial melting and complete
removal of magma, disagree with a magmatic origin. A metasomatic origin for
phlogopite and amphibole is more likely, but garnet and clinopyroxene were not
present as reactants, and orthopyroxene was low in Al,0,. Cr-spinel could
have supplied Mg and A' needed for the production of phlogopite and edenite-
pargasite amphibole. Cr-spinel was present in the rock prior to metasomatism,
and would have also been produced by the incongruent breakdown of
orthopyroxene to olivine. The involvement of Cr-spinel in reaction is supported
by its variable Cr# and Mg# in amphibole dunite, and its textural disequilibrium
with respect to phlogopite and Ca-amphibole.

The formation of olivine-amphibole-spinel symplectitic intergrowths (Fig.

2.33) can be accounted for by reaction R5.1 (Jenkins, 1983; Schneider and




Eggler, 1986; Piccardo et al., 1988):

[R5.1] Opx + Cpx + Sp + Fluid == Q! + Amph

The reaction involves clinopyroxene. With the exception of LAL
clinopyroxenite, which appears to be a relatively minor reactant, protoliths for
the metasomatites did not contain significant clinopyroxene or Ca. However,
significant quantities of Ca were contained in the fluid-bearing magma which
was parental to the HALPPG.

In summary, Ca-amphibole and phlogopite could not have been produced
from LALPP simply by the addition of H,0, although Mg and Al could have been
supplied by orthopyroxene and Cr-spinel. Mineral chemistry of hydrous phases
suggests that at the site of formation of Ca-aimphibole and phlogopite the fluid
contained appreciable concentrations of Ca, Na, K, Ti, Al and H,0. The

breakdown of orthopyroxene during reaction liberated Si into the fluid.

5.3.4 Origin of Type Il Orthopyroxenite

Field relations, petrography, and mineral and whole-rock chemistry are
supportive of a non-cogenetic origin for OPXT Il and OPXT I, but a cogenetic
origin for OPXT II, amphibole dunite and HALPPG. The fluid-bearing magma
parental to the HALPPG had alkaline affinities (Chapter 4). The fluid ex;olved
from this magma, or liberated during the reaction of this magma with LALPP,
was SiO,-undersaturated. This fluid reacted with Cr-spinel and LAL pyroxene,

and Si was liberated. Reaction continued until the fluid equilibrated with LAL

pyroxene, i.e., until the fluid was saturated with Si. At this point, the fluid was
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in equilibrium with harzburgite, OPXT 1 and LAL clinopyroxenite, but in
disequilibrium with dunite. Consequently, as the Si-saturated fluid passed from
harzburgite, OPXT | or LAL clinopyroxenite into dunite, it reacted with olivine
to form pyroxene (reaction R5.2):

(R5.2) 0Ol + Si-saturated Fluid = = Px + Si-undersaturated Fluid
Fluid in equilibrium with harzburgite and OPXT | reacted to form OPXT II.
Clinopyroxenite in websteritic veins associated with OPXT [l, indicate that the
fluid was in equilibrium with LAL clinopyroxenite. The scarcity of clinopyroxene
associated with OPXT I, agrees with the field evidence that LAL
clinopyroxenite was a relatively minor reactant with respect to harzburgite and
OPXT I. Such an origin for OPXT Il is similar to the hydrothermal production
of pyroxene according to Bowen and Tuttle (1949). In keeping with their
model, OPXT |l does not extend into the HALPPG, which are the source of
fluid.

Similar fluid-rock interactions have been documented in other localities.
A classic example are the pyroxenite-amphibolite layers in the Seiad Complex,
California, which have a hydrothermal origin (Loomis and Gottschalk, 1981).
Tnese authors stated that as a fluid equilibrates with peridotite, the
hydrothermal pyroxenes that precipitate will be similar in composition to those
in the peridotite. The OPXT |l have the modal composition of harzburgite,
when considered as a bulk sample with their dunite host, and have mineral

chemistry and CNPGE patterns similar to harzburgite. These features are proof

that OPXT Il precipitated from fluid that was in equilibrium with harzburgite.




5.4 CONDITIONS OF PRESSURE AND TEMPERATURE

Before examining the compositional evolution of the fluid from which
hycdrous phases precipitated (section 5.5), it is necessary to define T, P
conditions because the composition of Ca-amphibole varies with T and P
(Jenkins, 1983). Fluids are associated with HALPPG, which record maximum
T, P conditions of equilibration of 875-1050°C, 5-9 kbar (section 2.4.4). The
assemblages of minerals in amphibole-bearing harzburgite, amphibole dunite and
OPXT Il span the T, P range of 750°C, 5 kbar, for the breakdown of chlorite
(Zen, 1972}, to 1050°C, 6 kbar for the upper limits of stability of pargasite and
phlogopite (Holloway, 1973; Westrich and Holloway, 1981; Montana and
Brearley, 1989). The upper limit of siability of Al-tremolite is 870°C, 6 kbar
(Jenkins, 1983). LAL dunites and amphibole dunites that are unaffected by D,,
may preserve coarse granular olivines containing inclusions of Ca-amphibole.
This is evidence of growth of olivine in the presence of fluid at temperatures
of about 1000°C (secticn 2.3.7).

The wide range of temperature has important consequences for the
stability of hydrous phases: {i) phlogopite and pargasite formed at about

1000°C by reaction of a fluid that caused recrystallization of olivine to coarse

grains in areas not experiencing D,; (ii) tremolite and pargasite formed a

continuous series of solid solution at about 850°C (Oba, 1980), which suggests
that phlogopite and coarse grains of olivine formed at this lower temperature

in the presence of fluid.
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Although the intrusion of fluid-bearing magma may have caused local
heating, fluids are important transporters of heat (Bickle and McKenzie, 1987)
and should have carried heat into LALPP. A fairly constant thermal regime,
therefore, is likely for the formation of hydrous phases. This is supported by
the occurrence of tremolitic 2and edenitic amphibole in the same sample, with
no overgrowth of one on the other. Consequently, Ca-amphibole and
phltogopite formed at approximately 900°C, and compositional variations
between tremolite and pargasite end-members are due to solid solution. This
is corroborated by Dahl and Watkinson (1986), who estimated T <3800°C for

D, shear zones in the Springers Hill area.

5.5 CHEMISTRY OF FLUID

In Chapter 4 it was demonstrated that HALPPG formed by the interaction
of fluid-bearing magma with LALPP. This magma is arguably represented by
amphibolite dykes located in the uncorrelated wehrlite and gabbro in and
adjacent to the Springers Hill area. In keeping with this, the compositions of
these dykes will be used as an approximation of the ultimate source of the fluid

which reacted with LALPP. In the amphibolite dyke sample L341, Ca-

amphibo'e is ferroan pargasite of Mg# =68 and has 3.3 wt.% TiO,.




5.5.1 Mineral Assemblages and Amphibole Chemistry
5.5.1a Fluid/Rock Ratio

Two reactions govern the assemblages of minerals arising from
metasomatism. The first involves the disappearance of orthopyroxene and
formation of amphibole (sections 5.3.2 and 5.3.3), whereas the second
involves the formation of orthopyroxene as OPXT |l (section 5.3.4). The former
is considered here.

With increasing metasomatism, the assemblages of minerals change in
the sequence: olivine-orthopyroxene-spinel (unmetasomatized harzburgite and
OPXT I)—-olivine-orthopyroxene-spinel-tremolite--olivine-spinel-edenite-phlogopite
(amphibole dunite)--olivine-spinel-clinopyroxene-plagioclase-pargasite-phlogopite
(HALPPG). Largely, this sequence correlates with the fluid/rock ratio as
estimated from the abundances of orthopyroxene and Ca-amphibole. Ca-
amphibole exhibits enrichment in Ti, Al, Fe, Na and K, and depletion in Si and
Mg, as fluid/rock ratio increases, i.e, as the occurrence of Ca-amphibole
changes from rare, dominantly interstitial grains in harzburgite, to more
abundant and occasionally poikilitic grains in HALPPG. These trends correlate

with progressively larger volumes of fluid (Best, 1974), and have the effect of

increasing the apparent metamorphic grade of amphibole (Jenkins, 1983),

because of the solid solution series between tremolite and pargasite (Oba,
1980). Hydrating the assemblage olivine-orthopyroxene-spinelis retrogressive,
which is the opposite of what the chemistry of Ca-amphibole indicates. This

apparent contradiction is explained by looking at smail volumes of fluid. Within
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a given sample of harzburgite, Al-tremolite replaces orthopyroxene, whereas
edenitic amphibole and phlogopite occur in textural disequilibrium with spinel.
This suggests that the Al required in metasomatic reactions was provided
dominantly by the phase being replaced, and does not relate to the volume of
fluid involved when the volume is relatively small. When fluid volumes are
large, as indicated by extensive metasomatism, the chemistry of amphibole

correlates with the volume of fluid (Best, 1974).

5.5.1b Sodium and Potassium in Hydrous Phases

Ratios of Na/K of the fluid change through fractionation and reaction.
A feature of this is the zonal distribution of hydrous phases in grains of Cr-
spinel, where phlogopite occurs in the core and Ca-amphibole at the rim (Figs.
2.9 and 2.33). On a much larger scale, Arai (1986) attributed decreasing
phlogopite/amphibole ratios in upper mantle peridotites to fractionation of rising
metasomatic fluids. Similarly, K/(K + Na) ratios of phlogopites in the Horoman
Peridotite Complex, Japan, reflect this fractionation (Arai and Takahashi,
1989).

The variation of Na +K (formula units) and Mg# of Ca-amphibole (Fig.
5.1b), demonstrates that Na +K in HALPPG is controlied by that of the parent
magma (pargasite in amphibolite dykes has Na+K=0.874 formula units),
whereas Mg# is controlled largely by the Mg# of LALPP which HALPPG

replaced. The same conclusion was reached in Chapter 4, where the Mg# of

olivine in HAL gabbros was higher than expected for the alkali content of
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coexisting plagioclase. Consequently, reaction of magma and fluid with LALPP
has a much greater influence on the composition of ferromagnesian minerals
formed in HALPPG, than does simple fractionation. The alkali content of these
minerals is controllied by that of the parent magma or fluid. Because Ca-
amphibole is a ferrom.agnesian mineral with a relatively high concentration of
Na,0, it records the alkali content of the fluid from which it precipitated, but
its Mg# is controlled by that of LALPP. As such, the composition of Ca-
amphibole is a very powerful too! for monitoring the extent of reaction (Mg#)

and fractionation (Na +K) of magma or fluid.

5.5.2 Rare Earth Elements

The CNREE patterns of amphibolite dykes and HAL amphibole peridotite
are LREE-depleted, whereas those of LAL amphibole dunite, OPXT Il and
amphibole-bearing harzburgite are U-shaped, but overall more depleted (Fig.
5.3). These patterns are controlled by Ca-amphibole, as it has the highest
mineral/matrix partition coefficients for REE of any phase in these rock types
(Fig. 3.7; see Arth and Barker (1976) for comparison of partition coefficients
of hornblende and plagioclase). Consequently, the CNREE patterns in Figure
5.3 trace the evolution of fluid by assimilation of LALPP and fractionation of
Ca-amphibole. With progressive evolution, the fluid evoives from SiQO,-
undersaturated and LREE-depleted (amphibolite dykes and HAL amphibole

peridotite), to SiO,-undersaturated and LREE- and Eu-enriched (amphibole-

bearing harzburgite and amphibole dunite), and SiO,-saturated and LREE- and
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Eu-enriched (OPXT Il). This is much the same origin as for LREE and Eu
enrichment in trondhjemitic-tonalitic magmas (Arth and Barker, 1976). The
negative Eu anomaly of the web-textured OPXT Il must be treated with caution,

as Pr-Tb values are affected by the blank and fall below the limit of detection.

5.5.3 Platinum Gioup Elements

Data are not available for the PGE content of the fluid. The CNPGE
patterns of harzburgite, chromitite and OPXT Il are similar (Figs. 3.6a, b and g,
respectively), which suggests that the fluid from which OPXT Il precipitated
was in equilibrium with harzburgite and Cr-spinel. This is in total agreement
with mineral chemistry.

The CNPGE patterns of amphibole dunite (Fig. 3.6h) reflect the pattern
of their protolith, i.e., OPXT | (Fig. 3.6e). During metasomatism,
concentrations of Os, Ir, Ru and Rh in the whole-rock were unaffected,
whereas Pt and Pd were removed. The greatest loss of Pt and Pd is recorded
for the most extensively metasomatized sample, where minor orthopyroxene
remains from OPXT |. This fractionation of the PGE may be produced by high
temperature, Cl-bearing, supercritical fiuids (Mitcheif and Keays, 1981; Keays
et al., 1982; Ballhaus and Stumpfl, 1986; Boudreau et al., 1986; Wood, 1987).
An important conclusion is that the concentrations of Os, Ir, Ru and Rh can be
used as a fingerprint of the rock type which existed prior to metasomatism,

whereas the REE reflect the composition of the fluid that caused

metasomatism. This property of the PGE should be a very powerful tool in
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defining the composition of a rock type prior to metasomatism, where there is

little or no record remaining of that rock type.

5.5.4 H-O-C Species in Fluid

Fluid inclusions in olivine of the mantle are typically found to be of co,
(Roedder, 1965). Inclusions in olivine in the Springers Hill area have not been
investigated and their compaosition is unknown. However, the absence of
carbonate in metasomatic assemblages in the area, suggests that
H,0/(H,0 + CO,) ot the fluid was high. The ability of the fluid to dissolve SiO,
supports this, as there is a marked increase in the solubility of Si0Q, in H,0-fluid
relative to H,0-CO,--fluid (Walther and Orville, 1983). The CNPGE patterns of
amphibole dunites, suggest that Cl was present in the fluid. Consequently, the
fluid appears to have been H,0-rich and Cl-bearing. The ultimate provenance
of such a fluid could be seawater, which is consistent with the origin of the
fluid-bearing magma of the HALPPG, by partiai melting of oceanic crust that
had been altered to amphibolite by seawater interaction. In support of this,

Peacock (1990) estimated that hydrothermally altered oceanic basalts and

gabbros contain 1-2 wt.% H,0 and 0.1 wt.% CO, bound in minerals.




150

5.6 TRANSPORT OF FLUID

Magmatic and fluid activity associated with the formation of HALPPG is
contemporaneous with the D, event, which is attributed to deformation during
obduction of the BIOC (section 2.5). Fluid migrated by two distinct processes:
(i) by migration along grain boundaries as evidenced by interstitial Ca-
amphibole; (ii) by flow along shear zones. The latter is oy far the most
important mechanism of fluid transport, and attests to the importance of D,
shear zones in focusing fluid flow during obduction of the BIOC. Consequently,
metasomatism is most prevalent in shear zones. Shear zones probably
nucleated in zones of high pore fluid pressure, as evidenced by the rooting of
OPXT Il ribbon mylonites in the marginal zone of HALPPG. The olivine-
orthopyroxene-amphibole banding developed in ribbon mylonites may not
represent metamorphic differentiation, but lit-par-lit injection along shear zones

of fluids at different stages of their evolution.

5.7 SUMMARY

The kinetics and mode of fluid migration will govern the type and extent
of reaction between fluid and wall-rock. A fluid unable to equilibrate with the
environment through which it migrates, will reflect the composition of its

source; a fluid experiencing continuous equilibration with its wall-rock, will

reflect the composition of the rock with which it last equilibrated.
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The compositions of hydrous phases produced by metasomatic reactions
involving small volumes of fluid, strongly reflect the composition of the solid
phase(s) involved in reaction. Forexample, in a given sample, Al-tremolite was
produced by fluid reacting with orthopyroxene, and edenitic-pargasitic
amphibole and phlogopite were produced by reaction of fluid with Cr-spinel.
This reflects the microscopic scale. As the volume of fluid increases, so the
compositions of precipitated hydrous phases reflect more the composition of
the fluid; hydrous phases will also reflect variations in the bulk composition of
the protolith. This reflects the megascopic scale.

Caution must be exercised when using modal proportions of hydrous
phases to estimate fluid/rock ratios. Consider a fixed volume of fluid fluxing a
fixed volume of rock in which olivine remains a stable phase, and let the
volume of fluid be in excess of that required to completely replace
orthopyroxene in harzburgite and orthopyroxenite by amphibole. The
metasomatite produced from orthopyroxenite will have a higher modal
abundance of amphibole and will appear to record a higher fluid/rock ratio than
the metasomatite produced from harzburgite, and yet both protoliths
experienced the same fluid/rock ratio. Consequently, modal proportions of
hydrous phases can be used as an indication of fluid/rock ratio, provided that
similar protoliths are considered. Fluid/rc .. ratios can be estimated when
different protoliths are involved, by using O< #, Ru and Rh as a fingerprint of

the protoliths, as these PGE appear essentially immobile during metasomatic

reactions. H,0-fluid does not appear to carry significant concentrations of PGE,
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especially Os, Ir, Ru and Rh, at 800-900°C, and is unlikely to add these PGE to

metasomatites during metasomatism.

5.7.1 Mantle Sources of Boninitic Magmas

The formation of olivine-orthopyroxene-spinel-amphibole assemblages
with U-shaped CNREE patterns and positive Eu anomalies could be an important
mechanism by which to generate the mantle source of boninites. Boninites
derived from such a source would have positive Eu anomalies, which is in
contrast to those that would be produced by partial melting of harzburgites
containing a component of OPXT |, which have negative Eu anomalies {section
3.5.4).

Fluids from which OPXT Il formed were boninitic, in that they had a high
Mg#, were SiO,-saturated, and had U-shaped CNREE patterns. These fluids
were in equilibrium with Cr-spinel and harzburgite, which is a requirement of
boninite genesis. Some OPXT II ribbon mylonites are 1-2 m wide, which
suggests that large valumes of boninitic fluid may have been transported away
from the Springers Hill area via shear zones during the formation of HALPPG.
If this wvere the case, then aithough HALPPG and wehrlite bodies in other
ophiolites do not have compositions anywhere approaching those of boninites,
they may be an essential source of fluid and heat for the generation of high-
MgO, SiO,-saturated magmas or fluids. Once again, this emphasizes the

importance of fluids within metamorphic soles derived from oceanic crust,

metasomatized mantle peridotites and pyroxenites, and forearc magmatic and




153

fluid processes leading to the formation of wehrlites and high-MgQ, SiO,-
saturated magmas or fluids (section 4.5). Plagiogranites with U-shaped CNREE
patterns may be the evolved component of the boninitic fluid. Some

plagiogranites in the Mount Barren Assemblage may represent this component,

but a genetic link cannot be made without a detailed study of the bodies.




Chapter 6

SUMMARY

6.1 CONCLUSIONS FROM THIS STUDY

Integrated field, petrographic and chemical studies of veins and dykes in

ophiolite mantle peridotites can be used to construct a sequence of magmatic

events in much the same way as can be done for the extrusive sequences of
ophiolites. Modellingis required to determine the origin of minera!l and chemical
compositions of extrusive sequences, whereas studies in the mantle allow first-
hand definition of the processes by which these compositions arise.

The Springers Hill area of the Lewis Hills Massif, BIOC, is a section of
extremely heterogeneous ophiolitic upper mantle which devzloped in a supra-
subduction zone environment. Harzburgite, dunite, chromitite, OPXT | and
clinopyroxenite of LALPP, formed at pressures of <7-8 kbar during upwelling
of asthenosphere below a zone of crustal accretion. Harzburgite formed as a
refractory residue from partial melting and complete removal of low-Ti tholeiitic
magma. Harzburgite was intruded by hydrous boninitic dykes wvhich
fractionated OPXT | (and associated dunite and chromitite), and these were
intruded by dykes of anhydrous low-Ti tholeiite which fractionated

clinopyroxenite (and associated dunite and chromitite). This sequence was
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metasomatized at 5-9 kbar in the lithosphere, by fluid-bearing magmas that
were produced by partial melting of underthrust amphibolitized oceanic crust
during intra-oceanic thrusting and obduction of the BIOC. The metasomatites
are HALPPG, and amphibole dunites and OPXT Il of LALPP. These document
a link between amphiboiite and granulite facies oceanic crust in metamorphic
soles of ophiolites, metasomatized mantle peridotites, and forearc igneous

processes leading to the formation of wehrlitic bodies.

6.1.1 Types of Harzburgite

Harzburgites that are products of extreme partial melting and complete
magma extraction should have positive sioping CNREE patterns, relatively low
Ca0/Al,Q, ratios, and Pd/lr<<1. There are several ways of producing U-
shaped CNREE patterns in harzburgites:
1) By impregnation of boninitic magma, or by mechanical mixing of
onhopyroxenite precipitated from boninitic magma. These harzburgites have
Ca0/Al,0, ratios higher than expected, Pd/Ir>1, and may have negative Eu
anomalies. Harzburgites with these characteristics may also form from dunites.
2) By introducing minor Ca-amphibole which precipitates from SiO,-
undersaturated fluid that previously fractionated hornblende. These
harzburgites have Ca0/Al,0, ratios higher than expected, Pd/Ir ratios similar to
those of the harzburgite prior to introduction of fluid, positive Eu anomalies, and

orthopyroxene partially replaced by olivine and Ca-amphibole.

3) By formation of orthopyroxene by reaction of dunite with SiO ,-saturated fluid
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that had previously fractionated hornblende. These harzburgites have the
chemical characteristics of the olivine-orthopyroxene assemblage with which
the fluid was in equilibrium.

If these harzburgites with U-shaped CNREE patterns are homogenized by
deformation in the upper mantle, they will not exhibit textural evidence for
processes (1) to (3). Formation of harzburgite in this way, may explain the

absence of a simple parent-daughter relatiunship between crust and mantle in

many ophiolites, because harzburgite is a nybrid rock with mineral chemistry

and textures indistinguishable from those of a true residue. However, these

harzburgites are potential sources of boninitic magmas.

6.2 IMPORTANCE OF THE SPRINGERS HILL MANTLE SECTION TO MANTLE
PETROLOGY

Similar physical and chemical processes of interaction of rocks, magmas
and fluids occur in all tectonic environments, but compositions differ. The
results from this study are specifically pertinent to processes in ultramafic rocks
at pressures <10 kbar (30 km depth) in the mantie wedge of a subduction
zone, and more generally to processes in ultramafic rocks over a wide range of
temperature and pressure in all tectonic environments. It is at shallow depth
that fluid exsolves from magma (Burnham, 1979), and this is where significant
changes will occur in fluid, magma and wall-rock compositions, as found in the

Springers Hill area.
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6.2.1 Processes in the Mantle Wedge of a Subduction Zone
Subduction zones are one of the most dynamic parts of the Earth and
processes in them have fundamental consequences for energy and chemical
budgets in the asthenosphere-lithosphere-hydrosphere system. Although the
volume of magma reaching the Earth’s crust is relatively small in comparison
to mid-ocean ridges, the processes in subduction zones have important
implications for the generation of crust in island arcs and continents. The
petrogenesis of HALPPG, and LAL amphibole dunite and OPXT Il is directly
applicable to studies of assimilation and hybridization of peridatites by fluid-
bearing mafic and felsic magmas. Thus, itis suggested that the magmatic and
fluid processes associated with the formation of these HALPPG and LALPP are
applicable to the deeper levels of subduction zones, which are important for
production of magmas of the calc-alkaline rock series. Studies of these deep
processes have concentrated on experimental phase relations (Green and
Ringwood, 1968; Sekine and Wyllie, 1982b, 1983; Carroll and Wyllie, 1989),
and modelling of reactions and phase relations (Sekine and Wyilie, 1982a, c¢:
Wyllie and Sekine, 1982; Kelemen, 1986, 1990). Such studies are hampered
by the lack of mantle exposure and this is why the Springers Hill area is so

important for these studies.

6.2.2 Mantle Heterogeneity

Although the Springers Hill area may represent an exceptional piece of

uppermost mantle because of its abundance of peridotites and pyroxenites
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which formed over a period of time from distinctly different sources, it
demonstrates the extreme mineral and chemical heterogeneity which may be
present in the upper mantle. The heterogeneity arises from mechanical mixing,
and magma and fluid intrusion, impregnation and reaction. Small volumes of
magma or fluid (McKenzie, 1989; Menzies, 1990) derived from heterogeneous
mantle will very effectivel; transfer heterogeneities to other regions of
asthenosphere or lithasphere, whereas larger volumes will not, due to
homogenization in the resulting magma or fluid. The latter is partly dependent
on the mode of melting, as successive batches of magma produced by
equilibrium modal melting will be relatively homogeneous with respect to those

produced by non-modal melting.

6.2.3 Mantle Xenoliths

Several important points are applicable to the study of mantle xenoliths
where there is not the advantage of a regional overview:
1) The mantle is extremely heterogeneous on a sub-km scale, and xerncliths
that are derived from adjacent parts of the mantle may reflect very different
environments even if they record similar pressures and temperatures.
2} Xenoliths having cumulate textures may be products of extreme textural
and chemical reequilibration of non-cumulate mantle material in the presence

of magma or fluid. An example of this are the dunites, wehrlites and olivine

clinopyroxenites of the HALPPG.
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Appendix 1

ANALYTICAL METHODS

A1.1 MINERAL ANALYSES

Silicate minerals were analysed at Dalhousie University using a JEOL 733
automated electron microprobe. Spinels were analysed at Memorial University
using a JEOL JXA-50A automated electron microprobe. Both machines utilize
wavelength dispersive spectrometers.

Operating conditions for the JEOL 733 electron microprobe were 15 kV
accelerating voltage, 5 nA beam current, 10 ym diameter electron beam, and
40 seconds counting time for each element. Data was reduced with a Tracor
Northern data processor using ZAF matrix correction. Only one calibration was
required for all silicates analysed, which was based on natural mineral
standards and Cr metal.

Operating conditions for the JEOL JXA-50A electron microprobe were
15 kV accelerating voltage, 22 nA beam current, 10 ym diameter electron
beam, and 30 seconds counting time or 80000 counts for each element. Alpha
corrections (Bence and Albee, 1968) were used in data reduction. Two
calibrations were required because of the compositional variation of spinel in

LALPP (high Cr#) and HALPPG (low Cr#); these were based on spine! standards
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53IN8 (12.82 wt. % Al,O,, 49.31 wt.% Cr,0,) and SPIN-B {59.40 wt.% Al,0,,

8.05 wt.% Cr,0,), respectively, and other natural mineral standards and
metals.

Accuracy and precision are reported in Table A1.1. Precision, measured
as the coefficient of variation (COV), generally is <6 %. The high COV of NiO
and Cr,0, in silicate standards, would appear to result from heterogeneity
associated with the standard. Analyses of apparently homogeneous silicates
in samples, give COV <6 % for both these oxides. Two tests were undertaken
to examine the poor accuracy of Cr,0, indicated by analyses of the Cr-diopside
standard: (i) the spinel standard 53IN8 at Dalhousie University was analysed
using the same calibration as for Cr-diopside, and results were within + 2 % of
the accepted value; (ii) several grains of clinopyroxene in samples of LALPP
were reanalysed at Memorial University, and excellent agreement was obtained.

Hence, values of Cr,0, appear both accurate and precise.

A1.2 WHOLE-ROCK MAJOR ELEMENT ANALYSES

A1.2.1 Preparation of Rock Powder
Samples selected for whole-rock analyses were trimmed to remove

weathered surfaces, and broken into chips { <10 mm diameter) using a steel

jaw crusher. Chips were washed, dried, and ground in an agate puck mill for

atleast 6 minutes until a fine powder was obtained. This powder was used for

all whole-rock analyses. The use of agate for grinding should not produce
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measurable contamination (Hickson and Juras, 1986).

A1.2.2 Samples Analysed at Memorial University

Major element analyses were obtained by atomic absorption
spectrophotometry using a Perkin-Elmer digitized spectrophotometer at
Memorial University. Samples were prepared for analysis using the following
procedure. Add 5 ml concentrated HF to 0.1000 g of rock powder in a
digestion flask. Tightly cover and heat for 30 minutes on a steam bath (residue
should be white}). Remove from heat, cool, and add exactly 50 mi saturated
boric acid solution. Place back on steam bath until solution is clear. Remove,
cool, add exactly 145 mi distilled H,0, cover and shake. This solution is
treated with lanthanum oxide solution for the determination of CaO and MgO.
FeO was determined by dissolving rock powder in HF and ammonium
metavanadate, adding ferrous ammonium sulphate, and titrating the solution
against potassium dichromate (Wilson, 1955); Fe,0, = Fe,0,(total) - (1.1114
x FeO). P,0; was determined by calorimetry. Loss on ignition (LOI) was
determined after heating a known amount of rock powder at about 1000°C for
2-3 hours.  Accuracy and precision are given in Table A1.2. Values of 0.42
wt. % Al,0, were obtained for USGS peridotite standard PCC-1 by this method,
which are much lower than the accepted vatue of 0.67 wt. % from Govindaraju
(1989). This low yield of Al O, resulted from incomplete dissolution of spinel,

even when the rock powder was treated with aqua regia.




A1.2.3 Samples Analysed at the Department of Mines and Energy

In order to determine Al,O,, samples were analysed by atomic absorption
spectrophotometry at the Mineral Development Division of the Department of
Mines and Energy, Government of Newfoundiand and Labrador. Samples were
prepared using the following procedure. Place rock powder (0.1000 g) in a
graphite crucible and mix with 0.5 g LiBO,. Fuse mixture for 1 hour at 1000°C
and transfer to a digestion bottle containing 25 mi 4 % HC! and 5 ml
concentrated HF. Place bottle in steam bath at 90°C for 1.5 hours, remove,
add 50 ml saturated boric acid solution, and return to steam bath ‘or a further
1.5 hours. Cool and make up to volume.

Values of Al,O, are very accurate and precise (Table A1.2). Standard
PCC-1 was analysed by both methods and excelient agreement was obtained
for all oxides except Al,0,. Consequently, the incomplete dissolution of spine!

has relatively little effect on concentrations of major element oxides except

AL, O,

A1.3 WHOLE-ROCK TRACE ELEMENT ANALYSES

Trace element analyses were obtained on pellets of pressed powdered

sample (10 g sample, 1.45 g Bakelite brand phenolic resin binder) using a

Philips PW1450 X-ray fluorescence spectrometer at Memorial University. TiO,,

Sc, V, Cr, Ni, Cu and Zn were determined using the TRACE2 program, whilst

Rb, Sr, Y and Zr were determined using the TRACE4 program.
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Accuracy and precision are given in Table A1.3. Probiems exist with the
determination of Cu, as there are Cu-bearing components in the Philips
machine. For this reason, Cu values are reported solely for the purpose of

comparing Cu-rich and -poor samples, and the data are not considered

quantitative.

A71.4 WHOLE-ROCK RARE EARTH ELEMENT ANALYSES

A1.4.1 Sample Preparation

The REE were analysed using the SCIEX ELAN inductively coupled
plasma-mass spectrometer (ICP-MS) at Memorial University. Sample solutions
of peridotite, pyroxenite and gabbro were prepared by dissolution of rock
powders in a clean laboratory. Several dissolution procedures were used. The
procedure adopted depended on the precicted concentrations of REE in a
sample, which was based on minera! analyses and whole-rock major and trace
element analyses. FEP teflon beakers and double-distilled reagents were used
for all procedures. Dissolutions for procedures 1, 2 and 3 were carried out in
teflon beakers on a hot plate at low heat. Samples were covered at all stages
during the dissolution procedure, except during evaporation. Sample solutions
were always evaporated slowly over a period of 2-3 days. The quartz and
pyrex columns used for cation exchange were packed with CG120 Amberlite
(200 mesh) cation exchange resin. The resin was in the chloride or nitrate form

for HCI or HNO, separation of the REE, respectively. All sample solutions
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analysed by ICP-MS were calibrated by standard addition, which involved
splitting the sample solution. The first split was composed of sample solution
(9 g)and 0.2 N HNO, {1 g}; the second split was composed of sample solution

(9 g) and mixed spike solution (1 g).

A1.4.1a Procedure 1 (ICP-MS Runs 116 and 153)

This procedure was adopted for the most depleted samples. To the rock
powder (1.00000 + 0.1 g} add several drops of 6.0 N HCI to test for the
presence of carbonate, then dissolve in @ mixture of =3 m| 8.0 N HNO,, 10 mi
HF and 2-3 ml HCIO,, and evaporate. Add 1-2 ml HF and 2-3 mi 8.0 N HNO,,
and evaporate. Dissolve residue in 2 ml 8.0 N HNO,, evaporate and repeat.
Dissolve residue in <5 ml 2.5 N HCI and filter onto a gquartz column whilst
rinsing with <3 mil 2.5 N HCI. Fiush the column with 20 mi 2.5 N HCI and
discard filtrate. Refill column with 100 ml 6.0 N HCI, collect filtrate and
evaporate. Take up residue in a minimum amount of 8.0 N HNO, and
evaporate. Dissolve residue in 0.2 N HNQ, and make sample solution up to
20.0 £ 0.1 g with 0.2 N HNO,. The approximate concentration of sample in
solution is 50 g/i.

During dissolution of the rock powder, a poorly soluble gel-like material
formed; this may have been a fluoride complex. With continued acid digestion
and evaporation the gel dissolved. Opaque grains and a rare transparent gel
remained as residues in the filter paper during loading of the sample solution

onto the column. The effect of these residua on the concentrations of REE in
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the final sample solution is presently unknown. The dominant residue was
spinel, which is unlikely to have affected whole-rock concentrations of REE, as
it has the lowest concentrations of REE of minerals found in ultramafic rocks
(Stosch, 1982). However, spinel does contain silicate inclusions which may
contain significant concentrations of REE. It is assumed that because rock
samples were crushed and ground to a very fine powder, the majority of
inclusions were dissolved. The incompiete dissolution of spinel will affect the
computed absolute concentrations of REE in a sample, as the actual weight of

sample dissolved is less than that weighed initially, which is the weight used

in computation.

A1.4.1b Procedure 2 (ICP-MS Run 240)

Procedure 2 (D. Scott, pers. comm., 1989) was used for samples similar
in composition to those prepared by procedure 1. To the rock powder (0.5 g)
add 3 ml HF and 4 mi 8.0 N HNO,, and evaporate. Add 4 mi 8.0 N HNO, and
4 ml 6.0 N HCI, and evaporate. Add 4 m! 8.0 N HNO,, dry and repeat.
Dissolve residue in 5 ml 1.5 N HNO,, filter with washing, and evaporate.
Dissolve residue in 2 ml 1.5 N HNQ,, load onto a quartz column, flush with 45
mi 1.5 N HNO,, discard filtrate, flush with 23 mI 8.0 N HNO,, collect filtrate
and evaporate. Dissolve residuein 2 mt 2.5 N HCI, load onto a quartz column,
flush with 5 mi 2.5 N HC!, discard filtrate, flush with 25 mi 6.0 N HCI, collect
filtrate, evaporate, take up residue in a minimum amount of 0.2 N HNO,, and

make sample solution up to 50 g with 0.2 N HNQ,. Tihe approximate




concentration of sample in solution is 10 g/l.

A1.4.1c Procedure 3 {(ICP-MS Run 182)

Procedure 3 (P. Moore, pers. comm., 1989) was adopted for samples
relatively enriched in REE. Dissolve the rock powder {0.2 g) in HF, 6.0 N HCI
and HCLO, (2 ml, 3 ml and 1 drop, respectively), evaporate, add 6.0 N HC|,
evaporate, and dissolve residue in 5-8 ml 2.5 N HCI. Filter onto a pyrex column
and rinse fiiter paper with 2.5 N HCIL. Flush the column with 20 mi 2.5 N HCI,
discard filtrate, flush column with 120 mi 6.0 N HCIi, retain filtrate, and
evaporate. Repeat the column procedure to clean up the sample. Add and
evaporate 10 ml 8.0 N HNO,, dissolve residue in 0.2 N HNO,, and make samplie
solution up to 20 g with 0.2 N HNO,. The approximate concentration of the

sample in solution is 10 g/l.

A1.4.1d Procedure 4 (ICP-MS Run 024)

This procedure was used for samples richestin REE, and as a comparison
for samples whose concentrations of REE were determined using procedures
1, 2 and 3. Mix rock powder {0.2 g) and Na,0, (0.8 g) in a 30 mi Ni crucible,
place in an oven for 1 hour at 480-490°C, remove and allow to cool for 15

minutes. Very slowly add H,0 until effervescence ceases. Wash cake and

solution into a teflon centrifuge tube. Centrifuge for 10 minutes at high speed,

decant and discard liquid, add <5 ml H,0, stir with a teflon rod, and repeat.

Centrifuge for 10 minutes, decant and discard liquid, pour sinter and cake into
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a 125 mi teflon bottle, add 2.0 ml 8.0 N HNO, and shake vigorously. Rinse Ni

crucible with 0.5 mi 8.0 N HNO, and add washings to the bottle. Stir sample
solutio