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ABSTRACT

Detailed geological mapping (1:5,000) of a 16 sq. km. area was completed within
the northwestern quadrant of the Troodos plutonic complex, Cyprus. The plutonic
complex incorporates an older, high-temperature deformed sequence of
harzburgite, dunite, transition zone orthopyroxenite and layered olivine and
hypersthene gabbro that is intruded and truncated/disrupted by a series of post-
kinematic  ultramafic-mafic  (i.e: wehrlite, feldspathic-wehrlite, lherzolite,
feldspathic-lherzolite, clinopyroxenite, websterite and pyroxene-hornblende
gabbro) plutons. Post-kinematic mafic dikes intrude both the older and younger
magmatic suites, marking the final stage of magmatism within this section of the

ophiolite.

A penetrative, steep to subvertical regional S, foliation, traced intermittently
from the harzburgite tectonite into portions of the layered olivine gabbro
tectonite, is coaxial to large scale infolding of the dunite-harzburgite boundary.
An cquant granoblastic to porphyroclastic microfabric prevails in the harzburgite,
dunite and transition zone lithoiogies whereas the layered gabbro exhibits both
primary cumulate igneous and secondary ductile deformation textures. The
structurally highest position of the high-temperature ductile deformation, termed
the deformation front and marked by the transition from ductile to brittle
deformation mechanisms, occurs within the layered olivine gabbro of the Troodos

plutonic complex.

The plutons of the younger suite represent variable sized, spatially and
temporally distinet, fault-controlied magma chambers that are focused primarily
along the transition zone of the older suite. Most of the older suite transition zone
orthopyroxenite and part of both the dunite and layered gabbro have been

removed through faulting and intrusion of the younger suite plutons.

The fractional crystallization sequence of the older suite layered gabbro and the
younger suite ultramafic-mafic lithologies is olivine -> clinopyroxene ->

orthopyroxene -> plagioclase - > +/- hornblende (+/- quartz). Textural features
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indicate simultaneous crystallization of the pyroxene phases within the gabbroic
units. Electron microprobe studies indicate that the younger and older suites
cannot be distinguished on the basis of their respective mineral chemistry, that
fractionation trends occur within both the younger and older suites and that
cryptic chemical layering canoot be detected over a 20 m section of the layered
olivine gabbro. The mafic uikes exhibit a tholeiitic affinity (island-arc tholeiite)
and an extremely depleted, Mg-rich and Ti-poor chemistry correlative with the
depleted upper pillow lava suite and indicative of derivation from a residual
mantle source that had undergone previous partial melting and melt extraction

event(s).

A dynamic crustal accretionary history consisting of multiple intrusion and
ductile-brittle deformation is cstablished for the Troodos plutonic complex. The
zeometrical relations between the penetrative regional foliation, infolding along
the paleo-Mohs and orientation of the enveloping surface of this folded dunite-

harzburgite boundary at a high-angle to the regional foliation suggest that the

Troodos ofniolite may represent a segment of diapirically flowing astaenosphere

in an ancient ocean spreading region.
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Chapter 1
INTRODUCTION

1.1. A Geographical and Political Perspective

The Troodos ophiolite complex, site of the field component for this thesis study,
occupies the central highland region of the island of Cyprus. This island covers
an area of 9,251 sq. km. and is geographically situated along the northeastern
margin of the Mediterranean Sea. The closest neighbouring countries to Cyprus
are Turkey located 70 km to the north and Syria-Lebanon located approximately

100 km to the cast (Figure 1-1).

At the present time, political unrest has resulted in the division of Cyprus into
two areas; the northern Turkish occupied region and the southern Greek Cypriot
region. The borderland between the two states is presently patrolled by Greek,
Turkish and United Nations troops. The Troodos complex is situated entirely

within the Greek Cypriot territory.

1.2. Regional Geology of Cyprus

The regional geology of Cyprus is deseribed in terms of the four major east-west

trending lithotectonic zones (Figure 1-2).

From north to south, these zones are identified as:

(1) The Kyrenia (Pentadactylos) Range
(2) The Mesaoria Plair

(3) The Troodos Ophiolite Complex, The Limassol
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Forest and The Akamas Peninsula

(4) The Mamonia Complex

1.2.1. The Kyrenia Range

The mountainous Kyrenia Range rises to an elevation of 1000 m along the
northern coastline of Cyprus. The range was first interpreted by Gass (1968) to
represent the southernmost expression of the Tauro-Dinaric alpine belt which

passes through Greece, Crete and southern Turkey.

The range consists of a scries of fault-bounded blocks of Permian to upper

Eocene, shallow-water, continental margin sediments with thin slivers of

metamorphic rocks, The stratigraphy of the Kyrenia Range is tabulated as

follows after Robertson and Woodcock (1980).

FORMATION

Kalog:ea-Ardana

Ayios Nikolaos

Melounda

Hilarion

Sykhari

Dhikomo

Kantara

LITHOLOGY

Calcareous, sandy flysch
and olistostrome melange

Limestones, chert and
interstatified volcanice

Pelagic chalks
UNCONFORMITY
Limestone

Dolomitic limestone

Thin bedded marble

UNCONFORNITY

Maseive limestone

AGE

Middle to
Upper Eocene

Palaeocene to
Mid-Eocene

Maestrichtian

Jurassic
Upper Triassic

Lower-Upper
Triassic

Permian-~
Carboniferous
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The volcanie suite of the Ayios Nikolaos Formation, occurring interstratified
with the Macstrichtian to Palacocene sediments, consists of two distinct lava
types. The lavas of Maestrichtian age exhibit a cale-alkaline trend (Pearce, 1975;
Baroz, 1980), while those of Palacocene age show a characteristic shoshonitic
trend (Baroz, 1980). Similar mature island are, cale-alkaline and shoshonitie lavas
occur within the present day Fiji Are (Robertson, 1977; Baroz, 1980; Robertson

and Waoodeock, 1980).

Baroz (19%0) suggested correlation of the Kyrenia Range island are voleanic
rocks with the similarly aged voleanie- sedimentary flysch (Kannaviou Formation)
of island are- trench origin (Robertson, 1977) which unconformably overlies the
Troodos ophiolite. Voleanism within the Kyrenia Range has been attributed to
the development of a northward-dipping subduction zone, located south of the
range, immediately following obduction of the Troodos massif onto the African

plate during Maestrichtian time.

‘Tectonic disruption of the Kyrenia Range by late Cretaceous to early Tertiary
strike-slip faulting (Robertson and Woodcock, 1980), followed by southward
thrusting in the Miocene (Baroz et al., 1976), has resulted in the development of
four major, steep northward-dipping, lenticular tectonic slices. Following the
post-Oligocene  development  of the Kyrenia Range, the flanks of this
allochthonous sequence were overlain by the 3000 m thick, mostly terrigenous
Kythrea Flysch of middle Miocene age (Weiler, 1970; Baroz, 1980).

1.2.2. The Mesaoria Plain

The Mesaoria Plain occupies the central lowland region which scparates the the
‘Troodos ophiolite from the Kyrenia Range. The plain is underlain by a more
than 4,000 m thick succession of upper Cretaceous to Pleistocene, deep water
turbidites, flysch, carbonates and unconsolidated sediments. Towards the north,
the upper Cretaceous to Miocene sediments of the Kythrea Flysch are highly
deformed and folded, exhibiting a characteristically knobby, rolling topography.
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Southward. the relatively undeformed Circum- Troodos Sedimentary Succession
outcrops. These two regions are separated by the Ovgos Wrench Fault Zone
(Bagnall, 1960).

The base of the Circum-Troodos Sedimentary Succession is delineated by the
Campanian to Maestrichtian Perapedhi Formation (Wilson, 1959) which consists
of thin, intermittent layers of umber and radiolarian mudstone which
unconformably on-lap the extrusive sequence of the Troodos ophiolite. South of
the Troodos massif, the Perapedhi Formation is conformably overlain by the
Maestrichtian Kannaviou Formation (Lapierre, 1968), noted in the preceding page
for its island arc related volcanogenic sediments and correlated with the Ayios
Nikolaos formation (Baroz, 1980). Conformably up-section, the Palacogene
Lefkara Formation, consisting of calcareous pelagic sediments, is overlain by lower
Miocene reef limestone of the Terra Formation, and middle Miocene chalky marls
of the Pakha Formation. These marls are succeeded by a second unit of reef
limestone represented by the upper Miocene Koronia Formation. The Koronia
Formation limestone is succeeded by marls of the Pliocene Nicosia Formation
which is followed by the upper Pliocene to lower Pleistocene biocalcarenites and

poorly consolidated sands of the Athalassa Formation.

Erosional debris resulting from intense uplift of the Troodos massif at the
beginning of the Pleistocene epoch yielded deposition of the thick, unsorted
Fanglomerate Formation over the plains bordering the northern margin of the

Troodos massif (Wilson, 1959).

1.2.3. The Troodos Ophiolite Complex, The Limassol Forest and The

Akamas Peninsula

Ultramafic and malfic igneous (intrusive and extrusive) rocks outerop within
three regions of the the island of Cyprus: (1) the Troodos Complex; (2) the

Limassol Forest and Arakapas Fault Zone; and (3) the Akamas Peninsula.

(1) The Troodos Ophiolite Complex
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The upper Cretaceous Troodos ophiolite forms an ellipsoidal domal structure

which is exposed over an area of 2,300 sq km, rising to a maximum elevation of

1951 1, centered on Mount Oly mpus {Ciass, 1968).

The Troodos complex was reported by Moores and Vine (1971) to be composed
of a sequence of ultramafic-mafic plutonic rocks, overlain and intruded by swarms
of diabase dikes and extrusive volcanic rocks. Thus, on the basis of the
lithological components and stratigraphic succession, the Troodos massif fulfilled
the definition of an ophiolite complex that was adopted by members of the

I’enrose Conference, 1972 (Geotimes, 1973).

Continuing uplift, in excess of 2000 m (Gass and Masson-Smith, 1963), and deep
erosion of the Troodos ophiolite has yielded an annular pattern of outcrop
»iposure with the deepest stratigraphic levels of the ophiolite succession exposed
within the highlands of the Troodos Forest area and successively higher

stratigraphic levels outcropping at lower elevations around Mount Oly mpus.

Following the pioneering mapping of the Troodos ophiolite by Wilson (1959). the
results of field mapping, petrological, geochemical and geophysical studies by
numerous investigators (e.g.: Moores and Vine, 1971; Greenbaum, 1972A,B; Gass
and Smewing, 1973; Menzies and Allen, 1974; Kidd and Cann, 1974; Allen, 1975;
Robertson, 1975; 1976; Robertson and Woodcock, 1980; Gass, 1980 and
Swarbrick, 1920) have yielded a model for generation of the Troodos ophiolite
along some type of Late Cretaceous oceanic spreading site. The least equivocal
supporting evidence for this setting is the presence of the well-developed sheeted
dike complex which represents a large portion of the ophiolite exposure in Cyprus

(Wilson, 1950; Kidd and C'ann, 1974 and Kidd, 1977).

"The plutonie section of the ophiolite incorporates a range of lithologies including
harzburgite, minor plagioclase Jherzolite, dunite, clinopyroxene-bearing dunite,
clinopyroxenite, wehrlite and feldspathic-wehrlite, layered olivine and hypersthene
gabbro and *high-level* pyroxene-hornblende gabbro with minor trondhjemite

(Moores and Vine, 1971; Allen, 1975).
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An irregular and complex, multiple intrusive contact has been reported between
the upper gabbro and sheeted dike units (Moores and Vine, 1871). The sheeted
dikes grade upwards into the extrusive pillow lava sequences (Wilson, 1959). Farly
workers divided these extrusives into upper and lower pillow lava suites (Wilson,
1959; Bear, 1960; 1966; Gass, 1958; 1960) while Moores and Vine (1971) suggested
that this division into upper and lower pillow lava suites could be made on the
basis of chemistry and petrology. Smewing (1975) and Smewing et al. (1975)
introduced the notion of formation of the lower pillow lavas and sheeted dikes
within an axial sequence in a ridge-median valley and generation of the upper
lavas within an off-axis volcanic regime. The recent work by Robinson et al

(1983) and Mchegan and Robinson (1984) has indicated a chemical discontinuity

at the 500 m stratigraphic interval between the lower arc-tholeiitic and upper

high MgO/low TiO, ®boninitic® suites.

Gravity and magnetic surveys suggest that the northern flank of the Troodos
ophiolite extends northward beneath the sediments of the Mesaoria Plain and
abruptly truncates bencath the Kyrenia Range against the Ovgos Fault (Aubert
and Borez, 1974). To the south and west, the Troodos complex has been
interpreted by Biju-Duval et al. (1976) and Xenophontos and Afrodisis (in prep.)
to be ‘= overthrust contact with the Dhiarizos Group and the Mamonia
Formation. Contrary to this, reports by Robertson and Woodcock (19%0) and
Swarbrick (1980) strongly support a model of juxtapositioning of the Troodos
complex with its Campanian volcaniclastic cover (Kannaviou Formation) against
the Mamonia complex along a series of high-angle faults. These faults are possibly
related to large scale, strike-slip movement within an oceanic fault zone domain.
Moores et al. (1084) suggested that gravity sliding of the Mamonia complex onto
the Trcodos complex occurred with uplift of the Mamonia during obligue collision

of the Troodos spreading segment with a microcontinent.

An in-depth review of previous work on the Troodos ophiolite is presented in

Section 1.4.
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(2) The Limassol Forest and the Arakapas Fault Zone

The Limassol Forest complex (Keilaki Massif) is separated from the southeastern
margin of the Troodos ophiolite by the Arakapas Fault Zone. Outcropping within
the Limassol region is an elevated core of serpentinized harzburgite and dunite,
syntectonically intruded by mafic to ultramafic intrusions which are in turn
intruded by diabase dikes (Murton, 1986). A disrupted envelop of dikes. pillow
lavas and sediments surrounds the massif (Simonian and Gass, 1978). The
southern margin of the Limassol Forest is bounded by south dipping, deformed,

middle Miocene carbonates of the Yerasa fold and fault belt.

The Arakapas Fault Zone deflines an east-west trending graben, up to 1.5 km in
width and traceable along strike-length for 35 km. Simonian and Gass (1978)
interpreted the voleanogenic sediments and blocks of pillow lavas within this

graben o represent clastic wedges deposited along the fault scarps.

Simonian and Gass (1978) noted the higher Mg content of the lavas from the
Arakapas region relative to the lavas on the northern flank of the Troodos
ophiolite. These anthors attributed this chemical distinction to differences in the
petrogenetic processes occurring within the fault belt. More recently however,
Mchegan and Robinson (unpublished data) and Robinson et al. (in prep.) have
suggested that lavas occurring along the southern flank of the Troodos ophiolite
are more primitive than those on the northern flank and that there appears to be
no significant chemical difference between the lavas from the Arakapas Fault

Zone and those from parts of the Troodos extrusive sequence.

The geological features of the Limassol Forest and Arakapas Fault Zone
compare favorably with the topography, magaetic anomaly, composition,
sedientary infill and serpentinite intrusions which are characteristic of present
day oceanic fracture zones (Simonian and Gass, 1978; Robinson et al., in prep.).

Thus, a number of authors (e.g.: Simonian and Gass, 1978; Bechon and Rocci,

1982 and Robinson et al., in prep.) concluded that the Arakapas Fault and
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Limassol Forest area represent different parts of the same fossil transform fault.
The western Limassol Forest complex has most recently been interpreted by
Murton (1986) to form part of the active domain on a left-lateral leaky transform
fault. Simonian and Gass (1978) interpreted the geometry of the sheeted dikes to
indicate right-lateral fault offset (left offset of the ridge crest) of the Arakapas
fault zone. Alternatively, the work of Varga and Moores (1985) and Moores et al.
(1981) indicates a left-lateral (sinistral) shear across a right-offset transform for
the Arakapas Fault Zone based on the comparison of the pattern of dikes near

this fault zone and the structure of modern active ridge/transform intersections.

(3) The Akamas Peninsula

The Akamas region is situated within the westernmost promontory of the
Cyprus coastline, located due west of the Troodos ophiolite. Nenophontos and
Afrodisis (in prep.) have suggested that the Akamas region may represent a

western extension of the Limassol-Arakapas oceanic fracture zone.

Within the Akamas region, quartzitic sandstone, limestone and pelagic
sediments of the Jurassic to lower Cretaceous Mamonia Formation occur
intercalated with lava flows apd pyroclastic rocks and intruded by dioritic or
gabbroic sills and dikes of the upper Triassic to Jurassic Dhiarizos Group. Large,
dissociated sandstone blocks, up to 500 m long and 40 m thick and belonging to
either the Akamas Formation (Gass, 1960; Swarbrick, 1980) or the Parcklishia
Formation (Pantazis, 1967), rest conformably on the mudstones of the Mamonia
Formation. A mega-boudin origin for these discontinnous blocks was suggested by

lapierre (1975).

1.2.4. The Mamonia Complex

The Mamonia complex of southwest Cyprus is composed of an imbricated,
highly deformed and allochthonous sequence of upper Triassic - lower Jurassic to
middle Cretaceous sediments, volcanic rocks, serpentinite, amphibolites and

melange (Swarbrick, 1980).




11

The complex consists of four main units: (1) the middle to upper Triassic
Dhiarizos Group; (2) the Triassic to lower Cretaceous Mamonia Formation; (3) the

Moni Melange; and (4) the serpentinites and slices of metamorphic rocks.

The Dhiarizos Group (Robertson and Woodcock, 1980; Swarbrick, 1980) or
Petra tou Romiou Formation (Lapierre, 1975) incorporates pillow and massive

alkaline basalts interbedded with chert, limestone and hemipelagic sediments

(Swarbrick, 1980). The Dhiarizos Group is thought to represent a period of either

intercontinental (Lapierre and Rocci, 1976) or intraplate oceanic rifting (Lapierre,
1975). ‘Tectonic, intrusive and normal stratigraphic contacts exist between the
Dhiarizos Group and the overlying Mamonia Formation. Xenophontos and
Afrodisis (in prep.) noted imbricated and overthrust contacts of the Dhiarizos
Group and the Mamonia Formation onto the Kannaviou Formation and the

Troodos complex.

The Mamonia Formation (Lapierre, 1975) or the Ayios Photios Group
(Robertson and Woodcock, 1980; Swarbrick, 1980) records the deposition of
continental margin turbidity flows, redeposition of carbonates within a deeper
water environment and a late period of sedimentation within coeval deep basin

and continental rise conditions (Swarbrick, 1980).

The Moni Melange of Lapierre (1975) or Kathikas Formation of Swarbrick
(1920) is composed primarily of rocks from the Mamonia complex and represents

an olistostrome melange which originated as a series of submarine debris flows.

The serpentinite sheets, consisting of altered harzburgite and dunite, occur
imbricated with both the Dhiarizos Group and Mamonia Formation and in

overthrust contact with the Kannaviou Formation and the Troodos ophiolite.

A variety of theories has been proposed regarding the origin of the serpenti_-ites.
These include: (1) Troodos ophiolite derived serpentinite intruded into the

Mamonia complex (Gass, 1960; Lapierre, 1975); (2) sea-floor derived serpentinite
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thrust southward over the Troodos ophiolite and subsequently incorporated with
the Mamonia nappes (Robertson and Hudson, 1974); and (3) serpentinite sheets
thrust along high-angle, strike-slip faults which juxtaposed Cretaceous oceanic
crust (Troodos) against incipient Triassic oceanic crust (Mamonia), (Swarbrick,
1080). Most recently, Robinson et al. (in prep.) have suggested an upper Triassic
oceanic origin for the serpentinites which are thought to have been extruded and
imbricated witk the Mamonia Complex durirg Maastrichtian deformation in
response to movement along the westward extension of the Arakapas Fault Zone

(Xenophontos and Afrodisis, in prep.).

The origin of the scattered, up to 1 km X 5 km. in size amphibolite slivers is
likewise unclear (e.g.: Turner, 1971; 1973; Woodcock and Robertson, 1977;
Swarbrick, 1980). Turner (1871) suggested formation of tae amphibolitic rocks
during contact dynamothermal metamorphism of the Mamonia complex during
serpentinite intrusion. Woodcock and Robertson (1977) favoured subduction
related metamorphism of the Mamonia complex. Swarbrick (1980) argued that
the amphibolites represent metamorphosed Dhiarizos Group equivalents produced
during shear heating along major strike-slip fault zones. Spray and Roddick
(1981), on the basis of chemistry, mineralogy and 40Ar/39Ar geochronology,
indicated that these slivers of metamorphic rocks were produced by greenschist to
amphibolite facies dynamothermal metamorphism of alkalic and tholeiitic mafic
rocks and associated sediments at 83-90 m.y. These authors reported that the ficld
relations suggest this metamorphism occurred within strike-slip fault extensions of
the Arakapas transform. Robinson et al. (in prep.) interpreted the rocks to be
Mamonia Formation equivalents which were metamorphosed in a subduction zone

and deformed and emplaced during Maestrichtian time.

Early theories concerning the emplacement of the Mamonia complex as a whole,
include boih southward-directed thrusting over the Troodos ophiolite and its
autochthorous sedimentary cover (Lapierre, 1975; Borez et al. 19768), and

entrainment of the complex beneath and emplacement with the Troodos
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allochthon {Biju-Duvalet al.; 1976). Moores et al. (1984) and Robinson et.al. (in
prep.), suggested that northward subduction during the Cretaceous beneath the
Troodos massif resulted in the accumulation of the Mamonia complex as an
accretionary melange in the trench subduction zone. Subsequent Maestrichtian

trench-microcontinent collision (i.e.: Troodos collision with a microcontinent,

possibly the Anatalya complex in southern Turkey) resulted in the cessation of

this subduction, uplift of the Mamonia Complex, and gravity sliding northward

onto Troodos and its sedimentary cover (Moores et.al., 1984).

1.3. Regional Tectonic Setting of the Troodos Ophiolite

The Trondos ophiolite forms a western member to a girdle of ophiolite massifs
which extend along the northern margin of the Arabian platform (Ricou, 1971).
This zone of ophiolites delineates just one segment of the more than 8,700 km
long, east-west trending Tethyan ophiolite belt which extends intermittently from
the Alps, through the Hellenides, the Dinarides, the Taurus, the Zagros and Oman
Mountains and eastwards into the Himalayan Mountains (Hsu and Bernoulli,

1978; Adamia et al., 1980), (Figure 1-3).

The Alpinc-llimalayan mega-suture zone is defined by this linear arrangement of
fragmented Tethyan oceanic crust. The zone developed during Cretaceous to
early Tertiary collision and subduction of the late Mesozoic Tethyan oceanic
plate. Northward movement of the African and Indian plates and coincident
castward movement of Europe due to spreading of the North Atlantic (Bally,
1975; Ilsu and Bernoulli, 1978; Bernoulli and Lemoine, 1980) resulted in this

collision and the subduction of this late Mesozoic Tethyan oceanic plate,

The Alpine-llimalayan ophiolite belt shows major variations in characteristic
[eatures from east to west along its length (Karamata, 1880). The eastern type,
with which the Troodos ophiolite is associated, exhibits a more depleted upper
mantle repteseated by harzbuigite tectonite, a variably developed pyroxenitic

critical zone, abundant plagiogranite and keratophyre, chromite concentrations, a
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mainly tholeiitic chemistry, well developed sheeted dikes and an association with

deep-water pelagic sediments. The western type, on the other hand, typically

shows a less depleted lherzolitic upper mantle, a well developed eritical zone
composed of cumulate plagioclase-bearing lherzolite and harzburgite, massive
diabase, infrequent plagiogranite or keratophyre and a terrigenous sedimentary
association. A transitional boundary which divides the eastern and western

ophiolite types passes through Yugoslavia, Albania and Greece.

According to Karamata (1920), this contrast between the eastern and western
ophiolite types may reflect variations in the origin of the oceanic crust along the
length of the Tethyan belt in terms of the spreading setting (i.e.: foreare, backare,
marginal sea, oceanic setting), upper mantle source region, heat flow, degree of
partial melting and interaction with continental crust. Karamata (1980) reported
that in the west, development of the oceanic crust was probably areal
oceanization in association with mantle diapirs, low degrees of partial melting or
deep-seated melting zones. While, to the east, a mid-oceanic ridge or immature
ridge(s) setting associated with microcontinents and island arc development was

proposed (Karamata, 1980).

1.4. Review of Previous Work for the Troodos Ophiolite

The following section is intended to provide an overview of the work done by
numerous investigators on the Troodos ophiolite since the late 1050's. A summary
of work conducted prior to 1958 is available in Wilson (1959). Extensive
summaries are also available in Allen (1975), George (1975) and Gass (1980). The
results to date of the ongoing Cyprus Crustal Study Project are included.

1.4.1. Origin and Formational Setting

An origin for the Troodos lavas by partial melting of a previously depleted
mantle source is now widely accepted (e.g.: Peterman et al,, 1971; Greenbaum,
1972A; Miyashiro, 1973; Pearce, 1975; 1980; Laurent et al., 1980; Saunders et al.;
1980; Schmincke et al., 1983; Robinson et al., 1983; Malpas and Langdon, 1984).




16

However, considerable differences in opinion exist concerning the formational
setting of the massif with earlier investigators favouring an oceanic setting, while

more recent work supports a supra-subduction zone environment.

(1) Oceanic Setting

Bishopp (1952) was first to recognize that the Troodos igneous body represented
a slice of oceanic crust with no underlying sialic crust. Gass (1987, 1968)
proposed formation of the massif within an extensional regime on a mid-Tethyan
rise based upon both the petrological and geophysical evidence and similarity with
the present day mid-oceanic ridges. Moores and Vine (1971) and Gass and
Smewing (1973) suggested formation during intracontinental rifting to form a
major oceanic basin during late Cretaceous time. Robertson and Woodcock (1980)
argued for a narrow rifted oceanic setting while Smewing (1975) and Smewing et
al. (1975) proposed formati>n within a ridge median valley for the axial sequence
(sheeted dikes and lower pillow lavas) and an off-axis origin for the upper pillow

lavas.

(2) Supra-Subduction Zone Environment:
Island Arc or Back-Arc Basin Volcanics.

An island arc involvement in the formational setting of the Troodos ophiolite
was first suggested by Pearce and Cann (1971, 1973). On the basis of relatively
immobile trace elements (e.g.: Ti,ZrY,Nb) they proposed an ocean floor setting
for the sheeted dike complex and lower pillow lavas and an island arc
environment for the upper pillow lavss. Kay and Senechal (1876) concluded on
the basis of REE ratios and Zr/Ti values, a mid-ocean ridge, small ocean basin or
incipient island arc setting. A formational setting entirely within an island arc
environment was proposed by Miyashiro (1973, 1975A;B) based upon a
comparison of the major element lava chemistry with those data available from
similar present day island-arc environments. Freund et al. (1975), Pearce (1975,
1980) and Saunders et al. (1980) suggested on the basis of trace clement data, a
formational setting for the ophiolite within a narrow marginal sea or back arc

basin with a subducted oceanic crust signature. Robinson et al. (1983) and
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Malpas and Langdon {19814) suggested on the basis of lava glass compositions, a

formation within a supra-subduction zone environment; probably within 2n

incipient arc or forearc setting. The general absence of voleaniclastic and

pyroclastic rocks was noted by Moores (1982) thereby indicating the immature
nature of the island arc environment. The isotopic and trace element work of
Rautenschlein et al. (1985) likewise indicates supra-subduction zone volcanism in

the earliest stages of island-arc development.

Moores ct al. (1984) have recently proposed a recent model for the origin of the
Mideast ophiolites that is based upon the present day situation in the Andaman
Sea. The Troodos and other Mid-east ophiolites are viewed as having formed in a
scries of short spreading segments separated by long transform faults, above a
north dipping subduction zone (Figure 1-4). Such a model accounts for the
existing evidence of an extensional environment subduction zone involvemeut and

proximity of transform fault and accretionary melange environments.

1.4.2. Emplacement and Tectonic Disruption

Limplacement of the Troodos ophiolite is still a matter of speculation, conjecture
and controversy {Gass, 1980). Gass and Masson-Smith (1963), Gass (1980) and
Robertson and Woodcock (1980) suggested an essentially in-situ, uplifted setting
for the Troodos massif, overlying northward dipping, tectonically underthrust
oceanic or continental crust. Contrary to this, Lapierre (1975), Biju-Duval et al.
(1976), Bortolotti et al. (1976) and Moores et al. (1984) support an allochthonous
emplacement of the Troodos massif, derived from either a moderate or large
distance to the north. Bortolotti et al. (1976) likewise stated that the Troodos
massif is itself internally thrusted, consisting of a pile of allochthonous thrust units
with a southward vergence. Contrary to these opinions, no evidence for major
thrust repetition of the complex was found by either Robertson and Woodcock
(1980) or the present author. Evidence of listric and planar normal faults cutting
the shected dikes and flattening into a detachment within the upper gabbros was

presented by Varga and Moores (1985) and Verosub and Moores (1981). However,
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Figure 1-4: Schematic model for the formation of the Troodos ophiclite
in a short spreading segment above a subduction zone and a
collision  with a small microcontinent (after Moores et al.

1984.




such faulting and tilting to produce axial valley grabens occurred early in the

history of the complex within the spreading ridge domain. Robinson et al. (in

prep.) noted several thrusts with limited displacement (~300 m) cutting pillow
lavas on the southern flank of Troodos. Otherwise, only high-angle, normal
faulting has been recognised within the complex, the largest of which has

juxtaposed harzburgite against gabbro in a locality to the east of Mt. Olympus
(Wilson, 1959).

The present day domal structure of the Troodos ophiolite is attributed to a
number of mechanisms which together have yielded more than 2000 m. of uplift
centered on Mt. Olympus (Gass, 1980). Wilson (1959), Moores and Vine (1971)
and more recently Gass (1980) have suggested that the initial uplift accompanied
the 90° counterclockwise rotation of the massif due to Miocene collision with a
microcontinent or the African continental plate. Continued uplift since Miocene
time has been related to hydration of the ultramafic rocks and subsequent
serpentinite intrusion (Allen, 1975; Gass, 1880). The latter intrusion may have
been associated with the liberation of hydrous fluids from an underlying

subducted oceanic or continental slub.

1.4.3. The Plutonic Complex

The generalized ®stratigraphic® sequence represented in the plutonic complex of
the Troodos ophiolite incorporates a mafic (e.g.: gabbro, pyroxenite and minor
peridotite) unit which structurally overlies an ultramafic (e.g.: harzburgite) unit
{(Coleman, 1977). These two major units of the plutonic complex are separated by
a transition zone which includes dunite with layered webrlite, pyroxenite and

troctolite (Wilson, 1959; Moores and Vine, 1971).

Origin of the harzburgite tectonite as a depleted mantle residuum following
partial melting of plagioclase-lherzolite (Allen, 1975) to yield primary olivine
basaltic magmas is supported by the work of Carswell (1968), Moores and Vine
(1971), Nicolas and Jackson ( 1972), Greenbaum (1972a), Menzies and Allen (1974),
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Allen (1975) and Kay and Senechal (1976). However, George (1975; 1978),
considered a residual mantle versus a high-temperature deformed and
recrystallized metacumulate origin to be unequivocal on the basis of structural
data. A similar controversy exists in the literature regarding a cumulate versus
residual origin for the transition zone (Nicolas and Prinzhofer, 1983). The

chromitite, dunite and higher stratigraphic units were interpreted as cumulate in

origin by numerous workers (e.g.: Boettcher, 1969; Greenbaum, 1972A; Menzies
and Allen, 1974; George, 1975; and Nicolas and Prinzhofer, 1983). In contrast,
Moores and Vine (1971); Nicolas and Jackson (1972) and Nicolas and Prinzhofer

(1983) classified the dunite as depleted residual mantle resulting from melting out

of the orthopyroxene component in the harzburgite. Likewise, the dunite bodies
found deep within the harzburgite tectonite were interpreted by Allen (1975) and
Gass (1980) to represent olivine +/- chromite which precipitated from trapped
rising melts, In contrast, Ringwood (1966) and Moores and Vine (1971) considered
these bodies to represent residual material from which the plagioclase,
orthopyroxene and clinopyroxene components had been remcved during partial

melting.

Minor outerops of plagioclase-lherzolite tectonites within harzburgite were
interpreted by Menzies and Allen (1974) to represent relatively undepleted
aluminous upper mantle peridotite. Gabbroic pods outcropping within the mantle
tectonites were thought to represent batches of melt which crystallized before

escaping from their source ro:i 1(iass, 1980).

Cumulus model phase transitions from olivine gabbro to pyroxene, pyroxene-
hornblende and hornblende-magnetite gabbro was reported by Allen (1975) within
higher stratigraphic levels of the plutonic complex. The presence of plagiogranite
bodies were attributed to a process of filter pressing segregation and crystal
settling from gabbroic crustal mush in a zone beneath the massive dioritic

underplating of the diabase dikes (Allen, 1975).

Greenbaum (1972A) proposed a fractional crystallization sequence of Cr-Ol-Cpx-
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Opx-P1 with the last three minerals occurring first as intercumulus and later as
cumnlus phases. Allen (1975) reported cyclic, eryptic and rhythmic layering in the

cumnlate sequence commencing with dunite adcumulate. He also suggested a

crystallization sequenca compatible with that of Greenbaum except for variations

in the relative appearance of Cpx., Opx. and Plag. on the solidus. Allen (1975)
also demonstrated a tholeiitic fractionation trend with limited Fe enrichment for

the plutonic complex, postulating a picritic basalt parental magma low in Ti, Na,

K and P.

The complex, irregularly gradational igneous contact between the genetically
related (Greenbaum, 1972b) gabbros of the upper plutonic sequence and overlying
sheeted dike complex was interpreted to represent a zone of multiple intrusion
(Moores and Vine, 1971) during synchronous formation of the two units (Wilson,

1959 ; Allen, 1975).

Two end-member magma chamber models have been proposed for development
of the Troodos ophiolite based upon geological field evidence and petrologic data
found within the plutonic complex. The first model, proposed by Greenbaum
(1972A) and supported by George (1975), involves the accumulation of the broad
scale ophiolite stratigraphy by cumulate processes within a single, steady-state
magma chamber. Contrary to this, a second model involving multiple magma
chambers waxing and waning with time during the cumulate development of the
ophiolite has becn proposed by Moores and Vine (1971), Allen (1975), Smewing et
al. (1975), Greenbaum (1977) and Malpas and Langdon (1984). Allen (1975)
speculated upon the formation of discrete, linear magma cells, up to 1km sq in
size, which were refurbished by magmas of varied compositions beneath a paleo-

ridge. Gass (1980) suggested derivation of these melt batches from rising diapirs.

The review by Gass (1980) advocates the muitiple magma theory, however, he is
quick to point out the lack of documentation of definitive contact relations,
pluton margins and overall geometries for these magma chambers. Most recently,

Benn and Laurent (1987) have reported two magmatic suites within the plutonic
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complex in the Caledonian Falls area, located south of the present authors map
area. These author's, however, do not discuss in any detail the contact relations,
margins or geometries of the intrusive bodies nor the distribution or patterns of
ductile deformation within the plutonic complex. In the following chapters of this
thesis, the multiple magma chamber model will be both substantiated and
significantly refined by the delineation of spatial and temporal relationships
between the various magn.atic suites and magma chambers which collectively
constitute the Troodos plutonic complex. Also, the findings of Benn and Laurent
(1987), regarding the distinction of magmatic suites on the basis of mineral

chemistry, will be refuted by the results of the present author’s work.

1.4.4. The Volcanic Sequence

The volcanic sequence incorporates both the sheeted dike complex and the
upper and pillow lava sequence of the Troodos ophiolite. The sheeted dike
complex varies from 1.2 to 1.4 km. in thickness (Wilson, 1939). It consists of 0.3 to
4.5 m. wide dikes which strike north-south except for a swing to an east-west
orientation approaching the Arakapas fault zone. Onec-way chilling statistics of
Kidd (1977) and Kidd and Cann (1974) suggested a spreading center located to
the present-day west of the complex. However, ongning work in the Cyprus
Crustal Study Project (e.g.: Baragar and Lambert, 1984) reveals several phases of

dike intrusion with no preferred chilling direction.

The dike complex grades upwards to the pillow lava sequences (Wilson, 1959;
Gass and Masson-Smith, 1963; Moores and Vine, 1971; Mantis, 1971). Early
workers (e.g.: Wilson, 1959; Bear, 1960; 1966; Gass, 1958; 1960; Gass and
Smewing, 1973; Smewing, 1975) divided the lavas into two groups: (1) greenish-
gray, oversaturated, predominantly aphyric (minor plagioclase and clinopyroxene
phenocryst bearing) lower pillow lavas and (2) reddish-brown, undersaturated,

olivine and pyroxene-phyric bearing upper pillow lavas with highly picritic zones.

Recent work on lava glass compositions by Robinson et al,, (1983) and Mehegan
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and Robinson (1984) has suggested two distinct magma suites. The chemical
boundary between the two suites is lower in the stratigraphic sequence than the
boundary defined earlier by Gass and Smewing (1973). The lower 500 m section of
andesite, dacite-rhyolite assemblage exhibits an arc tholeiite chemistry, while the
upper 750 m section of picritic basalt-basaltic andesite shows higher MgO and low
TiO, suggestive of boninitic affinity (Robinson et al., 1983; Robinson et al., in
prep.). A similar chemical signature has been noted from the Bonin Arc (Crawford
et al., 1981) and the Mariana Arc (Wood et al., 1980) where a series of high-Mg
lavas overlies a less-Mg rich are tholeiite suite. The ongoing work of others (e.g.:
Baragar and Lambert, 1984; Baragar and Gibson, unpub.) has suggested a
possibly chemical continuum between these two suites of the Troodos pillow lava
sequence. Within the upper pillow lava suite, Malpas and Langdon (1984) have
delineated a petrogenetically related suite of ultrabasic lavas, komatiites, olivine
basalts and aphyric basalts derived from a highly depleted, primary melt by

dominantly olivine fractionation.

1.4.6. Solid State Deformation

Wilson (1958) correlated penetrative deformation features of the harzburgite and
dunite with those features observed in alpine-type ultramafic complexes, while
Moores and Vine (1971) noted the obscure nature of the contact between
harzburgite and dunite due to this penetrative deformation. The steep attitude of
planar and linecar mesoscopic structures within the harzburgite and lower
metacumulates was attributed to a period of ductile deformation (Greenbaum,
1972A), while the attitude of the large scale contact between these units was
ascribed to a number of factors, including: (1) late doming of the massif
(Greenbaum, 1972A); (2) a primary igneous feature; and (3) tectonic transport of

the igneous layering following crystallization of the cumulates (George, 1975).

George (1975) discussed the contemporancous nature of plastic deformation and
infolding of the harzburgite and dunite units, during a temperature interval

sufficient for syn- to post-tectonic recovery via recrystallization mechanisms in the
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plastically strained grains. Syntectonic recrystallization of the olivine at high
temperatures was considered to be the fundamental mechanism of deformation
within the harzburgite and dunite. Thus, the strong olivine and weak
orthopyroxene petrofabries, recorded within these units, were attributed to
concentration of strain within the olivine phase (George, 1875). The transition
from deformed to undeformed cumulates was reportedly gradational over a 500 m
interval within clinopyroxene-bearing olivine cumulaies, however, some straining
of the olivine phase in each of the olivine bearing lithologies, except the gabbros,
was reported (George, 1978). George (1975, 1978) interpreted the absence of
plastic deformation within *he cumulates to signify the presence of a intercumulus
liquid which accommodated the strain by a grain boundary sliding mechanism
during the ductile deformation. Therefore, ductile deformation during fractional
crystallization occurred at deeper levels within the accumuiating pile during
magmatic deposition (i.e. syntectonic magmatic sedimentation). This plastic
deformation ended prior to crystallization of the upper cumulates (George, 1975;
1978). The transition from plastic flow to brittle deformation mechanisms within
the plutonic complex (the deformation front) are not discussed at any length by
George (1975, 1978).

The major conclusions of George (1875, 1978), particularly those concerning the
distribution of high temperature, plastic deformation within the higher cumulate

levels of the plutonic complex, are disputed in the following chapters of this thesis.

1.4.6. Metamorphism

Studies of the metamorphism of the Troodos ophiolite commenced in the carly
1070's. Gass and Smewing (1973) presented evidence for a metamorphic
discontinuity marking the boundary between the generally fresh upper pillow
lavas and the altered lower pillow lavas. A minimal 150°C/km. thermal gradient
was noted, corresponding to an increase in metamorphic grade, from zcolite
through greenschist and lower amphibolite facies with depth. Contrary to this,

Robinson et al. (1983) reported that no significant metamorphic discontinuity
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occurs between the upper and lower pillow lavas and that an abundance of fresh

glass occurs throughout both units.

Gillis (1983) noted a lack of systematically increasiiug metamorphic grade with
depth in the pillow lava and sheeted dike units. In general, the newly defined
upper pillow lava sequence (refer to Subsection 1.4.4), (Robinson et al., 1983)
exhibits a weak alteration while the icwer lava sequence contains low grade
metamorphic assemblages of calcite, secondary silica, smectite, celadonite and
zeolites.  Isotopic studies in the pillow lava and sheeted dike units showed high
water/rock ratios, Cretaccous scawater involvement and significant mass transfer
of clements including Na, K, Ca, Fe, Sr, S and base metals (Broughton and
Gibson, 1984; Staudigel et al., 1984). An upper greenschist to lower amphibolite
facies sub-scafloor metamorphism of the upper plutonic complex involving

appreciable chemical alteration was reported by Allen (1975).

1.4.7. Geophysics

Gravity studies by Gass and Masson-Smith (1963) revealed a positive (100-150
mgal.) regional Bouger anomaly located beneath central Cyprus and a negative
(-120 mgal.) anomaly to the east of Mount Olympus, which they attributed to a
10 km dcep, cylindrical plug of serpentinized ultramafic rock. Gass and Masson-
Smith (1963) and Gass (1967) suggested the existence of a 11 km thick slab of
dense (3.3 gm/cm3) material underlain by a 25 km thick slab of less dense (2.7

gm/cms) African continental crust dipping northward beneath Cyprus.

Formation of the Troodos Complex within an east-west spreading axis during

*normal® carth polarity was documented by Moores and Vine (1971). The 90°

counterclockwise (Shelton and Gass, 1980), mid-Miocene rotation of the Troodos
block occurred prior to serpentinization during a microcontinent or African plate

collision (Moores et al., 1984).

Most recently, seismic refraction profiles between Cyprus and Israel (Makris et
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al., 1983) indicate that; (1) Cyprus is underlain by 35 km thick continental crust
which thickens southward and (2) south of Mount Eratosthenes, a transition in
crustal structure indicates a major structural boundary that scparates the
continental Cyprus-Eratosthenes block to the north from an oceanic region which

extends southward to Israel.

1.5. Aims and Logistics of the Present Study

The present study evolved at the initial stage in the remapping of the plutonic
complex of the Troodos ophiolite by members of the Cyprus Crustal Study
Project. The project represents a joint venture of the International Crustal
Research Drilling Group and the Government of Cyprus through the Cyprus

Geological Survey Department.

Previous studies of the Troodos plutonic complex (e.g.: Greenbaum, 1972A;
Allen, 1975; and George, 1975) have provided valuable information concerning
certain aspects of the plutonic complex as outlined in preceding sections of
Chapter 1. However, up until 1982, an accurate and detailed lithological and/or
structural map for any portion of the complex was not available. Likewise, a
number of major controversies are apparent from the literature regarding : (1)
magma chamber models; (2) size and shape of the magma chambers; (3)
distribution of high temperature deformation; and (4) mineral crystallization
sequence(s). Consequently, the intent of the present study was to map in detail
an area within the plutonic complex, paying particular attention to the
lithological relationships, plutonic geometry and the nature and orientation of
structural elements. Such a detailed study would help to further our
understanding of the processes of multiple iatrusion, the relative age relationships
between magmatism and deformation, and the nature and geometry of high
temperature plastic deformation associated with crustal aceretionary processes

operating at deeper levels within the spreading environment.

To this end, a 18 km sq region within the northwestern quadrant of the plutonic
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complex was chosen for the study (Figure 1-2). This region incorporates a well

exposed cross section through the plutonic complex of the Troodos ophiolite

pseudostratigraphy, from harzburgite tectonite to the base of the sheeted dike

complex.

The principal objectives of the study were:

. To systematically map in detail the northwestern quadrant
of the plutenic complex in order to:

a. delineate the distribution and contact relationships
of the various lithologies.

. determine the shape, size and internal geometry of any
individual plutons delineated within the complex.

. document the distribution of high temperature solid
state deformation throughout the complex via form-
surface mapping of all planar and linear fabrics.

. determine the relative age relationships between
magmatisn and deformation.

. examine the extent of brittle tectoanic disruption of
the plutonic complex within the study region.

. To document the characteristic microscopic textures and
fabrics of the various lithological units.

. To determine the petrography and crystallization
sequence (s) of the magmatic suite(s).

. To determine chemical variation and fractionation trends
within and between the magmatic suites.

. To evaluate the major and trace element chemistry of
the mafic-dikes which crosscut all other units £ the
plutonic complex.

. To further develop a multiple intrusive magma chamber
model for the Troodos ophiolite integrating the results
of the present study with the data base provided by
previous workers.
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A total of 4 months was spent mapping an area of 16 km sq, at a scale of
1:5,000, during the 1983 and 1984 summer field seasons. The 1:5,000 scale base
map was obtained by photographically enlarging the 1:25,000 Troodos and Hill

Resorts topographic map (Department of Lands and Surveys, Nicosia, Cyprus),

thereby providing accurate contour, road and stream locations.  Areas of
particular interest were examined and mapped in closer detail. Access to the ficld
region is very good with numerous roads, footpaths and streams. Exposure is
excellent along roadcuts, streams and ridges, although mapping was difficult along
the numerous steep, debris covered slopes. Lodging was established in Mitsero
Village.

Organization of the thesis is such that the major results of the field component
of the study are presented in chapter 2. Chapter 3 presents the mega-, meso- and
microscopic structural features of the older suite lithologies. Chapter 4 includes
the petrographic descriptions of the younger suite lithologies, mineral chemistry
analysis of the younger and older suites and the petrography and geochemistry of
the mafic-dikes. In concluding, Chapter 5 will summarize and discuss the results

of ihe study.

It should be noted that the conclusions presented in this thesis are confined to
that geology which is exposed within the northwestern quadrant of the plutonic
complex. Ongoing studies in other regions of the complex may reveal additional
relationships thereby enhancing our progressive understanding of the formation

and deformation history of the Troodos plutonic complex.
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Chapter 2
FIELD RELATIONS

The magmatic and structural features of the geology exposed within the
northwestern quadrant of the Troodos ophiolite plutonic complex are described in
this chapter. The spatial and temporal relationships between deformation and
magmalism are discussed. The lithological units are addressed in terms of their
overall macroscopic and mesoscopic outcrop features, spatial distribution and
contact relationships. It is recommended that the reader refer to the
accompanying 1:7,500 scale geological map and cross-sections of the study area
(MAP 1), which are located in the enclosure at the back of the thesis.

2.1. The Northwestern Quadrant of the Plutonic Cemplex : A

Geological Overview

The geological relationships exposed within the northwestern quadrant of the
plutonic complex (Lat. 35%0° N: Long. 32053’ E), reveal a complicated history of
concomitant magmatic and structural processes related to the construction of

oceanic crust within a paleo-spreading regime.

The lithological units of a complete plutonic ophiolite succession, as defined by
members of the Penrose Conference, 1972 (Geotimes, 1973), outcrop within the
plutonic complex. The ®succession® includes residual harzburgite tectonite at the
base, massive dunite, chromitite, orthopyroxenite, olivine-pyroxenite, layered
olivine and hypersthene gabbros and pyroxene-hornblende gabbros with minor

trondhjemite and diorite in the higher structural levels of the complex. This

*succession® of rocks, which outcrops progressively from harzburgite in the south-
ps prog y g
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southwest to gabbros in the north-northwest (MAP 1) is collectively referred to as
the older suite throughout this thesis. Mesoscopic and microscopic features
indicative of high temperature, plastic deformation are clearly present not only in
the upper mantle and transition zone sections of this older suite (e.g.: George,
1975; 1978; Nicolas and Violette, 1982) but are also hetcrogeneously developed
within the higher crustal ®cumulate® levels (i.e.: layered gabbro) of the plutonic
complex. Continuity of the structural fabric is maintained from the penetratively
deformed harzburgite tectonite through to parts of the inhomogeneously deformed

mafic cumulates.

Multiple intrusion and disruption of the older suite by a number of younger
suite plutons has been documented on the basis of magmatic and deformational
overprinting criteria. Field criteria used to distinguish the older suite units from
the younger suite(s) include: (1) xenolith-bearing margins; (2) abrupt truncation
of structural and/or magmatic fabrics; (3) contrasting lithologies; and (4)
mesoscopic and microscopic deformation and magmatic textures. Mapping of
distinct plutonic sequences within the younger suite(s) themselves is likewise
possible on the basis of field criteria including: (1) dike swarms and stockworks;
(2) xenolith-bearing margins; (3) intrusive contacts which truncate primary
magmatic fabrics of earlier plutons; and (4) crosscutting pegmatitic phases

intruding host plutons.

The younger intrusive suite(s) incorporates a variety of ultramafic to mafic

lithologies consisting of wehrlite, clinopyroxenite, pyroxene +/- hornblende

gabbro and mafic dikes. These same cumulate wehrlite and pyroxenite units were
incorrectly interpreted by all previous workers (e.g.: Wilson, 1959; Moores and
Vine, 1971; Greenbaum, 1972A; Allen, 1975; and George, 1975; 1978) as
representing the classic ®transition zone® (Geotimes, 1973) or °*critical zcne®

(Irvine and Findlay, 1972) of the Troodos ophiolite succession (Geotimes, 1973).

The main volume of younger suite intrusives outcrops as a continuous,

northeast-southwest trending arcuate belt, 4.5 km in length and up to 1 km wide




31

in plan view, which widens westward along the southern map margin (MAP 1,

Fig. 2.20 - ZONE 1). This belt of plutons occupies an area which, in essence,
separates the older suite upper mantle, lower metacumulate units (e.g.
harzburgite, dunite} from the older suite layered gabbro cumulates. The
geological controls responsible for concentrating the main bulk of these younger

suite intrusions along the transitional zone of the older suite will be discussed in

Section 2.3.4.

Additional small plugs of younger suite intrusives are exposed farther north.
Other mafic to ultramafic plutons have been observed intruding the harzburgite
tectonite to the south of the study area (Calon, pers. comm.; Allen, 1975 and
(iass, 1980). The latter two authors have, however, interpreted these bodies to
represent micit batches which were trapped within the depleted mantle source

rock while enroute to an overlying magma chamber.

Isotropic, mesoscopic cumulate textures characterize the generally undeformed
naturc of the younger suite(s). However, a number of the smaller intrusive plugs
and dikes of the younger suite do exhibit a very weakly developed planar fabric in

oufcrop.

Thus, on the basis of the detailed field observations, incorporating: (1) the
geometrical relationships and spatial distribution of units within and between
suites; (2) the distribution and style of ductile deformation; and (3) the relative
timing of solid-state flow with respect to this magmatism; a working model has
been developed for distinguishing both the older and younger magmatic suites as
well as multiple plutonism within the younger suite(s). A similar approach has
been utilized in establishing relative age relationships in metamorphic terrains
le.g.: Zwart (1958) in the Pyrenees; Johnson (1961, 1963) in Scotland; Rathbone et
al. (1983) in the Caledonide/Appalachian Orogeny in Scotland; McLelland et al.
(1087) in the Adirondack Mountains] and complex time-space relationships in
accretionary histories of early continentai crustal terrains [e.g.: Bridgewater and
Collerson (1976) in the early Archean of Labrador; Grant (1978) in the Pan-

African domain of northwestern Nigeria).
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The detailed, descriptive coverage of the rock types and the geological
relationships within the plutonic complex are contained in the following sections

of this chapter.

2.2. The Older Suite

The spatial distribution of the lithological units belonging to the older suite
matches the annular outcrop pattern for the Troodos ophiolite as described by
Wilson (1959). Harzburgite tectonite, the deepest unit, forms the core of the
central highlands of the Troodos Forest area giving way to progressively higher

structural units at lower elevations to the north and northwest (MAP1).

The nature of the contact between massive dunite, layered transition zone
lithologies and the layered gabbro units of the older suite cannot be established in
any detail in the field due to the masking effect of the main belt of younger suite
intrusives (Map 1). However, the dunite-harzburgite transition noted by previous
workers (e.g.: Greenbaum, 1972A; 1977; Allen, 1975 and George, 1975; 1978), is

discussed in Subsection 2.2.1.

The older suite is distinguished in the field by its characteristically pervasive
and penetrative S>> L fabric. It is noted that although the older suite gabbros
are heterogeneously deformed, the orientation of structural fabrics developed in
this unit are consistent with those in the remainder of the penetratively deformed
older suite. The foliation is orientated either parallel or slightly oblique to the
magmatic accumulation layering and at a high angle to the probable original
trend of the major older suite lithological unit contacts. Small scale F, isoclinal
folds with axial planar fabric were observed in the field and defined by
contrasting mineral phases and/or assemblages are rare. The general structural
features of the older suite will be briefly presented in this chapter, while

discussion of the mega-, meso- and microscopic structural characteristics is

reserved for Chapter 3.
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It should be noted that although the grouping of all the penetratively deformed
lithological units into one older suite is based upon shared structural fabric
features, the older suite could in fact be composed of either; (1) progressively
fractionated magma batches which were periodically replenished from a deeper
scated, evolving magma chamber (auto-intrusive processes) or (2) multiple
intrusion from various magma sources. The structural overprinting due to
penetrative plastic flow and large scale transposition of lithological boundaries
would have ultimately obliterated all criteria for distinguishing such relationships,
if they existed. Therefore, for the purpose of this thesis, the older suite includes
all of the penetratively deformed ultramafic units (harzburgite, dunite, transition
zone orthopyroxenite) and the heterogeneously deformed layered olivine and

hypersthene gabbro units exposed within the study area.

A fault controlled contact, exposed in the northeastern part of MAP |,
juxtaposes the layered gabbros of the older suite plutonic complex against the
sheeted dike complex. This major, 45° east- dipping normal fault exposes west-
dipping layered gabbro in the footwall against the 40° to 50° east-dipping diabase
dikes in the hanging wall (Figure 2-1). The sheeted dikes of this region are
medium grey to tan-brown and either aphyric or clinopyroxene and plagioclase
microphyric. Intense fracturing, shearing and slickenside development in both the
gabbroic and diabasic units marks the fault trace in the field. Elsewhere, the
nature of the contact between the layered to varitextured gabbros and the sheeted
dike complex was not determined as the appropriate outcrops were located

beyond the perimeter of the study area.

2.2.1. Upper Mantle-Lower Metacumulate Units

Harzburgite tectonite, massive dunite and associated chromitiferous bodies form
an intricate upper mantle/lower metacumulate section of the older suite sequence.

This section of rocks is separated from the structurally higher older suite

lithologics by the main zone of younger suite plutons (refer to Section 2.1).
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Large srale isoclinal infolding of the boundary between the harzburgite tectonite
and massive dunite during high temperature, solid-state deformation, as suggested
by previous workers (e.g.: Moores and Vine, 1971; Greenbaum, 1972A; Allen, 1975
and George, 1975; 1978), is supported by the results of the present author's study.
The most important pieces of evidence for this conclusion are: (1) the form-trace
of the interdigitated contact between the two lithological units; (2) the presence of
a penetrative steep foliation orientated parallel to the boundaries of this
interfingered contact; (3) the exposure of lensoidal inliers of dunite (up to 1 km
long and .1 km thick) (Gass, 1980) within the harzburgite which are orientated
with their long axis parallel/subparallel to the regional foliation ; (4) the presence
of schlicren and isoclinally folded chromite layers (Figure 2-2) with an axial planar
foliation concordant to the regional structural trend: and (5) the presence of
nodular chromite with pull-apart tension cracks orientated normal to the

clongation axis of the nodules.

The enveloping surface to the infolded dunite/harzburgite contact trends from
N20"E to N10E in the map region, and is therefore, orientated at a high angle to
the regional N30"W foliation (MAP 1). The thickness of this infolded contact
varies up to 1 km throughout the map area. Isolated dunite inliers, occurring up
to 3.5 km into the harzburgite (Allen, 1975), may represent either extreme
attepuation ard boudinage along this infolded contact or, more likely, the
clongation during ductile deformation of dunite pods inherent to the harzburgite.
The penetrative, steep foliation of the harzburgite tectonite and dunite lies
parallel to the axial plane of both the large and small scale isoclinal folds with
transposition  of all original layering and the harzburgite/dunite contact
parallel/subparallel with this contact.  This folding has thus occurred

contemporancously with the high temperature deformation which generated the S

and rare L fabrics at temperatures near the peridotite solidus (1200°C to 1300°C),
(Nicolas and Poirier, 1976).

Controversy exists concerning the residual martle (e.g.: Moores and Vine, 1971;
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Nicolas and Jackson, 1982; Greenbaum, 1972A; Menzies and Allen, 1874; and Kay
and Senechal, 1976) versus cumulate (George, 1975; 1978) origin of the
harzburgite tectonite. Likewise, a similar difference in opinion exists for the
origin of the dunite +/- chromitite units as representing: (1) depleted residual
mantle (Ringwood, 1966; Moores and Vine, 1971; and Nicolas and Jackson, 1882);
(2) cumulate (Greenbaum, 1972A; Menzies and Allen. 1974; and George, 1975); or

(3) cither partial or total derivation by metasomatic transformation of harzburgite

(Bowen and Tuttle, 1949; Dungan and Ave’Lallemant, 1977).

2.2.1.1. Harzburgite Tectonite

The harzburgite appears orange-tan in colour on weathered surfaces and
variegated (hobnail texture) with prominent, coarse (5 to 10 mm) brownish-green
orthopyroxene grains and aggregates. Weathering penetrates for 1 to 5 em, with
fresh rock surfaces showing black, variably serpentinized olivine and dark green
orthopyroxene.  The harzburgite exhibits a porphyroclastic to equigranular
texture in hand sample with an average modal composition ranging [rom 70-85%%
olivine and 15-30%0 orthopyroxene with trace amounts (~25¢) of irregular and
spindle shaped spinel and accessory clinopyroxene. Evidence of metamorphic
segregation of the olivine and orthopyroxene phases into prominent compositicnal
laycring was exposed in two areas. These layers range from 5 mm to 4 cm in
thickness (Figure 2-3) and are traceable for up to 4 m along strike, although

individual layers are discontinuous over very short distances.

The moderate to strongly developed regional foliation trend within the
harzhurgite, exhibits a steep to vertical N30®W trend throughout the map area.
A swing to a more northerly trend was noted within the northeastern exposures

(MAP 1),

Within the harzburgite, numerous lenses, pods and veins of dunite occur in
increasing proportions upon approaching the interdigitated harzburgite-dunite
contact. These lenses, dikes and sills range from a few centimeters to more than a

meter in width, exhibit rare mesoscopic-scale isoclinal folds and trend both
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Small scale brittle deformation featurcs with limited displacement were noted
within the main body of harzburgite tectonite. One major north-south striking,
vertical fault zone occurs within the harzburgite and is exposed along the road
section near the lower chromite mine adit (MAP 1). This fault outcrops along
strike for more than 500m, varies up to 50 m in width and appears to terminate
ncar the harzburgite-dunite contact. The fault is marked by intense brecciation,
with angular to subrounded, centimeter to deciineter sized clasts floating in a
magnesite matrix (Figure 2-5). Similar harzburgite breccia with low Mg cement
was reported by Bonatti et al., (1874) and referred to as *oficalci® in northern
Apennine ophiolites. Major faulting along margins of the harzburgite exposure is
discussed in Sections 2.2.1.3 and 2.3.4. In addition, numerous small (1 to 15 cm
wide) breccia-shear zones of variable strike orientation occur throughout this
region of the harzburgite. The relative senses of movement could not be

determined for any of these fault/fracture zones.

2.2.1.2. Chromitite

A detailed study of the origin and distribution of chromitite within the Troodos
ophiolite was considered beyond the scope of the present study. The reader is
directed to the works of Greenbaum (1972A; 1977), Michaelides (1083),
Panayiotou et al. (1986) and Malpas and Robinson (1887) for in depth discussions
of the Troodos chromite occurrences. For the purposes of this study, only the
major structural features and occurrences of the commodity in the present study

area will be discussed.

Chromite concentrations within the present study arca, as well as elsewhere
throughout the lower section of the plutonic complex {(Greenbaum, 1977), occur
either within dunite near the harzburgite contact or enveloped by dunite inliers
hosted by harzburgite.  Aggregates of chromite occasionally form elongate
stringers orientated parallel to the regional S, fabric defined in the harzburgite.
In addition, disseminated chromite occurs throughout the older suite harzburgite
and dunite, as an accessory phase which exhibits echedral to subhedral habits and

is generally <2 mm in size.
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however a number of previous workers (e.g.: Nicclas et al., 1980; Secher, 1881;
and Nicolas and Prinzhofer, 1983) have argued for a secondary origin of this
mineral phase. Their basis of argument rests upon a number of features: (1) the
lack of a spatial association with orthopyroxene or spinel; (2) the interstitial habit
of the clinopyroxene; (3) augite growth twins; and (4) lack of plastic
(crystallographic) deformation. The present author interprets the diffuse and
gradational contact with dunite as well as the proximity to the ultramafic plutons
to indicate a younger intrusion melt origin by melt impregnation (refer to
Subsection 3.7.2) for these clinopyroxene rich patches within the dunite. Such a
relationship is in agreement with the multiple intrusive history of the complex as

documented during the present study.

The upper boundary of the dunite unit strikes northeast-southwest and is
marked by the intrusive margin of the main body of younger plutons. These
plutons truncate both the structural fabric of the dunite and harzburgite and the

locally developed phase layering near the dunite/harzburgite transition (Map 1).

Crosscutting and randomly orientated veins and dikes of pyroxenite, gabbro and
lesser amounts of poikilitic wehrlite intrude near major contact margins as well as

deep within the dunite body.

The infolded boundary between the dunite and harzburgite has been discussed
in Section 2.2.1. However, along the northeastern margin of the map sheet,
dunite and harzburgite are in fault contact with one another for a distance of ~
200 m (Map 1). This vertical to subvertical, east-west striking normal fault
appears ‘o die out towards the west, either within or truncated by a later suite
pyroxenite pluton. Eastward, in the stream valley along the eastern map margin
(Map 1), the attitude of this fault flattens to a moderate (~ 40-50%) north dip.
Concordance of the regional foliation within both the dunite and harzburgite on
either side of the fault indicates minor rigid-body rotation of the adjacent fault

blocks. The contact between clinopyroxene-bearing dunite and layered olivine

gabbro is also fault controlled in the northeastern part of the map area.
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It is not poussible to estimate a value for the original thickness of the dunite unit.
Extreme infolding and attenuation of the dunite lower boundary with the
harzburgite tectonite and truncation of the dunite upper boundary by younger
suite intrusives has been discussed. The lack of suitable marker horizons within

the essentially monomineralic dunite eliminates any chance of resolving the

geometry of the fold repetition within the dunite unit as a whole. In addition,

intrusion of the younger suite plutons at different levels within the dunite has
likewise yielded a highly variable pseudostratigraphic thickness for the unit as
exposed in the field. Within the central map region, only the *lowermost® dunite
level is preserved in contact with the harzburgite, while to the southwest and

northeast, a much wider zone of dunite remains (MAP 1).

2.2.2. The Transition Zone

Results of the field mapping show that only a few relict blocks of tae older suite
transition zone are preserved within the northwestern portion of the Troodos
plutonic complex. Three separate blocks of layered transition zone
orthopyroxenite and olivine-pyroxenite lithologies occur as isolated fragments
hosted within younger suite poikilitic wehrlite and pyroxenite plutons (Map 1).
The largest block of transition zone lithologies outerops discontinuously over a

200 m by 100 m area which is best exposed along a 25 m roadcut section on Pine

Road (Figure 2-8) (Map 1).

In the ficld, the light to dark green transition zone is characterized by the well
developed layering of the orthopyroxenite and olivine-pyroxenite units. Individual
layers range in width from < 1 ¢m to 10 cm and are traceable along strike for up
to 15 m. The attitude of layering within the three separate transition zone blocks
shows a consistent north to northwest strike and moderate to steeply west dip.
This general attitude is compatible with the orientation of the S /S, fabric in the
structurally lower dunite/harzburgite section (MAP 1). Correspondence of the
fabric clement in each of the three blocks may suggest little rotation of the

segments during a rather passive stoping and assimilation of the older suite
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relations with veins of coarse grained, undeformed younger suite clinopyroxenite
truncating layering of the transition zone orthopyroxenite (Figure 2-9). Similar
relative age relations between the deformed and undeformed units are beautifully

preserved on the microscopic level and discussed in Chapter 3, Section 3.9.

2.2.3. The Older Suite Gabbros

The gabbro succession of the older suite, as exposed within the study area,
includes layered olivine and hypersthene gabbro and lesser amounts of massive
pyroxene and/or hornblende gabbro with minor plagiogranite, dolerite and
trondhjemite. These latter, more massive gabbroic units have been collectively
referred to as the "high level gabbros® (Allen, 1975) and are thought to represent
later differentiates of the magma(s) which during fractional crystallization yielded
the plutonic stratigraphy (Wilson, 1959; Moores and Vine, 1971; Allen, 1975).
Some ambiguity exists in classilying all of these high level gabbros as strictly older

suite in origin (Section 2.2.3.3).

A north-south trending transition boundary between the layered olivine and
hypersthene gabbros is marked in the field by the gradual disappearance of the
olivine phase (Map 1). Layered olivine gabbro dominates in the northeastern half
of the map sheet while mainly hypersthene gabbro outcrops in the west, Within
the layered olivine gabbro, the foliation lies parallel/subparallel to layering. A
NE strike and moderately S-SW dip is consistent for this layering/foliation.
Exposures of the layered hypersthene gabbro show a consistent NE strike and
moderate SW dip in the eastern half of the map sheet, whereas the orientation of
this layering, and foliation where developed; swings to an E-W strike within

western exposures.

A fault controlled, structurally ®upper® contact of the layered and massive
gabbros with the shected dike complex has been previously documented in Section

2.2 (Figure 2.1) and the structural base of the layered olivine gabbro in the

castern map sector may also be fault controlled (Subsection 2.2.1.3). Elsewhere,
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the base of the layered gabbros is defined by the intrusion of the younger suite

plutons (refer to Section 2.1).

2.2.3.1. Layered Olivine Gabbro

The olivine layered gabbro exhibits excellent phase layering as exposed along a
number of roadcuts and outcrops; particularly the prime localities west of Ayious
Nikolaos and north of the Esso Galata River (Map 1). Individual meso, leuco and
melanocratic layers range between 5 cm and 50 ¢m (and in rare localities up to 90
cm) in width and are traceable along strike for upwards of 25 m in the best
roadcut exposures (Figure 2-10). Finer scale laminations, between .5 cm and 5 cm
in width, are contained within the broader scale layering. The phase layering is
defined by alternating mineral assemblages which exhibit a range in modal
composition (e.g.: Ol,. ,. CPX,, .. OPX,,, PLAG, ,,)- A strong to weak
foliation orientated parallel/subparallel to the layering is defined in outcrop by
the preferred orientation of flattened olivine grains (aspect ratios <10:1) and

plagioclase laths.

A variety of processes has been invoked to explain the development of phase
layered (broad and fine scale) differentiated sequences in ultramafic-mafic
complexes. These processes include traditional differential crystal settling and
accumulation models (e.g.: Bowen, 1915; Wager and Deer, 1939; Hess, 1939;
Jackson, 1971) as well as the more recent concepts involving in-situ crystallization
(McBirney and Noyes, 1979), magmatic density currents which deposit/redeposit
crystals (Irvine, 1980) and double-diffusive convection (McBirney and Noyes,
1979; Irvine, 1980; Wadsworth, 1985). The development of primary structures in
the cumulate sequence (e.g. : small scale layering, cross-bedding, graded bedding,
slump and load structures) is controlled by physical parameters including gravity,
hydraulic properties of the fluid (i.e. magma viscosity) and density currents
similar to those which control sedimentary processes (Irvine, 1965; 1967; 1980;

Jackson, 1967; 1971; Wadsworth, 1985).

Sedimentary-type structures are best developed within the layered olivine
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2.2.3.2. Layered to Massive Hypersthene Gabbros

The hypersttene gabbros are varitextured in appearance. Thev range from fine
grained and massive to poorly banded with a wispy, streaky irregularly developed
foliation to strongly layered/foliated. The majority of exposures exhibited a

combination of the former two textural types.

Phase layering in the gabbros generally ranges from .5 ¢ to 7 em in widdth and
is usually discontinuous over a few meters. Primary cumulate structures, similar
to those described for the layered olivine gabbros, are variably developed in the
hypersthene lavered gabbros (Figure 2-12). Phase layering is defined by

alternating mineral assemblages exhibiting a range in modal composition.

A weak foliated/lineated fabric, which is variably developed within the strong
and wispy layered gabbros, is defined in handsample by the preferred dimensional
orientation of the inequant pyroxene and tabular plagioclase crystals.  This
alignment may represent either a primary magmatic feature {Schmidt, 1952;
Morse, 1969: Jackson, 1971; Wadsworth, 1985) or a secondary deformation
induced fabric (.-\\'e/ Lallement, 1967; Loney et al, 1971; Nicolas et al., 1020;
Thayer, 1980: Nicolas and Violette, 1982). This will be discussed in Chapter 3.

2.2.3.3. High Level-Massive Gabbros

High level, more massive gabbro lithologies occur throughout both the layersd
olivine and hypersthene gabbros. The layered olivine gabbros show gradations to
and abrupt truncation by massive, medium coarse to pegmatitic olivine-pyroxene

and pyroxene-hornblende gabbros (Figure 2-13, 2-14 and 2-15).

Outcrops of wispy, streaky hypersthene gabbro also grade vertically and
laterally along diffuse zones to massive, medium-fine to pegmatitic pyroxene and
pyroxene-hornblende gabbro {the so called ®high-level® gabbros) interpreted to
represent the late differentiates of the layered gabbros (Allen, 1975). The
domains in which these textures prevail are marked as stippled arcas on Map |.

From the map, it is obvious that the spatial distribution of the main bulk of these
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fractionated melts of the younger suite intrusives. Thus, subdivision of the
undeformed gabbros into time separated suites cannot be achieved within the
regions above the ductile deformation front. Discussion of the position of the
deformation front which moves with time relative to the magmatic suites is

presented in Chaj ter 3.

Net veining of the massive and faintly banded gabbros by swarms and singular
veins of plagiogranite and trondhjemite was observed locally (Figures 2-16 and
2-17). These veins generally range from 1 ¢m to 6 em in width and intrude
irregularly through the gabbro, showing both diffuse and sharp contacts with the

host rocks.

2.3. The Younger Intrusive Suite(s)

The younger suite(s) classification scheme incorporates all of the essentially
undeformed, post-kinematic plutons, sills and dikes which characteristically
intrude and truncate the layering/foliation fabrics in all lithological units of the
older suite. The younger suite(s) is composed of a range of ultramafic to mafic
lithologies  consisting of  wehrlite, feldspathic-wehrlite, lherzolite, feldspathic-
lherzolite, websterite. clinopyroxenite, peridotites, pyroxene-hornblende gabbro
and mafic dikes. The following sections will discuss : (1) the primary features of
the younger suites: (2) the spatial distribution and contact relations with the older
suite; (3) the temporal and spatial relations of multiple magmatism (auto-
intrusion) within the younger suite lithologies; and (4) the concept of fault
controlled intrusion in relation to the deformation front. The mafic dikes of the

younger suites will be discussed separately.

2.3.1. Primary Features of the Younger Suites

The lithological units of the younger suites, excluding the mafic dikes, exhibit
well developed primary crystal textures and a highly variable grain size. The
wehrlitic and lherzolitic bodies are composed of poikilitic crystal cumulate

textures. Weathered surfaces show a pitted, spongy texture due to the presence
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defined by slight changes in grain size and undulating, variably weathered
surfaces. These layers range from 1 em to 12 em in width and appear to grade
both vertieally and laterally into massive peridotite. No finer scale layering was
observed in any of the plutons. The strike of layering trends both oblique and
paralel to the trace of the regional layering/foliation of the older suite (Map 1).
Layering within three outcrops of one clinopyroxenite body showed variable
orientations.  This layering varied from 1 em to 4 cm in width with a steep to

vertical dip (Figure 2-19).

2.3.2. Spatial Distribution and Contact Relations Between the Older

and Younger Magmatic Suites

The spatial distribution of the younger suite lithologies illustrates the multiple
intrusive history which characterizes the Troodos plutonic complex. These
younger suite bodies intrude at various levels within the older suite sequence,

from harzburgite through to the layered gabbros (MAP 1).

The main volume of younger suite plutons occupies a northeast-southwest
striking, up to | km. wide region (Zone 1/ Figure 2.20) which separates the dunite
from layered gabbro units of the older suite. This intrusive zone widens
southward towards the village of Prodhromos (Map 1). Two smaller stocks of
younger suite veehrlite, lherzolite and olivine-pyroxene gabbro outcrop at "higher®
structural levels within the older suite layered gabbros. These two bodies are
located along the northeastern and northwestern map margins (Zone 2 and 3,
respectively, Figure 2-20). One small (1 m) plug of cumulate wehrlite was noted
intruding dunite along the infolded dunite-harzburgite contact. Similar but much
larger bodies of poikilitic feldspathic-wehrlite and lherzolite within harzburgite
tectonite were reported by Allen (1975} and George (1978) to be located 1.75 km

southeast of Mount Olympus. Large dikes of coarse to pegmatitic isotropic

pyroxene-hornblende gabbro were observed to intrude dunite and harzburgite in

the southern half of the map sheet (Figure 2.21)
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Figure 2-20:

Simplified geological map of the northwestern quadrant of
the  ‘Croodos plutonic complex showing zones of younger
suite intrusion. Legend and symbols as in MAP 1.
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the suite (ie: these ultramafic pods) escaped the penetrative deformation (i.e.:
low-strain - domains) and/or if hyper-solidus conditions prevailed within such
domains so that the strain was magma flow accommodated. It is extremely
iiportant to note, however, that this scenario does not hold for the small plutons
within the present study area of the Trcodos plutonic complex since: (1) the
ultramafic magmas would be expected to have solidified before the gabbroic
components; and (2) the major boundaries of lower strain domains should exhibit
attenuated, lensoidal shapes, aligned parallel with the regional foliation of the
surrounding penetratively deformed lithologies. The plutons of zones 2 and 3
within the northwestern quadrant of the Troodos plutonic complex erystallized
after the Lost older suite layered gabbro and the contact relations and structural
fabrics observed in the field are not compatible with a low-strain domain

geometry,

The lithological make-up of the central belt (Zone 1) shows a major outcrop of
chinopyroxenite-websterite with minor  pyroxene-gabbro in the northeast while
poikilitic - welbrlite, feldspathic wehrlite and minor lherzolite, peridotite and
pyroxenite occupy the central and southwesiern exposures. Pods, dikes and small
plutons of pyroxene-hornblende gabbro dominate along the belt, intruding both
the younger suite poikilitic wehrlite and older suite dunite (Figure 2.21). The
boundaries of this main intrusive zone are marked by the juxtapositioning of
contrasting textures and lithologies and the abrupt high-angle truncation of the

layering/foliation of the older suite units.

The field relations exposed within three selected areas are illustrated in more
detail in Figures 222, 2-23 and 2-24 to exemplify the intrusive contact relations
between the older and younger suites. These three detailed map areas are marked
on Map 1. The abrupt termination of layering/foliation in both the older suite
layered olivine gabbro and harzburgite/dunite units by the younger suite
ultramafics is clearly illustrated in plan view and cross-section in Figures 2-22 and

2-24. The oblique relationship between the northwest striking and moderate to
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steeply northeast and southwest dipping S;/S, layered gabbro fabric with respect
to the north-south striking, vertical primary layering in the younger suite
poikilitic wehrlite intrusion is depicted in Figure 2-24. Dike and vein offshoots
from the major intrusive bodies into the surrounding country rock are illustrated
in Figure 2-24. Large scale concordant intrusion of a poikilitic feldspathic-
wehrlite/lherzolite and subordinate clinopyroxenite sill into the older suite layered
olivine gabbro host is shown in Figure 2-23. Xenoliths of olivine gabbro within
the poikilitic lherzolite are exposed along the lower contact margin of the sill
intrusion in Figure 2-23. The xenoliths show a strong parallel alignment of their
long axes parallel to the contact base of the sill (Figure 2-25). Nenoliths of
intensely serpentinized (1007¢), medium gray dunite were also noted within
poikilitic wehrlite and pyroxenite along the contact margin of the main intrusive
belt and older suite dunite (MAP 1).

Cross-section A-A’ (Map 1) demonstrates the disruption and probable minor
rigid-body rotation of blocks of layered gabbro along the northwestern margin of
the main intrusive zone (Zone 1/Map 1). Also, truncation of harzburgite foliation

fabric by the younger suite clinopyroxenite body is clearly shown in cross-seetion
B-B' (Map 1).

An abundance of small scale brittle fracturing/faulting was noted along many of
the major, younger suite intrusive contacts. However, detailed examination often
revealed indisputable evidence for younger suite intrusion into the older suite
lithologies based wupon xenolith bearing contact margins, truncation of the

foliation/layering fabrics and /or crosscutting dikes/veins.

2.3.3. Spatial and Temporal Relations of Multiple Intrusion within the
Younger Suites

The spatial and temporal relations within plutons of the younger suites are
discussed in the following section. Within the main intrusive belt (Zone 1/Map 1)

evidence indicates the presence of multiple intrusive relations indicative of both
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country rock. The two younger suite stocks (Zones 2 and 3 / Map 1) likewise
<how marginal pyroxenite, websterite and olivine gabbro phases. Progressive
fractionation is also indicated in the field by lithological gradations from
pyroxenite to gabbroic compositions marked by an increase in the modal
proportion of plagioclase content. Pyroxene fractionation within the younger
intrusive suite is also supported by mineral chemistry data in Chapter 4,

Subsection 1.2.1,

In essence, a sequence from relatively older to relatively younger plutons
corresponds to a progressive differentiation from ultramafic to mafic lithologies
for the main bulk of the younger suite magmatism. This differentiation sequence
gives support to a case for ®auto-intrusive® processes whereby progressively
fractionating magmas were being supplied from a larger, deeper-seated, evolving
magma chamber. Within these suites, the multiple intrusive relations observed
cannot be unanbiguously subdivided into time-separated suites and thus may, in

fact, be related to one undeformed, continuous suite.

Massive dike swarms of gabbro with minor pyroxenite dikes intrude ultramafic
plutons along the southern sector of the main intrusive region (Zone 1/Map 1).
These gabbroic dikes and pods are coarse to pegmatitic and intrude throughout
both the older suite dunite and younger suite poikilitic peridotites. These
intrusive zones are marked by an intense serpentinization of the host lithologies
(both older and younger suites). The intrusive relations are clearly illustrated in
cross-section A=A’ (Map 1). The spatial relations indicate the probable presence
of an additional, deeper-seated evolving magma chamber(s), the cupola or roof-
section(s) of which is/are represented by these gabbroic dike swarms (Cross-

section A-A'/Map 1) stoping into the overlying older and younger suite lithologies.
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2.3.4. Fault Controlled Intrusion of the Younger Suite in Relation to

the Deformation Front

Field evidence, along a number of lines, indicates the control of major brittle
faulting on the spatiul distribution of intrusions of the younger suite(s) plutons
along the main belt (Zone 1/Map 1). This evidence includes: (1) the apparent
localization of the majority of the intrusions along a somewhat linear northeast-
southwest striking zone (MAP 1); (2) an extensional stress regime operating during
the younger suite magmatism as indicated by the intrusion of mafic dikes and the
permissive nature of intrusion with stoping and assimilation without any
indication of large scale rigid-body rotations of the fabric elements in country
rocks along the contact margins or in keels within the younger suite plutons
(cross-section A-A’/Map 1); and (3) the absence of older suite gabbroic and
transitional zone lithologies in contact with dunite along the southeastern margin
of the main intrusive zone (Zone 1/Map 1), which may indicate the absence of the
older suite gabbroic lithologies and transition zone by fault removal of this section
of the older suite prior to the intrusion of the younger suites. Additional evidence
for major brittle deformation in this region is also exhibited by the faulting
between layered olivine gabbro and clinopyroxene-bearing dunite in the
northeastern map area, near the northeastern end of the main intrusive zone
(Section 2.2.1.3). Dunite and harzburgite are also in fault contact for a short
distance ncar the northeastern map margin. This vertical, east-west striking fault
dies out westward either within or truncated by the clinopyroxenite pluton as
mentioned in Section 2.2.1.3. These major brittle structures are most likely
normal, moderate to high-angle faults based upon the overall ®stratigraphic® drop
in progressively northern blocks in cross-sectional view. Such faults can be
correlated with axial valley grabens developed early in the accretionary history of
the complex during magmatism within the spreading domain. The influence of
faults on the intrusion of the smaller ultramafic plutons could not be determined

on the basis of field exposure.

Listric normal faults, noted by Varga and Moores (1985) within the sheeted dixe
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complex, reportedly flatten out upon entering the gabbros. However, the present
author’s work shows that such graben structures extend deep within the complex,
to the paleo upper mantle region and may have acted as major conduits for
intrusion/stoping of younger plutons into the older ophiolite sequence. Similar
fault controlled intrusion of magmas has been noted by Calon (prrs. comm.) to
occur within the Troodos plutonic complex, to the south of the present author's

study area,

The presence of brittle deformation features within this region of the older suite,
having formed either contemporaneously with or prior to intrusion of the younger
suite(s) magmas indicates that during this time period the deformation front was
situated at a deeper structural level; below the presently exposed lowest level of
the younger intrusives within the accreting crust (refer to Chapter 3, Section 3.4
for discussion of the deformation front). Spreading of the crustal segment in
response to continued overturn of the upper mantle convection cells beneath the
diffuse ridge zone would continue to created an extensional stress ficld and yield
dilational features (i.e.: faulting, fracturing) within this brittle domain. Such
fanlts would have continued to create the least resistant route for magmas to
ascend from depth and accumulate in small discrete chambers within the plutonic

complex.

The presence of small scale faults, concentrated mainly along the intrusive
contacts, and also evident within both the older and younger suites, attests to the
continued brittle deformation after crystallization of the younger suite magimas.
These brittle features reflect the combined effects of continued spreading,
emplacement(?) and uplift of the Troodos massif since the initial time of its

aceretion as a crustal segment.

v




2.3.6. The Mafic Dikes

The last stage of magmatism evident within the Troodos plutonic complex is
represented by a series of mafic dikes which intrude and crosscut all members of
both the older and younger suite plutonic units. The mafic nomenclature for the
dikes is based upon their depleted chemistry which will be discussed in Chapter 4.
Chemical study of the dikes to determine any variation in their composition is

presented in Chapter 4, Section 4.3.

The majority of these dikes intrude the older suite layered olivine and
hypersthene gabbros and along the main zone (Zone 1/Map 1) of younger suite
wehrlite, pyroxenite and gabbro bodies. The dikes are all post-ductile
deformation, that is, they are situated above the deformation front. The dikes
intrude as individual entities rather than as spatially associated swarm(s). ‘The
equal area projection of the poles to the contact planes of 46 dikes (Figure 2-26)

show a weak NE/SW strike and moderate to steep dip.

It is important to note that the majority of dikes are not in a present day
vertical orientation or aligned parallel as would be expeeted if the dikes were
intruded into crust which was experiencing a strictly horizontal extensional regime
(and excluding rotation tectonics). These dikes, in fact, very likely represent the
feeder dike conduits to the structurally overlying upper pillow lavas of the
Troodos ophiolite (refer to Chapter 4, Section 4.3 and Chapter 5, Conclusion

#18).

The mafic dikes range in width from 4 ¢cm to 1 m and are continuous along
strike for up to 4 m in the best outcrop exposures. They are gencrally fine
grained to aphyric although one dike, which intrudes the older suite layered
gabbro along Pine Ronad (Map 1), exhibits euhedral to subhedral plagioclase
pseudophenocrysts replaced by an alteration assemblage of actinolite, chlorite,
albite and tale. The lath-shaped phenocrysts comprise 40% of the dike by volume
and are generally up to 1 ¢m in length. The dike contacts with host lithologies
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Figure 2-26: Lower hemisphere, equal area projection of 34 poles to the
mafic dikes.

are sharp with rare development of chilled margins which rarely exceed 1 em. in
width. All of ihe mafic dikes are undeformed except for small scale

fracturing/faulting which offsets the dikes in outcrop (Figure 2-27).

2.4. Summary and Discussion

In summary, the Troodos plutonic complex is composed of a number of spatially
and temporally distinct magmatic suites. The older magmatic suite, exhibiting a
"type® ophiolite stratigraphy (Geotimes, 1973) and penetrative high temperature
ductile deformation, has been intruded, truncated and disrupted by post-

kinematic younger suite plutons. The intrusion of sporadically distributed mafic

dikes, into both the older and younger suites, marks the last stage of magmatism
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model of discrete, linear multiple magma cells, up to 1 kin sq in size and situated
in higher stratigraphic levels of the plutonic section (Allen, 1975), which were
periodically replenished by melts of various compositions rising as diapirs beneath
a paleo-ridge (Gass, 1980). These notions were based upon rather poorly defined
physical f»atures including;
(1) lateral discontinuities in layering (Allea, 1975),
(2) presence of dikes within the cumulate pile (Moores
and Vine, 1971),
(3) intrusive contacts between gabbro/layered gabbro
intruding ultramafics (Allen, 1975) ; (Note, the
present author’s investigatione showed this intrusive
relation to, in fact, be the reverse, with
ultramafic intruding gabbro),
(4) cyclic units exhibiting gradational contacts within
the cumulate pile (Allen, 1975) ; (Note, one of
Allen’s cross-sections, which passes through the
present author’s map area, was intarpreted by Allen,
(1975) to represent four magma influx cycles when,
in fact, this cross-section incorporates both the
older and younger intrusive suites, having distinct
and sharp intrusive contacts,
(6) variations in chromite chemistry attributed to
separate magma bodies (Gresnbaum, 1977).

As such then, the presence of multiple magmas was recognized within the higher
levels (i.e.: within the gabbroic units) of the plutonic complex, but previously
unrecognized was the existence of spatially and temporally discrete magma
chambers which, on the basis of field criteria, clearly occupy the transitional zone
of an older magmatic sequence as well as intruding into higher and lower
structural levels within the older suite and harzburgite, respectively. Moores and
Vine (1971) and Allen (1975) proposed that the intrusive ultramafic pods observed
to occur within the layered gabbro (for example zones 2 and 3 within the present
authors older suite layered gabbro) represented magma batches that were
liberated from the same large, underlying magma chamber which yielded the
whole of the Troodos stratiform complex. Thus, their concept of a complete,

stratiform ophiolite sequence exhibiting spatially discrete multiple magmas {(auto-
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intrusic ') at higher stratigraphic levels is not in accordance with the geometries of
younger suite intrusions nor their presence throughout the higher and lower
structural levels of the Troodos plutonic complex. Likewise, the evidence for a
number of large magma source regions (chambers) liberating melt batches into an
older, defurmed and brittle-faulted suite has not, prior to the present author’s

work, been recorded to occur within the Troodos plutonic complex.

The transition zone and part of the dunite and layered gabbro units of the older
suite have been removed by a combination of large scale faulting and
intrusion/assimilation by the main bulk of the younger suite plutons in this
northwestern section of the plutonic complex. Thus, the ultramafic cumulates
interpreted by previous investigators (e.g: Wilson, 1959; Gass, 1967; Greenbaum,
1972A; Moores and Vine, 1971; Allen, 1975; George, 1975; 1978). to form the
transition zone of the ophiolite sequence, in fact, represent intrusions of the
younger plutons into the older layered suite. Allen (1975) interpreted wehrlite
bodies which were overlying and forming inliers within the harzburgite to
represent lower cyclic layers formed synchronously with the dunite, thus
explaining the variable thickness of this latter unit. Allen (1975) thought that the
high level ultramafic pods within the upper gabbros represented cumulates
forming in small cells within an east-west tension zone. Thus, although Allen
(1975) regarded the small, high level mafic cumulate bodies as representing
discrete magma chambers related to the upper lavas, he still regarded the large
scale layered geometry of the plutonic complex to represent cyclic accuraulations
with gradatioral contacts forming within a major magma chamber periodically
replenished by magma batches.  Gass (1980) interpreted the small ultramafic
plutons observed within the harzburgite to represent melt batches trapped en-

route to an overlying magma chamber.

High temperature, ductile deformation has penetrated all units of the older
suite, imparting a consistently steep to subvertical S, form trace from harzburgite

through to the layered gabbro and major Sl axial planar infolding of the
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harzburgite-dunite boundary. Previous structural studies by George (1975; 1978)
in the Troodos plutonic complex reported a 300 m gradation from deformed to
undeformed cumulates along the dunite-transition zone contact. e did not
recognize the intrusive nature of the undeformed ultramafic-mafic cumulates of

the vounger suite along this contact with the dunite.

Within the northwestern Troodos plutonic complex, large-scale (axial graben?)
brittle fault structures developed within the older suite lithelogies following
penetrative ductile deformation. These zones of structural weaknesses in the
accreting crustal section formed conduits for focusing the main bulk of younger
suite intrusions ascending from deeper magma chamber(s). Thus, the younger
plutons represent melt pockets intermittently trapped in fault controlled magma
chambers which, in turn, led to the development of varying spatial and temporal,
multiple intrusive relations on all scales throughout the plutonic complex
depending upon the position of the deformation front (refer to Chapter 3, Sections

3.4 and 3.10 for discussion of the deformation front).

No evidence was found in the study area to support the theory proposed by
Lapierre (1975) and Bortolotti et al., (1976) for the existence of major thrust
planes that structurally repeat sections of the Troodos plutonic complex. These
authors interpreted the presence of major thrust planes on the basis of fabric
truncation and the abrupt juxtapositicn of distinct lithologies (Bortolotti et al.,
1976). The fault trace they defined along the western flank of the ophiolite in the
present study area in fact represents the trace of the main intrusive belt (Zone 1).
There is no evidence for contractional faults (high or low angle) in this section of
the plutonic complex, rather, all faults along the northern part of the map are
normal, moderate to high angle extensional faults. Also, in the western side of the
cross-section of Bortolotti et al., (1976), the inferred thrusts bring ®younger® over
*older®, that is, the lower plutonic complex in the footwall still lies below the
*upper® plutonic complex in the hanging wall. This is contrary to the rules of

thrusting if the complex is considered to be stratiform, as in their model.
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Graben structures mapped within the sheeted dike complex and upper gabbros
in the Kakopetria region, by Varga and Moores (1985), can be correlated with the
fault structures which control intrusion of the younger suite plutons in the
northwestern plutonic complex (MAP 1). The intrusion of these magma bodies
along deep graben structures could provide; (1) a magma source for younger
multiple dike intrusions along these conduits within higher levels of the ophiolite
and (2) a heat source to aid in the convection of sea-water and formation of base
and precious mctal deposits within the diabase dike and pillow lavas spatially

associated with these axial graben structures (Spooner, 1977).

The main zone of younger suite plutonism exhibits crosscutting relationships and
fractionation trends {refer to Chapter 4) indicative of auto-intrusion. If similar
processes were involved in the development of the older suite, field evidence of
that history would have been destroyed during the penetrative, ductile
deformation. This main zone of plutons and the older suite dunite have, in turn,
both been intruded by the undeformed gabbroic carapace of a deeper seated,

evolving magma body (MAP 1, cross-sections A-A’ and B-B’).
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Chapter 3

STRUCTURE: MEGA-, MESO- AND
MICROSCOPIC FEATURES

3.1. Introduction

Chapter 3 documents the megascopic, mesoscopic and microscopic
characteristics of the older magmatic suite in the northwestern quadrant of the
Troodos plutonic complex. The large scale pattern defined by the foliation trends
in the plutonic complex, as well as the mesoscopic and microseopic features
indicative of ductile deformation, are documented for the lithological units of the
older suite. The textural transition from primary magmatic to solid-state
deformation features within the older suite layered gabbros will be presented
followed by a discussion of the position of the ductile-brittle transition
(deformation front) within the layered gabbros. Difficulties in estabiishing an
accurate fractional crystallization sequence for the older suite gabbros are
discussed in light of the effects of multiple intrusion and penetrative deformation
during crystallization. A case involving recrystallization via subgrain rotation
mechanisms is documented for a series of thin-sections from outcrops of the older
suite transition zone. Finally, microscopic scale intrusive relations between the
older deformed suite and the younger isotropic suite will be illustrated in thin
sections from two outcrops. The salient points of Chapter 3 will be presented in a

final summary.
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3.2. Megascopic Structural Trends

‘The attitude of the foliation fabric within the harzburgite, dunite, transition
ze.ne and layered gabbro units of the older suite has beer briefly presented in the
ficld relations of Chapter 2. The high temperature, ductile deformation has
variably penetrated all units of the older suite, imparting a consistent NNE-NE
striking and vertical to moderately W-SW dipping foliation (Map 1). This foliation
trend is axial planar to large scale folds along the infolded harzburgite-dunite

boundary (Map 1).

In Figure 3-1, the poles to 153 foliation measurements recorded in the

harzburgite are presented. A uniformly NNW-SSE striking {~ 1600) and steep to

vertical dipping foliation is illustrated by the strong point maxima (12% and 16%¢
contour intervals) in Figure 3-1. A secondary 12% contour maximum in the
stereonet (Figure 3-1) reflects a gentle swing in the foliation fabric towards a N-S
orientation within the northeastern exposures of harzhurgite in the map area

(MAP 1).

Flattened aggregates of chromite, which form stringers in the dunite, are
orientated parallel to the foliation in the harzburgite. The po'es to the five
foliation measurements from the dunite plot withir in the 125 a..d 16% contour
intervals of Figure 3-1. Likewise, the attitude of the layering/foliation in blocks
of the transition zone orthopyroxenite is consistent with the NNW-NW strike and

steep to subvertical dip of the foliation in the dunite and harzburgite.

lqual area projection of the poles to the foliation/layering (S,/S;) planes for the
older suite olivine and hypersthene gabbros are presented in Figures 3-2 and 3-3.
The layered olivine gabbros show a strong point maxima for 111 measurements
(Figure 3-2}. This concentration of poles reflects the consistent northwest striking
(330%), moderately west-southwest dipping fabric which characterizes the olivine
gabbro ihroughout the northeastern and northwestern map area. The equal area

projection of 155 poles for the layered hypersthene gabbro (Figure 3-3) defines a
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Figure 3-1: Lower hemisphere, equal area projection of 148 poles to the
harzburgite foliation and 5 poles to the dunite foliation.

girdle distribution which reflects the gradual swing in the layered/variably
foliated fabric from a northwest strike (consistent with that of the olivine layered
gabbro) towards an east-west strike which dominates in the western exposures of
the layered hypersthene gabbro unit (Figure 3-2 and Map 1). This result of the
detailed mapping of the fabric element in the gabbros thus invalidates the
conclusion of George (1975, p.60), who stated that extensive brittle faulting and
rigid-body rotation of gabbro blocks has resulted in the change of layering

(foliation) orientation for this region.




LAYERED OLIVINE GABBRQO % contours per % crea of net
1 8 0 15 20

S, 8 S, T ;
Hi Poles ifit‘-;.

Figure 3-2: Lower hemisphere, equal area projection of the poles to the
foliation in the layered olivine gabbro.

A comparison of the pole diagrams for the foliation in the harzburgite-dunite

units (Figure 3-1) with those of the layered gabbros (Figures 3-2 and 3-3)

illustrates a general uniformity of the S, form trace in the older suite (Map 1);

from harzburgite and dunite (NNW strike and steep dip) through to the layered
olivine gabbro and eastern portions of the layered hypersthene gabbro (NW strike
and moderate SW dip). The overall geometrical relations of the uuits thus show a
penetrative vertical to subvertical plastic flow induced foliation, large infolding of

the harzburgite and dunite units with concomitant small scale parasitic folding in
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Figure 3-3: Lower hemisphere, equal area projection of the poles to the
layering/foliation in the layered hypersthene gabbro.

these units as well as in the layered gabbros and an orientation of the steep
foliation fabric at a high angle variance to the enveloping surface of the major
lithological boundaries. These geometrical relationships are vitally important in
assessing the formational setting of the Troodos ophiolite as is discussed in
Chapter 5.
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3.3. Mesoscopic Structural Features of the Older Suite

The folluwing section contains descriptions of the mesoscopic-scale field criteria
used 1o distingnish the presence of extensive, high temperature plastic

deformation within the lithological units of the older suite.

3.3.1. Harzburgite

The harzburgite foliation fabric is defined in outcrop by the preferred
dimensional orientation of the orthopyroxene grains and aggregates (Figure 3-4)

and rare chromite stringers.

Four distinct foliation textural styles, defined by the distribution of the
orthopyroxene phase, were noted in the harzburgite of the study region. These
findings are in agreement with Allen, (1975). The textural styles include: (1)
massive to weakly foliated; (2) foliated parallel to a prominent compositional
layering; (3) moderate to strong foliation with no apparent compositional layering;

and (1) harzburgite exhibiting two mutually crosscutting foliations.

The majority of harzburgite exhibits the strong, single foliation fabric with no
associated layering. In the few exposures where layering was observed, the
foliation was orientated both parallel to, and in rare cases slightly oblique to the

layering.

One small outcrop located near the lower chromite mine adit (along a road
section which branches to the east (MAP1)) showed two mutually crosscutting
foliations. Relative age relations between the two fabrics could not be determined
in either hand sample or thin section. The second, north-south striking foliation
may be more typical of the harzburgite fabric to the west of the present study
area (refer to George, 1975; 1978). George (1975) noted this north-south

orientated fabric and equated it with an F, (D,?) event. However, the results of

the present study show no evidence for a penetrative F, event in this region of the

plutonic complex.
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harzburgite may be due to either a sparse development of small scale parasitic
folds, extreme transposition and/or the extreme difficulty in discerning fold

closures due to the overall lack of contrasting phase assemblages in this unit.

3.3.2. Dunite and Transition Zone Orthopyroxenite

Although generally massive, with <29 disseminated, euhedral to subhedral
spinel, the dunite does contain a few mesoscopic features that indicate the
presence of penetrative, plastic deformation. Rare chromite stringers within the
dunite exhibit an alignment parallel to the regional foliation of the harzburgite.
Likewise, small lensoidal-shaped dunite pods (<20 c¢m in length) occur within the
harzburgite and exhibit a maximumn dimension axis lying concordant to the
foliation plane in the surrounding harzburgite. The same relation was described in
Chapter 2 with the large-scale infolding of the dunite-barzburgite boundary and
lensoidal inliers of dunite within the harzburgite. The schlieren-texture and
isoclinal folding of chromite (Figure 2.2) also confirms the [enetratively deformed

nature of the dunite host.

The orthopyroxenite transition zone shows little evidence of mesoscopic scale
plastic deformation. Neither minor fold closures nor mineral elongation or
flattening were apparent in the transition zone outcrops to indicate the presence
of a penetrative foliation. However, the recrystallized, equant nature of the

pyroxene phase will be documented on the microscopic level in Section 3.7.2.

3.3.3. High Temperature Deformation Features of the Layered Gabbros

The following subsection will describe the main field criteria used to distinguish
the presence of extensive high temperature plastic deformation within the layered
olivine gabbro of the Troodos plutonic complex. Evidence to support the
positioning of the high temperature deformation front well into the structurally
higher layered gabbro section of the older suite is exposed on the mesoscopic scale
in the study area. This deformation front marks the transition from dominantly
ductile to brittle deformation mechanisms and is discussed at length in Subsection

3.3.4.













92

parallel and slightly oblique to the layering. The fact that primary layering
within the weakly deformed gabbro is generally orientated parallel to the regional
penctrative foliation suggests an original concordance between these two planar
clements. Regions (domains) with weaker foliation fabrics and apparently lower
strain also preserve more of the sedimentary-type structures previously described
in Section 2.2.3.1. These include fold structures possibly related to slumping in
the accumulating crystal pile rather than isoclinal folding during plastic

deformation,

The preservation of some cumulate structures during pervasive solid-state flow
deformation was noted as early as 1965 by Raleigh. Thus, the layered gabbro
units of the Troodos plutonic complex may exhibit both primary cumulate and
secondary tectonite features.  These complexities are the result of the
heterogeneous nature of the distribution of ductile deformation through time and
space in the plutonic complex as discussed in both Section 3.3.4 and the summary

of Chapter 3.

A streaky foliated/lineated fabric, defined by the preferred orientation of the
pyroxene and plagioclase phases, is heterogeneously developed throughout the
layered, wispy and more massive hypersthene gabbros. This fabric element lies
both parallel and slightly oblique to the layering. A primary igneous versus
secondary deformational origin of this fabric is discussed in Section 3.6.
Ambiguous fold closures exposed within the layered hypersthene gabbro are
probably related to cither slump folding within the accumulating pile, or folding
of layering within the melt/crystal mush mixture (hyper-solidus) during
deformation shear stress conditions (Figurc 3-8) rather than formation during

solid-state deformation.
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faults/fractures, develop during conditions of relatively low temperature-high
stress and are accompanied by the release of accumulated strain energy. Ductile

deformation, in the form of crystallographic flow processes (Nicolas and Poirier,

1976), occurs during high temperature (homologous temperature = T/T_ > .8)

and relatively low stress conditions and results in the development of penetrative
lincated and/or foliated fabrics, transposition of pre-existing fabric elements,
annealed fabrics, large scale and parasitic folds and ductile shear zones (refer to
Section 3.3). Crystallographic or plastic flow can occur during both subsolidus

and hyper-solidus conditions (Thayer, 1980).

In the study area, the structurally highest position of the transition from
predominantly ductile to Ltrittle deformation mechanisins, referred to as the
deformation front, is situated in the upper portions of the plutonic complex,
within the older suite layered gabbros (Figure 3-9). This zone delineates the
transition from dominantly plastic flow to brittle displacement mechanisms and is
marked by the gradual change over from primary cumulate textures and
extensional faulting/fracturing to secondary, low grade penctrative tectonite
fabrics in the layered gabbros (Figure 3-9, Table 3.3).

The position of the deformation front in the Troodos plutonic complex differs
from that of other ophiolites. For example, within the Bay of Islands ophiolite,
Newfoundland, the ductile-brittle transition is situated within the upper gabbros,
along the base of the sheeted dikes (Rosencrantz, 1983; Calon and Malpas, 1985;
Dunsworth et al., 1986), whereas in the Oman ophiolite, the deformation front

reportedly lies within the ultramafic cumulates (Pallister and Ilopson, 1981).

In general within an accreting crustal section, the position of the ductile-brittle
transition will change with time depending upon thermal conditions at the
accreting center. The periodic influx of major heat sources due to multiple
magmatism contemporaneous with deformation in the plutonic complex will result
in fluctuations of the ridge isotherms which in turn will bear directly upon the

spatial distribution of plastic flow in the complex. Also, the developmen. and
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Figure 3-9:

Deformation Front

QOlder Suite Layered
Gabbro { minor foliation)

Older Suite Foliated /

Layered Gabbro

intrusive Wehrlite -
Clinopyroxenite

isotropic Gabbro

Diobase Dikes

Schematic diagram showing the structurally highest pasition
of the deformation front within the older suite layered

gabbro. Note that

been lower in the section prior to

the position of the front would have

intrusion/crystallization

of the plutons of the younger suite. Refer to Section 3.4 for

discussion.
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distribution of ductile flow fabrics will be heterogeneous within the plastic strain
field due to strain partitioning and to variations in the other parameters noted

above.

As a result, complex spatial and temporal relations will exist between the

magmztic crystallization of the younger intrusive suite and the heterogeneous

metamorphic recrystallization as a result of plastic flow in the older foliated

suites. These complexities characterize the "higher® crustal levels of the Troodos
plutonic complex. As the deformation front moved through time in the accreting
crust and strain related plastic flow was heterogeneously developed within the
ductile field, some sections of the layered gabbros were plastically deformed while
others sections completely escaped ductile deformation. These undeformed
sections cither existed outside of the ductile field or acted as essentially rigid-
bodies within the region of plastic flow (strain partitioning). The deformation
history of the accreting cumulate plutons was largely dependent upon their
position with respeet to the deformation front. During progressive time intervals,
the most recently acereted cumulates (i.e. intrusive plutons) may enter the field of
ductile  deformation depending upon their position relative to the spatial
distribution of this front. Such situations have been documented by Dunsworth et
al., (1986) for the Bay of Islands ophiolite, Newfoundland, where syn- to
postkinematic younger suite intrusives exhibit a range in texture from isotropic,
undeformed to penetratively deformed fabrics depending upon their spatial and
temporal position relative to the deformation front during the accretionary history

of the Bay of Islands plutonic complex.

An approximate ®"uppermost® position of the deformation front located in the
older suite gabbros is schematically represented in Figure 3-9. The position of the
deformation front would have been lower in this section prior to the emplacement
and recrystallization of the younger suite intrusions along planes of structural
weakness (e.g.: faults developed within a brittle domain) and crystallized above

the field of ductile deformation (deformation front) in the brittle domain. The
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transitional boundary between ductile to brittle deformation is, in fact, a rather
vague feature due to the gradational and beterogeneous distribution of
crystallographic flow within the lower grade, plastically flowing regions of the
layered gabbros. Below the deformation front, the lithologies of the older,
Jeformed suite (Figure 3-9, A ) can be distinguished on the basis of deformation
features from those of the younger,isotropic suite {Figure 3-9, B ). The only
exception to this are the rare cases where low strain domains within the deformed
layered/foliated gabbro preserve small zones of isotropic gabbro. Above the
deformation front, the massive, isotropic gabbro of the older suite (Figure 3-9, C )
cannot be distinguished in the field from the visnally identical gahbbro of the
vounger suite (Figure 3-9, D ) except for its spatial association with the younger
suite wehrlite-clinopyroxenite {e.g.: gabbroic margins of plutons) is visible in the
field.

3.5. Microfabrics and Mechanisms of High-Temperature, Ductile

Deformation within Ultramafic-Mafic Rocks under

Upper-Mantle/Lower Crustal Conditions : An Overview.

3.5.1. Introduction

The following section summarizes the main principles concerning the
mechanisms of plastic flow during simple shear (Nicolas et al., 1973) under upper-
mantle/lower crustal conditions. Included in the summary are: (1) how minerals
flow (deform) in solid state by crystallographic defects; (2) how large degrees of
accumulated strain are attained through strain softening mechanisms during
ductile deformation to yield steady-state flow; and (3) the characteristic textures
and features (microfabrics) of intracrystalline flow in the principle mineral
components of ultramafic-mafic rocks. This revicw has been included in Chapter
3 in order to familiarize the reader with the main principles of ductile deformation
and its application to the plastically deformed lithologies within the Troodos
plutonic complex. For a more complete survey of the literature, the reader is

referred to extensive revicws on the subject of ductile deformation under upper
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mantle conditions by Nicolas and Poirier (1976), Carter (1976), Christie and

Ardell (1996). Tullis (1979) and Gueguen and Nicolas (1980).

3.5.2. Ductile Deformation Theory

The overprinting effect of penctrative strain, related to solid-state deformation,
on the primary igneous (cumulate) textures in the upper mantle/lower crustal
sections of ophiolitic complexes has been recognized by numerous workers (i.e.:
Raleigh, 1965; Ave’Lallement, 1967; Den Tex, 1969; Nicolas, 1969; Loney et al,,
1971). The recent recognition of tectonite fabrics within the gabbroic units of the
Bay of Islands ophiolite plutonic complex, western Newfoundland, by Thayer
(1980), Moll (1981), Calon and Malpas (1985), Neyens (1986), Dunsworth et al.
(1986) and Dunsworth (1988, in prep.) and within the Zambales complex, by
Thayer, (1980), led the latter author to conclude that the effects of penctrative,
hypersolidus to subsolidus deformation within the structurally higher scctions of

ophiolites had been to a large extent overlooked.

The mechanisms of tectonic deformation which result in the movement of the
lithosphere over the underlying asthenosphere operating under a range of upper
mantle-lower crustal conditions including: (1) moderate to high temperatures

(subsolidus-hy persolidus, homologous temperature = T/Tm>.5, Carter, 1976); (2)

variable pressures depending upon depth; (3) varying strain rates from 10710 to

10715 sec™! (geological strain rate for mantle flow is regarded as 10"4sec™!); and (4)
stresses of 100-1000 bars (Nicolas and Poirier, 1976; Christie and Ardell, 1976).

Ductile, intracrystalline, solid-state deformation is the principle mechanism of
upper mantle-lower crustal flow at moderate to high temperatures (homologous
temperature T/T_>.5). As a direct result of applied stress, strain induced crystal
defects will develop within minerals in the form of line dislocations (edge or screw
types) and point defects. Each line dislocation moves through the erystal along a
crystallographic slip plane to yield a small, incremental strain displacement in the

crystal lattice (Nicolas and Poirier, 1976). Point defects migrate through the




99

crystal at higher temperatures (T/Tm>.6) (Christie and Ardell, 1976). During
low temperature deformation conditions, the movement of line dislocations is
restricted (o particular slip planes (conservative motion of dislocations). In order
to continue to increase the strain within the crystal(s) of a deforming rock. more
applied stress is required as the dislocation densities increase and begin to pile up,
becoming pinned along grain boundaries, stuck at other dislocations and/or
atomic impurities. This increase in the dislocation density of the crystal lattice
results in the work-hardened (cold working) of the crystal (deforming medium),
(Nicolas and Poirier, 1976) such that the continued increase of strain will
eventually exceed the plastic limit of the material and result in brittle failure

(brittle deformation).

In order to attain the large degrees of finite strain observed to occur within
naturally deforming, ductile environments, syntectonic recovery mechanisms must
operate, reducing the internal stored strain energy of the system (crystal or rock)
before brittle failure occurs. A condition of steady-state deformation is achieved
when the recovery rate (dymamic recovery and recrystallization, White, 1076)
balances the strain hardening rate (White, 1976). At higher temperatures
(T/T>5 Kerrich and Allison, 1978), dislocation movement combined with
point defects can led to dislocation climb whereby the dislocations can move to
another slip plane within a crystal structure (Nicolas and Poirier, 1976) and screw
dislocations can cross-slip (a situation of non-conservative motion of dislocations,
White, 1976).

These climb and cross-slip dislocation movements yield intracrystalline recovery
(strain softening) by allowing for the rearrangement of dislocations into low angle
(<l°) subgrain boundaries, dislocation networks and the attraction and
annihilation of dislocations with like Burgers vectors and opposite signs of climb
(Christie and Ardell, 1976). The end result of this process is the development of
strain free regions within crystals. Thermodynamic forces drive this annealing

process in order to lower the stored strain energy of the system, thus allowing for
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continued intracrystaline deformation via non-conservative dislocation movement
such that work hardening does not occur. When the syntectonic recovery
ptoeesses do not keep pace with the increase in dislocation densities, then the

process of dvnamic recrystallization will occur (White. 1976).

Recrystallization reduces stored strain energy by forming new strain free grains
via two distinct processes; (1) by the nucleation of small, strain free grains in
crystallographic regions of high stored strain energy (ie.: high misorientations of
stable grain boundaries, deformation bands etc.) and the subsequent migration of
the new, high angle grain boundary, thermodynamically driven by the differences
in the stored strain energy, to consume the deformed matrix (Tullis, 1979; Poirier
and Nicolas, 1975; Nicolas and Poirier, 1976; Christie and Ardell, 1976; Etheridge

and Kirby, 1977); and (2) by the progressive rotation (misorientation, up to 150)

of adjacent subgrains with increasing strain (accumulation of dislocations) after
which these subgrains can be considered as independent grains (Nicolas, 1975;
Nicolas and Poirier, 1976; White, 1976; 1977; Etheridge and Kirby, 1977; Tullis,
1979; Christie and Ardell, 1976). Poirier and Nicolas (1975) have noted that a
similarity in the size of subgrains and neoblasts is suggestive of recrystallization
by subgrain rotation (SGR) while indented grain boundaries are suggestive of
grain boundary migration (GBM) leading to bulge-nucleation (Ave’ Lallement,
1985).  The newly formed grains will in turn deform by dislocation creep as
cumulative strain increases, and will subsequently recrystallize again in cyclic
fashion to produce a condition of steady-state flow. Poirier and Nicolas (19753)
reported  higher  stress  conditions  operating  during  bulge-nucleation
recrystallization and lower stresses during recrystallization by progressive rotation
mechanisms.  The presence of pore fluids enhances ductility by promoting
mobility and multiplication of slip dislocations and therefore lowering the
temperature required for the non-conservative motion of dislocations to yield
recovery and recrystallization mechanisms (Carter, 1976). Tullis (1979) has
reported that the presence of aqueous fluids may either hinder recrystallization by

promoting recovery mechanisms or assist recrystallization.
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Thus, two principle creep or flow mechanisms operate in mantle peridotites; (1)
dynamic recovery by intragranular flow (dislocation glide, dislocation creep:
Nicolas et al., 1971); and (2) dynamic recrystallization (Ave' Lallement and
Carter, 1970).

Grain growth of dynamically recrystallized grains (neoblasts) is inhibited if there
is a rapid increase in the dislocation density of the new grains (White, 1976). It
has been suggested by a number of authors (ie: White, 1076; Post, 1973; Mercier,
1976), that grain size may be used as a piczeometer for determining stress
conditions operative during dynamic recrystallization (ic: grain size as a function

of stress).

Dislocation creep (intracrystalline flow) has been found to be replaced by
Cobble-creep mechanisms (grain boundary diffusion of point defects to change
grain shape) when grain size is significantly reduced (ie: <100um for quartz;
White, 1976). Nabarro-Herring creep mechanisms (the volume diffusion of point
defects) can also occur but plays a minimal role in upper mantle-lower crustal
flow conditions (Ashby, 1972: Nicolas and Poirier, 1976). It should be noted that
strongly deformed rocks, submitted to prolonged, post-tectonic annealing will
vield equant, equigranular mosaic textures (static recrystallization). ‘This finite
texture will obliterate all older deformed grains (porphyroclasts) and yield the
migration of grain margins into 120° triple point junctions (lowest stored strain

energy state thermodynamically favoured in nature).

3.5.3. Microfabrics of the Principal Mineral Phases within Plastically
Deformed Ultramafic-Mafic Rocks

The microscopic features indicative of intracrystalline strain within minerals as
a result of solid-state deformation include:
(1) grain elongation (the preferred dimensional orientation

of crystals vhich leads to the development of foliation
and/or lineation fabrics)
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undulatory extinction (early stages of recovery)

deformation bands and lamellae (eseentially elongate
eubgrain walls of dislocation tangles)

kinkband boundaries {(organized walls of dislocations
which offeet the crystal lattice along adjacent regions)

subgraines, both equant and elongate (tabular) with

»1°% of lattice misorientation between adjacent
grains and containing a mosaic of emaller, less

misorientated (<1°) subgrains (dynamic recovery)

recrystallization (mosaic textures with triple point
junctions of 120%)

Olivine deforms primarily by dislocation creep (slip, climb and cross-slip) in
mantle conditions while rare cases of Cobble-creep (superplasticity) have been
reported by Boullier and Gueguen, (1875). Dynamic recrystallization by both
bulge nucleation and subgrain rotation mechanisms as well as static

recrystallization in olivine has been reported by Nicolas and Gueguen, (1980).

I-xperimental studies on clinopyroxene deformation have been reported by Ave
Lallement, (1078); Kirby and Etheridge, (1980) and Etheridge and Kirby, (1980).
At low temperatures, dislocation slip is limited to parallel <001> while at higher
temperatures, multiple slip, recovery and recrystallization by both mechanisms
(bulge nucleation and subgrain rotation) occur in clinopyroxene. Subgrain
rotation was reported to occur only after extensive str.in and subgrain

development in the clinopyroxene grains (Kirby and Etheridge, 1880).

Orthopyroxene deforms at lower temperatures by a shear induced ortho-
enstatite to clino-enstatite transition (Coe and Kirby, 1975). At higher
temperatures (lower strain rates) orthopyroxene exhibits recovery features and

recrystallization by both mechanisms (Etheridge and Kirby, 1980).
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Spinels deform by dislocation climb at higher temperatures (T>.6T ) and

crystal strength increases as grains approach chemical stoichiometry.

Optical features of crystallographic deformation documented for plagioclase
phase (single and polycrystalline} include : (1) mechanical twinning by simple
shear along particular crystal planes (rather than dislocation movement), (Borg
and Heard, 1969; 1970; Marshell and Wilson, 1976; Marshell and McLaren, 1977);
(2) deformation lamellae (slip on 010),(White, 1975; Seifert and Verploeg, 1977;
Borg and Heard, 1970); (3) kinkbands (Marshell and MclL.aren, 1977): (4} undulose
extinction and subgrain development and; (5) recrystallization by both bulge
nucleation and subgrain rotation mechanisms to yield mortar textures with triple
point junctions (White, 1975; Vernon, 1975; Marshell et al., 1976; Shelly,
1977;1979) and core/mantle structures (White, 1975).

A classification scheme, summarizing the main optical features of upper mantle
peridotite deformation, is presented in Table 3-1 and Figure 3-10, after Mecrcier
and Nicolas, (1975) and Gueguen and Nicolas, (1980). This nomenclature will be
used extensively in the following chapter to document the microscopic ductile

deformation features within the rock units of the Troodos plutonic complex.

3.8. Microscopic Textural Features and Terminology of the
Cumulate Mafic-Ultramafic Rocks

The following section is included to familiarize the reader with the microscopic
features of primary cumulate rocks and to provide a comparison with the
microfabrics of the deformed older suite lithologies. The petrographic description

of the undeformed, younger suite cumulates is presented in Chapter 4.

The terminology to be used for describing the primary igneous textures of the
younger suite(s) is based upon the nomenclature devised by Wager et al., (1960)
and Jackson, (1961; 1971). The framework mineral phase(s) of the cumulate rock

are referred to as the cumulus grains while the intercumulus (or post-cumulus)
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Table 3-1: Classification Scheme of Ductile (Plastic) Deformation
Textures in Upper Mantle-Lower Crustal Peridotites.

Proto- Oldest texture, least deformed, low strain. mo crystal

graoular elongationm, Do preferred dimensional ozientation, few
kinkband boundaries and minor recrystallized neoblasts
along grain margins. Olivine grain boundaries are
curvilinear, epinel blebs in orthopyroxens. Grain size
of opx. and ol. averages 2-7 mm; cpx. aud sp. <2mm.

Porphyro- Moderats to strongly deformed, elongate aad strained

clastic xenomorphic olivine and pyroxene porphyroclaste and
polygonal neoblasts, holly-leaf shaped spinel grains
flattened parallel to porphyroclaste (S,) and

elongate parallel to the lineation.

Grano- Completely recrystallized, relict porpbyroclasts, equant
blastic polygonal mosaic (foam) structure and tabular neoblasts,
(equant, grain size generally < 1 mm (up to 10 mm), straight grain
tabular) marginse, converging triple point junctions (120%),
cpx. and spinel scattered within and along grain margins
concentrating at triple point jumctions. Coarser textures
indicative of high temperature and moderate stress
deformation in upper parts of the mantle peridotites
(Nicolas et al., 1980).

: Primary protogranular to primary porpbyroclastic to primary
equigranular textures may be recycled to gecondary proto-
granular, porphyroclastic and equigranular textures (Mercier
and Nicolas, 1975). The principal optical distinction
between primary and secondary cycles is the presence of
relict spinel inclusions within the secondary porphyroclasts.




.
‘o

Figure 3-10: Typical microstructures of ductilely deformed peridotites:
A= Protogranular: no foliation, few kinkbands, undulose
extinction; B= Porphyroclastic: kinkbanded and elongate
porphyroclasts recrystallized in surrounding neoblasts; C-
= Granoblastic: complete recrystallization  into either
equant (C) or tabular (D) neoblasts (after Gueguen and
Nicolas, 1980).
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phase(s) are those which crystallized interstitial to the framework cumulus phases.
The relationship between the cumulus and the intercumulus materials has led to
three major textural groupings for cumulate rocks : (1) orthocumulates, in which
the intercumulus phase encloses original cumulus grains; (2) adcumulates, in
which post-cumulus overgrowth (enlargement) of the cumulus ptase(s) occurs by
the crystallization of melt with the same composition; and (3) mesocumulates,
which are intermediate between the ortho- and adcumulate textures, with some
overgrowth of material on the cumulus grains but also some pore mineral
crystallization as in the orthocumulate types. Post-cumulus minerals that differ
in compcsition from those of the cumulaie phase(s) may react and partially absorb
the older phase(s). Crystallization of intercumulus liquid, with a different mineral
composition than the cumulate phase(s), results in few nucleation sites and

poikilitic textures (heteradcumulates).

Cumulus crystals typically display apposition fabrics in which equant crystals
will exhibit no preferred shape orientation, tabular crystals are orientated such
that their short axis lie normal to layering and elongate crystals are positioned
with their long axes in the layering plane (Jackson, 1961; 1971; Wager et al.,
1960). The orientation of elongate cumulate crystals may form either a random
girdle distribution in the layering plane (Jackson, 1961) or a preferred linear
alignment developed in response to magmatic flow (Morse, 1969). It is important
that such features are distinguished from secondary, plastic deformation induced
crystal clongation and alignment, particularly within the layered gabbro as will be
discussed in this chapter. It has been noted by Raleigh {1965) and Thayer (1980)
that some cumulate structures may survive penetrative solid-state flow. This
depends upon the total accumulated strain, rheological behaviour of the various
cumulus phases and strain heterogeneity within the deforming unit. Preservation
of cumulus textures during pervasive serpentinization was also noted by Jackson
(1971) with oikocryst and enclosed chadacryst phases being pseudomorphed by
different serpentine polymorphs, yet still preserving the primary textural features.

Similar features will be documented for the younger suite in Chapter 4.
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The textural terminology is purely descriptive, and not intended to imply any of
the various formational processes which have been proposed over the years by
numerous authors {e.g.: Jackson, 1961; 1971; Irvine, 1865; 1980; McBirney and
Noyes, 1879; Wadsworth, 1985) to explain the development of cumulate sequences
by gravity accumulation, magmatic density currents, in-situ crystallization or

double-diffusive convection processes.

A summary of the main features for the common cumulus mineral phases in

ultramafic-mafic rocks is presented in Table 3-2 after Jackson, 1961; 1971.

Table 3-2: Common Textural Features of Cumulus Mineral Phases in
Ultramafic-Mafic Rocks (after Jackson, 1961. 1971)

PHASE SIZE RANGE HABIT
Olivire .4-50 mm Equidimensional, eubedral,
(1-4 mm) prismatic crystals slightly
flattened on (010).

Ortho- Eubedral, stubby crystals,
pyroxene slightly flattened on (100)
or (010), rare broad
prisms or elongate in C-axis.

Clino- Eubedral, more often flattened
pyroxene and elonsate than opx.

Feldspar 1-3 mm Evhedral, tabular.
Spinel .02-5 mm Rare crystals up to 5 mm and

(.1-.4 mm) npodules up to 30 mm, eubedral
octahedral.

3.7. Microfabrics of the Tectonized Older Suite Lithologies
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3.7.1. Upper Mantle - Lower Crustal Peridotite Tectonites

The effects of a penetrative, high temperature ductile deformation signature
upon the harzburgite and dunite lithologies of the plutonic complex has been
demonstrated in Sections 2.2, 3.2 and 3.3 on the basis of field evidence, including;
(1) the isoclinally infolded boundary of these two units and (2) the mesoscopic
scale features and structurally concordant foliation development in both
lithologies. The optical evidence of plastic strain, recovery and recrystallization
mechanisms operating within the harzburgite and dunite units is documented on

microscopic level in the fol'owing section,

‘I'he  harzhurgite tectonite exhibits a generally coarse porphyroclastic to
oceasionally granoblastic equant texture. Modal mineral abundances exhibit:
olivine (70-85°%), orthopyroxene (15-30%) and spinel (<2%%). Olivine occurs
primarily as coarse (<1 mm) equant neoblasts with straight grain boundaries,
triple point junctions (120°) and some internal straining and kinking of the
ncoblasts.  Reliet, large (1.5-3.5 mm) xenomorphic olivine porphyroclasts show
some elongation (aspect ratios < 3:1), sharp multiple kinkband boundary
development with elongate subgrains orientated at a high angle to foliation.
Orthopyroxene occurs as granoblastic, equant, polygonalized neoblasts (<1 mm)
and xenomorphic porphyroclasts, up to 2 mm in size with subgrain walls,
exsolution clinopyroxene lamelle along the [100] cleavage trace and sharp

kinkband boundaries. (Figure 3-11).

The recrystallized orthopyroxene grains often show straight grain boundaries
and triple point junctions. The spinel phase is dark red-brown (ppl) and opaque
(cross nicols), <.5 mm in size with an irregular (xenomorphic) to relict holly-leaf
texture with serpentinized olivine inclusions. A weak S, fabric is defined by the
alignment of attenuated and broken spinel fragments. T.e spinel phase occurs
spatially associated with both the olivine and orthopyro en* phases, along the
orthopyroxene grain boundaries and inter/intrastitial to the ohvine. Mercier and

Nicolas, (1975) documented a strain dependent spinel textural relationship in
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junctions and some internal subgrain wall development (Figure 3-12). The olivine
porphyroclasts (<20% of the rock) range up to 6 mm (rarely up to 9 mm) in size,
are slightly elongate (aspect ratios <3:1) with intense, sharp kinkband boundary
development.  Strained neoblasts mantle core porphyroclasts (White, 1976).
Spinel cccurs as small (<.3 mm), 2-55%, opaque to dark red-brown, disseminated,
euhedral to anhedral grains interstitial to the olivine and accessory clinopyroxene
and intrastitial to the olivine porphyroclasts.  Similar spinel features were
correlated with deformed cumulate ultramafics rather than mantle peridotites by
Nicolas ct al., (1980). The accessory clinopyroxene (<1°¢) occurs as small (<.3
mum), irregular grains interstitial to olivine and internally strained. This type of
clinopyroxene features has likewise been correlated with a cumulate ultramalfic

source rather than a mantle peridotite origin (Nicolas et al., 1980).

3.7.2. Transition Zone Peridotites : A Case for Recrystallization via

Subgrain Rotation Mechanism

In this section, the rocks of the older suite orthopyroxenite tramsition zone
exhibit a strongly recrystallized texture (Figure 3-13) defined by orthopyroxene
grains  (85-057¢) with lesser amounts of olivine (<10%) and accessory
clinopyroxene (<19).  The orthopyroxene phase consists of dominantly
recrystallized ncoblasts (.4-.8 mm) with straight grain boundaries, internal
straining (undulose extinction and subgrain walls) and triple point junctions which
form an equant granoblastic or mortar (foam) texture (Figure 3-13). Larger relict
Inths of orthopyroxene (up to 1.3 mm in length) comprise up to 20% of the
orthopyroxene phase and exhibit a preferred dimensional orientation parallel to
the layering/foliation. These larger, porphyroclastic orthopyroxene crystals show
variable degrees of internal (intracrystalline) strain as indicated by their undulose
extinction, rare sharp kinkband boundaries and abundant, equant subgrain wall

development (Figure 3-15).

A case in support of recrystallization via a progressive subgrain rotation

mechanism for the older suite transition zone is indicated by the deformation
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from which these samples of the the older suite orthopyroxenite were taken (see
Section 3.7). The older suite transition zone occurs as isolated keels which are
completely enclosed and ®floating® within the younger plutons (as described in
Chapter 2). Thus, a younger melt infiltration is a reasonable explanation for the
origin of the olivine phase. Magmatic ®infiltration metasomatism®, a process by
which melt initially trapped within an accumulating crystal framework is capable
of substantial upward migration, has been discussed by Irvine (1978, 1979) and
Wadsworth (1985). This process is not applicable to the origin of the olivine phase
occurring within these thin sections of the older suite transition zone since: (1)
there is no evidence of chemical disequilibrium (i.e.: zoning) within and between
the orthopyroxene and olivine phases; and (2) the solid-state deformation of the
orthopyroxene to yield an equigranular texture had to occur prior to the
infiltration and crystallization of the undeformed olivine phase. Therefore, the
spatial association with the younger suite wehrlite-clinopyroxenite intrusion lends
overwhelming support to a younger suite melt origin for the olivine phase that

occurs within these samples of the older suite transition zone.

The mineral chemistry from the olivine phase in both the younger suite
clinopyroxenite intrusive and and the intruded older suite transition zone also
supports a younger suite magmatic origin for the olivine phase. The Fo(mol )
values of the olivine grains from the younger suite clinopyroxenite (Fo=90.36 for
an average of 11 analysis) are equivalent to the Fo values of the olivine phase
(Fo=90.39 for an average of 8 analysis) present within the transition zone

orthopyroxenite (refer to Appendix B-3 for the complete mineral analysis).

Accessory clinopyroxene (<19), present within the older transition zone, occurs
as small (<.3 mm), irregular grains situated interstitial to, and sometimes
partially enclosing the orthopyroxene neoblasts (Figure 3-13). The clinopyroxene
grains exhibit only minor internal straining (undulose extinction). A younger
magmatic suite origin for these clinopyroxene grains which occur within the older

suite transition zone orthopyroxenite, is also supported by the mineral chemistry
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of the clinopyroxene phase. The clinopyroxene Mg* values from the
clinopyroxenite intrusive (Mg*=91.08 to 93.08 for 12 analysis) are similar to the
Mg* value of 93.40 for the clinopyroxene phase occurring interstitial to the

transition zone orthopyroxene (refer to Appendix B-C and C-2 for complete

mineral analysis).

3.8. Layered Mafic CumulatesZMetacumulates

3.8.1. Layered Olivine Gabbro

Documentation of the occurrence of high temperature, plastic deformation
within the layvered olivine gabbros of the Troodos plutonic complex is based
primarily upon the deformation and recovery features exhibited by the olivine
phase of the gabbro as well as supporting evidence of strain-induced features

within the accompanying pyroxene and plagioclase phases.

‘The laycred olivine gabbros exhibit variable modal compositions, ranging from
olivine (5-25¢), orthopyroxene (5-15°¢), clinopyroxene (30-40%) and plagioclase
(10-55Ca). Some clinopyroxene rich layers grade up to ~80% clinopyroxene; to
the near exclusion of the orthopyroxene or plagioclase phases. The prevailing
mesocumulate to orthocumulate igneous textures are modified to varying degrees

by the high temperature ductile deformation.

A moderately to strongly developed preferred dimensional orientation of the
flattened olivine grains and pyroxene and plagioclase laths (cleavage and
twinning) parallel/subparallel to the phase layering is evident in thin sections cut
perpendicular to the foliation/layering. Weak to isotropic textures were noted in
sections cut parallel to the foliation, thereby supporting the field observations of

an S>>L fabric within the layered g2bbro.

The most intensely ductile deformed gabbros show excellent examples of
stretched, fattened olivine grains (up to 10 mm in length) with aspect ratios in

excess of 14:1 which define the foliation and occur aligned parallel/subparallel to
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recrystallization in some thin sections. These recrystallized neoblasts occur as
equant grains with weakly undulose to uniform extinction. They are generally 0.2
to 0.8 mm in size and show straight to curvilinear grain margins, variably
developed triple point junctions and occur interstitially to the larger pyroxene

laths.

The plagioclase phase of the layered hypersthene gabbro occurs as both cumulus
textured laths ranging from 0.5 to 2.5 mm in size, and as more irregular,
xenomorphic intercumulus grains interstitial to the pyroxene and plagioclase laths
(Figure 3-20). The plagioclase grains show variable development of strain induced
deformation bands and weak development of diffuse subgrain walls. Small,
equant, variable strained grains with triple point junctions are locally developed

interstitial (along grain boundaries) to larger, lath shaped grains.

Overall, the plagioclase phase exhibits the most conclusive evidence of
intracrystalline strain within the hypersthene gabbro. This strain is characterized
by the deformation bands, undulose extinction and localized patches of

recrystallized plagioclase neoblasts.

3.8.3. Tectonized versus Undeformed Layered Gabbro

It becomes obvious from the examination of the gabbros in thin section that the
subtle transition from strictly undeformed cumulate textured gabbros to strongly
tectonized gabbro is gradational and very difficult to determine at a microscopic
level, particularly within the layered hypersthene gabbro. The simple presence of
a preferred dimensional orientation of inequant mineral phases canpot be
unambiguously interpreted as a primary magmatic feature versus a plastic flow
induced texture. Thus, other criteria indicative of intracrystalline flow (refer to
Section 3.4) are required to establish a solid-state deformation history for the
rocks, particularly if total strain is low and plastic deformation is heterogeneously

developed within the units.
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The well developed olivine tectonite fabrics, described from hand sample
(Section 3.3.2) and thin sections (Section 3.6.3.1) of the layered olivine gabbros,
verify the presence of solid-state flow within parts of this unit. Likewise, the
accompanying plagioclase and pyroxene phases exhibit some degree of undulose
extinction, development of deformation bands and minor recrystallization, all
supporting the presence of solid-state flow within the layered gabbros. Thin
sections of the layered olivine gabbro outcrops with the least apparent alignment
of inequant grains in handsample, exhibited relatively equant grains with a weak
to moderately deformed (kinkbanded and subgrained) olivine phase. These thin
sections are difficult to distinguish from the mildly deformed younger suite olivine
gabbros on a strictly petrographic basis without the appropriate ficld

relationships.

The variations noted in the development of deformation fabrics within different
outcrops of the layered gabbros support the concept of a heterogeneous
distribution of strain within these units. This contrast in development of strain

induced microscopic features within the olivine versus pyroxene and plagioclase

phases of the gabbros is a direct reflection of the differences in the rheological

behavior of the various deforming mediums. That is, olivine deforms (ie. :via
dislocation creep, recovery and recrystallization) 'nore easily under upper mantle-
lower crustal conditions than do other phases. This feature is due primarily to the
large number of slip planes (pencil glide) operable in olivine versus only 1,2 or 3
dominant slip planes within the pyroxene and plagioclase phases and the lower
critical resolved shear stress required for slip in the crystal lattice of the olivine

versus the pyroxene and plagioclase phases (Nicolas and Poirier, 1976).

The layered hypersthene gabbros present an even more ambiguous situation for
distinguishing the presence of weak to moderate plastic deformation textures. In
the absence of olivine, the intracrystalline features indicative of strain must be
determined by the more subtle features of undulose extinction, deformation

lamellae and minor recrystallization as evident within the pyroxene and
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plagiociase phases The least deformed samples exhibit dominantly primary

igneous textures (ie.: interlocking grain boundaries, cumulate textures).

Thus, the transition from strongly tectonized gabbro to the moderate to weakly
deformed and undeformed rocks within which primary cumulus textures are
preserved, occurs at various stratigraphic levels within the layered gabbro units
(Figure 3-9). The thin-sections from a number of diffuse patches of the isotropic
gabbro (pyroxene + hornblende), which outcrop within the layered hypersthene
gabbro, showed typical primary igneous textures with cumulus, intercumulus

phases and no or only minor evidence of intracrystalline straining of the crystal

phases.

One of the most striking features of this heterogeneous distribution of solid-state
plastic flow within the gabbroic section of the Troodos plutonic complex, is the
parallel/subparallel orientation of phase layering and foliation fabrics within the
deformed gabbro and the concordance of this foliation fabric with the phase
layering of relatively undeformed gabbro (solid-state flow versus igneous
laminations), (refer to Subsections 3.6.3.1 and 3.6.3.2). The orientation of the S,
fabric in the layered gabbro is concordant with the S, fabric of the harzburgite
and dunite (Scction 3.2). Also, the enveloping surface of the major lithological
boundarics appears to be at a high angle to this foliation (Subsection 2.2.1).
Planar features are incrementally transposed into parallelism with the X-Y plane
(foliation) of a shear zone during progressive simple shear deformation. Thus, the
present parallel/subparallel attitude of the S /S; in the variably deformed
gabbros may indicate either; (1) the complete transposition of the gabbro layering
into the foliation plane, or {2) an original parallel/subparallel relationship between
the foliation and the primary phase layering. The first argument is unlikely since
the overall trends of the phase layering with'~ undeformed gabbro are
conformable with the regional foliation trends. The second, and more likely
argument is supported by the sparsity of parasitic, isoclinal folds which are

characteristically associated with the mechanism of transposition.
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An original parallel/subparallel relation between the layering and foliation in
the gabbro leads to an interesting speculation on the influence of shear stress
(flow) on the development and orientation of primary magmatic phase layering
within 2 magma body during crystal mush conditions and accompanying
development of ductile deformation features in the gabbro under subsolidus-
hypersolidus conditions {refer to Table 3-3). The attitude of fine scale layering,
development of primary igneous features (i.e.: cross bedding, slump folds) as well
as primary crystal alignments in a flowing, partially solidified magma (crystal
mush) may be controlled (to some extent) by the orientation of the stress regime
operating during magma flow and crystallization (by which ever means or
combination of ways the crystallization occurs; e.g.: imsitu, double diffusive
convection etc.). Within a magma undergoing shear stress conditions (flow),
inequant crystals may develop a preferred oricntation during flow while strain is
accommodated by the liquid phase. Progressive cooling and crystallization of the
magma during continued lower crustal stress conditions (i.e.: flow within an
uprising diapir or convection-flow overturn away from an upwelling and spreading
zone) would ultimately lead to the development of intracrystalline strain features,
that is, ductile deformation (subsolidus plastic flow), within the mineral phases of
the [ractionating body as the ratio of crystals to melt increases such that the

strain is no longer melt accommodated along grain margins.

Such a scenario is applicable to the layered gabbro of the Troodos plutonic
complex where: (1) the concordance of layering/foliation and layering in the
relatively undeformed gabbro occurs; (2) the presence of ®sedimentary-type®
primary textures are indicative of magma-crystal mush flow (these are presently
regarded as magma current structures; Jackson, 1961; 1971; Irvine, 1980); (3) the
planar alignment of inequant grains occurs in relatively undeformed gabbro; and

(4) heterogeneous and tranmsitional development of plastically deformed features

are present with variable preservation of primary igneous textures. The generally

planar fabric development and the overall lack of any linear alignment of crystals

within either the undeformed or the more strongly tectonized gabbros, as well as,
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within the harzburgite and dunite at lower structural levels, suggests a dominance
of planar shear over simple shear conditions during the development and solid-

state deformation of the layered gabbro units.

3.8.4. Fractional Crystallization Sequence for the Layered Gabbros

The dominant fractional crystallization sequence indicated by the mineral
assemblages of the least deformed layered olivine and hypersthene gabbro is Ol-
CPX-OPX-PL. Allen (1975) and Greenbaum (1972A; 1977) reported the same
general sequence (ie.. CR-OL-CPX-OPX-PL-MT-QTZ) with various intermediate
assemblages of OL-CPX-PL, OL-CPX-OPX and OL-OPX-CPX (Allen, 1975} for
the Troodos stratigraphic complex. Greenbaum (1972A), envisioned a simple case
of gravity-aided crystal fractionation with few repeated cycles, slow cooling and a
minor influence of current convection on the crystallization process(s). Variation
in the crystallization sequence between opx-cpx was observed in this study where
rare oikocrysts of CPX form post-cumulus overgrowths that contain inclusions of
OPX, PL and infrequently OL. The common occurrence of small (<1 mm)
plagioclase inclusions within the olivine and pyroxene phases as well as forming
the dominant intercumulus phase may be related to: (1) a continuum of
plagioclase solidus conditions throughout the history of crystallization, a feature
not reported by Allen (1975), Greenbaum (1977) or George (1975; 197R8); or (2)
flotation of less dense plagioclase grains from a portion of a crystallizing melt
which was incorporated (+/- resorbed) into another portion of the same magma
or new magma batch (along the same lines as the plagioclase flotation problem
discussed by Irvine, 1980). The occur-ence of these plagioclase inclusions within
relatively undeformed samples eliminates a simple explanation of plagioclase
incorporation during recrystallized grain growth of the other phases. A
comparison of inclusion versus intercumulus plagioclase mineral compositions in a
number of samples (Table 3-4) showed no significant chemical zonatic- within
individual grains nor compositional variations between the two modes of

plagioclase occurrence.
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Table 3-4: Compositions (mol %) of Cumulus/Intercumulus Plagioclase
and  Plagioclase Inclusions in the Ortho/Clinopyroxene of
the Layered Gabbros

SAMPLE  CUMULUS GRAIN(AN)  INCLUSION(AN)
IN OPX  IN CPX

162 94.22 96.
209 87.62 91.10
265 95.49 96.18

402 96.12,94.01 94.73

(Refer to Appendix B-1 and B-2 for complete mineral analysis)

The sequence of crystal fractionation, as interpreted from the relationship
expressed by cumulus and intercumulate primary textures of the mineral phases,
can be affected by a number of post-crystallization factors including: (1)
penetrative ductile deformation and recrystallization; (2) primary magmatic flow
yielding crystal migration; (3) xenocryst inclusion from other melts, particularly
near contacts; and (4) metamorphic overgrowths of phases. The latter factor
would be of minor consequence in the layered gabbro of the study area. However,
the penetrative deformation yielding grain elongation and recrystallization can
completely obliterate crystallization textural relations between cumulate,
intercumulate and overgrowth relationships. Also, recrystallization and
subsequent grain growth can lead to the inclusion of other smaller grains by these
secondary processes, thereby yielding invalid crystal sequences. The possible
influences of crystal migration (due to slumping, density currents and magmatic
convection) on the relationship between mineral phases has not be detected in
outcrop or in thin section. Nevertheless, a significant influence on the apparent

crystallization sequence of a magma would be the likely result.
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3.9. Micrescopic Evidence of Multiple Intrusion within the

Troodos Plutonic Complex

Multiple intrusive relationships between the deformed older suite lithologies and
undeformed younger suite plutons are documented on a microscopic scale for

samples from two regions of the Troodos plutonic complex.

The syn- to post-tectonic (above the deformation front) intrusion of relatively
undeformed isotropic textured clinopyroxenite and wehrlite of the younger suite(s)
into the recrystallized, older suite transition zone orthopyroxenite is documented
at the microscopic level in a series of thin sections from the older suite transition
zone as exposed along the Pine Road (Map 1). The same intrusive relationship

has been shown in outcrop (Figure 2.9) and briefly discussed in Subsection 3.6.2.

The younger suite intrusive consists of clinopyroxenite (90-98%¢0) with olivine
(2-10S¢) and minor orthopyroxene (<1%6). The clinopyroxene phase occurs as
coarse (up to 3 mm), equant, uniform to weakly undulose cumulus grains with
ragged, interlocking grain boundaries. The olivine phase occurs as equant grains,
<1 mm in size with uniform to weakly unduiose extinction and rare kinkbanded
boundaries. These olivine grains occur interstitial to the clinopyroxene phase and
as small (<.5 mm) rounded grains within clinopyroxene. Graphic overgrowths of
clinopyroxene into the orthopyroxene grains (<1.2 mm) occur as well as rounded
inclusions of clinopyroxenite within orthopyroxenite. The interlocking grain
boundaries, coarse undeformed grains and general absence of recovery features
illustrate the undeformed, primary igneous texture for the cliuopyroxenite, with
only minor secondary alteration. Description of the recrystallized orthopyroxenite

transition zone has been presented in Subsection 3.6.2.

The intrusive contact between the coarse, undeformed clinopyroxenite of the
younger pluton and the recrystallized orthopyroxene mortar texture of the clder
suite transition zone, as shown in the field relations (Figure 2.9), is demonstrated

on the microscopic level in Figure 3-21. A more gradational transition between
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containing olivine inclusions and rarely clinopyroxene inclusions. Small (<.1

mm), red spinel grains (<19} show a subhedral habit and occur inter/interstitial

to both olivine and orthopyroxene.

Thus, the post-kinematic (above the deformation front) intrusion of undeformed,
isotropie, younger suite clinopyroxenite-wehrlite plutons into the plastically
deformed and recrystallized older suite dunite and transition zone lithologies of

the Troodos plutonic complex is clearly documented for both the mesoscopic and

microscopic scales.

3.10. Summary

The megascopic, mesoscopic and microscopic scale structural features of the
older suite lithological units document the presence of a penetrative, high-
temperature ductile deformation within the harzburgite, dunite and transition
z0ne orthopyroxenite. A heterogeneously developed plastic deformation is evident

within the layered gabbros. This ductile deformation imparts a consistent, steep

to subvertical S, form-trace, from harzburgite through to the layered gabbro. The

foliation lies parallel to the axial plane of parasitic minor folds (F,) and axial
planar to the large scale infolding of the harzburgite-dunite boundary. As
mentioned in Chapter 2, the previous studies by George (1975; 1978) in the
Troodos plutonic complex reported a 500 m gradation from deformed to
undcformed cumulates along the dunite-transition zone contact. George (1975;
1978) did not recognize the intrusive nature of the undeformed ultramafic-mafic

cuinulates along this contact with the dunite.

An cquant, granoblastic to porphyroclastic ductile deformation texture prevails
throughout the harzburgite, dunite and transition zone lithologies of the older
suite. This same deformation is heterogeneously developed within the layered
gabbros, such that regions of low strain preserve the primary ortho- to
mesocumulate igneous textures while higher strain regions exhibit a preferred

dimensional orientation of elongate grains and recrystallized and subgrain shaped
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microstructures. George (1975; 1978) reported a distinct absence of
crystallographic strain within the layered gabbro, even within the olivine phase.
The present author’s work clearly documents the excellent tectonite fabries, with
elongate olivine (aspect ratios <14:1) being documented from hand sample and
thin-sections of the layered olivine gabbro. This deformation clearly occurs above
George's transition to undeformed lithologies in the Troodos plutonic complex.
The differences in the degree of crystalline deformation within cach mineral phase
of a given rock type is dependent on the rheological behaviour of the various

mineral phases.

Evidence of recrystallization via progressive subgrain rotation mechanism is
suggested by the textural relations evident in thin-sections of the older suite

transition zone orthopyroxenite.

The multiple intrusive pature of the Trondos plutonic complex, which is
documented on the basis of field relations in Chapter 2, is also documented at the
microscopic level from two regions of the plutonic complex (Section 3.7.2). The
penetratively deformed and recrystallized dunite and transition zone units of the
older suite show microscopic scale intrusive relations with the younger suite,
isotropic, undeformed clinopyroxenite-wehrlite. Many other examples of this

relation can be found elsewhere in the plutonic complex.

The transition from dominantly ductile to brittle deformation mechanisms,
referred to as the deformation front, occurs at various structural-stratigraphic
levels within the layered gabbros of the Troodos plutonic complex. This position,
in fact, represents the structurally highest level which underwent ductile
deformation processes in the history of the complex. Through time, with
progressive cooling (hypothetically assuming constant strain rate, stress, pressure
and rheological conditions), the relative position of this front would have lowered
in the sequence and units which had previously experience plastic flow would have

developed brittle failure features in response to continued axial stresses. Likewise,

the periodic intrusion of plutons would supply a major influx of heat to raise the

temperature isograds, hence, raising the position of the deformation front.
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The development of ductile deformation and associated transposition of contact
margins within the younger plutons intruded above the deformation front could
then occur following crystallization, if the position of the ductile-brittle transition
were to rise above the pluton level due to the influx of melt generated heat and if
spreading-related shear stress conditions were still operating on this portion of the
crustal section. A similar scenario has been documented by Dunsworth et al.
(1986) within the Lewis Hills massif of the Bay of Islands ophiolite, western
Newfoundland. Conversely, the development of brittle, tensile fault structures in
the crustal section occurring above the deformation front, at any particular
spatial position in time, would allow for fault-controlled intrusion of magma
bodies along these structurally weak zones. Fault-controlled intrusion of the
younger suite has been discussed in Subsection 2.2.4. Thus, it becomes clear that
an interdependent relationship occurs between the spatial and temporal position
of the deformation front, periodic influx of magma bodies and the development of
ductile versus brittle deformation features within structurally active oceanic

crustal sections.

The progressive structural (ransposition of primary planar and linear elements
during penetrative ductile deformation into parallelism/subparallelism with the
regional foliation trends has direct application to the geometry of layering within
the plutonic complex. The geometrical patterns of fine scale layering and major
lithological boundarics cannot be regarded as representing a paleo-horizontal nor
the original geometry of the bounding surfaces along which erystal accumulation
has occurred within the magma chamber; clearly in contradiction to the
conclusions of George, (1975; p.59), Casey and Karson, (1981) and Greenbaum,
(1972A).  Also, the concordancy between fine-scale cumulate layering within
undeformed gabbro and the foliation/layering within deformed gabbro suggests an
original parallelisin between this primary igneous layering and the foliation plane.
Such a relation may indicate some degree of control of the orientation of principal
shear stresses within a flowing magma on the development and orientation of fine-

scale primary layering and the evolution of ductile deformation features under
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hypersolidus-subsolidus conditions (refer to Table 3.3). Thus, the effects of
penetrative deformation must be accounted for when attempting to reconstruct

magma conduits and magma chamber profiles within a dynamic spreading regime.

The fractional crystallization sequences of the older suite layered gabbro consist
of (OL-CPX-OPX-PLAG+/-SP, HBL, QTZ). Variations occur in the relative
order of the pyroxene phases. The relative order of crystallization of the
pyroxenes may have been affected by : (1) penetrative ductile deformation and
recrystallization; (2) primary magmatic flow yielding crystal mixing and
migration; (3) xenocryst inclusions from other magmas; and (4) metamorphic
overgrowths. The problem of plagioclase inclusions within the olivine, ortho- and
clinopyroxene phases of the older suite layered olivine gabbro may indicate a long
history of plagioclase crystallization contemporancous with the other phases.
However, the inclusion of the plagioclase phase within olivine during ductile
deformation and recrystallization of the olivine phase in the layered gabbro may
also occur. Primary magmatic conditions such as plagioclase flotation due to the
lower density of the plagioclase relative to the other mafic mineral phases may
have led to the incorporation of plagioclase grains floating in the melt, possible

forming nucleation centers for the surrounding host phases.
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Chapter 4
PETROGRAPHY AND CHEMISTRY

The petrographic description of the undeformed, primary cumulate textures of
the younger suite intrusives are presented in Chapter 4, followed by a geochemical
examination of the younger and older suites to determine fractionation trends and
to delineate any chemical criteria which can be used to distinguish between these
suites. ‘The mafic-dikes are examined in terms of their petrography and major and
trace chemistry. Mincral chemistry from a 20 m. section of the layered olivine
gabbro is discussed at the end of the chapter. Thke terminology to be used in
deseribing the primary igneous textures of the younger suii¢ intrusives is based
upon the nomcaclature of Wager et al. (1960) and Jackson (1961, 1971) as

reviewed in Section 3.6.

4.1. Petrography of the Younger Suite Intrusives

The petrographic description and crystallization sequence of the younger suite(s)
is presented in the following section. The younger suite plutons incorporate a

range of ultramafic and mafic lithologies.

4.1.1. The Ultramafic Cumulates

The younger suite ultramafic plutons consist of wehrlite, feldspathic-wehrlite
lherzolite, feldspathic-lherzolite, clinopyroxenite and websterite compositions.
Serpentinization of the olivine phase varies from moderate to intcnse (<98%). A
weak to strong actinolite alteration occurs within the pyroxene phases

(uralitization).
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The bulk of the ultramafic intrusives that occur within Zone 1 (refer to Figure
2.20) are composed primarily of wehrlite and clinopyroxenite with lesser amounts
of lherzolite, feldspathic-lherzolite and websterite. The mineral proportions vary
widely as exemplified by olivine (3500%), orthopyroxene (< 1-40%¢),
clinopyroxene (<1-90%), plagioclase (0-87¢) and spinel (< 1¢).

The most striking feature of the Zone 1 wehrlitic to lherzolitic rocks is the
common occurrence of poikilitic, heteradcumu'ate textures and the gencrally
undeformed nature of the mineral phases, including olivine. The ortho- to
mesocumulate textures which occur along the margins of the intrusive bodies have
interlocking framework (cumulate) and intercumulus phases. Oikocrysts of
orthopyroxene (En = 91.55-92.08) range up to 5 cm in size (generally 3 cm) with
vaiform to weakly undulose extinction and enclose partially resorbed, rounded
olivine chadacrysts (generally <1 mm, Fo = 85.80-87.64), (Figure 4-1). Complete
mineral analysis are available in Appendix C-1. These olivine inclusions as well as
the rounded to slightly inequant (cumulate) olivine grains (<1.5 mm) exhibit
uniform to weakly extinction with subgrains and kink bands and no preferred
dimensional orientation.  Rare orthopyrsxene oikocrysts with rounded to
subhedral clinopyroxene inclusions were observed within the undeformed
lherzolite zones. The clinopyroxene phase (<1 mm) occurs primarily as an
interstitial phase to olivine and also as small (<2.5 mm) oikocrysts that enclose
rounded olivine chadacrysts (<.8 mm). The plagioclase phase, when present,
occurs primarily as small, undeformed interstitial grains and also as small (<.4
mm) inclusions within the olivine, ortho- and clinopyroxene phases. Accessory
spinel (< 1) occurs as small {<.5 mm), euhedral to subhedral, dark red-brown,
infrequently mottled grains which are situated either along the grain boundaries
of the olivine and orthopyroxene phases or interstitial to the clinopyroxene and

olivine.

The pyroxenite units of the main intrusive belt (Zone 1) are composed primarily

of clinopyroxenite with lesser amounts of websterite. Modal abundances vary with
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The intrusive sill of wehrlite, located just north of the main zone of plutonism
(Zone 1, Figure 2.20), also contains some evidence of ductile deformation within
the olivine phase. Ali samples taken from this sill are intensely altered but a few
samples still preserve slightly elongate olivine porphyroclasts (aspect ratios <3:1)
with internal kink banding and subgrain development. The clinopyroxene and
minor orthopyroxene (<5%¢) cumulus grains are equant in habit with interlocking

grain boundaries. Both pyroxene phases show a weakly undulose extinction.

4.1.2. The Mafic Cumulates

The pyroxene-hornblende gabbro of the younger suite intrusives is isotropic in
appearance with an ortho- to mesocumulate texture. Interlocking cumulate grains
dominate (70-85%) and plagioclase represents the predominant interstitial phase.
The plagioclase (45-859), pyroxene (orthopyroxene and clinopyroxene = <35%)
and hornblende (<10%) phases showed uniform to weakly undulose extinction.
The grain size averages 1-4 mm while plagioclase laths, up to 7 mm in size, are
present within the coarser grained portions of the gabbro. Interstitial quartz
(<1%¢) occurs in one sample and exhibits a recrystallized neoblast substructure
(neoblasts = .2-4 mm). One of the coarser grained samples (#193) exhibits a
strong compositional zonation of the plagioclase laths (i.e.: Core - anorthite =
An - 91.12 / Rim - labradorite = An - 66.46). The same sample also shows

zonation of the primary hornblende with Ca poor and Fe-Mg rich rim

compositions relative to the core composition (i.e.: Core - Ca[11.88], Mg|[15.01], Fe
[15.13] / Rim - Ca]1.73], Mg|[18.94], Fe|20.57] (wt oxide)). Refer to Appendix

C-3 for the complete mineral analysis. The primary amphibole appears as an

interstitial phase that encloses both the plagioclase and pyroxene cumulus grains.
An abundance of fibrous actinolite alteration (<60%) of the pyroxene and

hornblende was noted in all samples of the gabbro.




142

4.1.3. Fractional Crystallization Sequence of the Younger Suite

Intrusives

The overall fractional crystallization scheme of the ultramafic to mafic younger
suite intrusives, as indicated by the primary igneous cumulate textures, shows a
sequence of (+/-SP)-OL-CPX-OPX-PLAG-HBL-QTZ. This scheme duplicates

that observed for the older suite layered gabbros (refer to Subsection 3.6.3.4).

Small but important variations on this sequence of crystallization indicate an
overlapping in the timing of crystallization of different mineral phases.
Concurrent crystallization of the ortho- and clinopyroxene phases occurs within
the gabbroic bodies as indicated by the cumulus grain textures and small
inclusions of clinopyroxene in orthopyroxene grains and vica-versa. Small
plagioclase inclusions occur within the olivine, ortho- and clinopyroxene cumulate
grains of the ultramafic lithologies and within the ortho- and clinopyroxene and
hornblende phases of the mafic intrusives. Analyses of the plagioclase chadacrysts
(An == 97.56) within the clinopyroxene grains of sample #257 shows that they are
of the same composition as the intercumulus plagioclases (An = 97.15) in the

sample. Refer to Appendix C-3 for complete analysis.

4.2. Mineral Chemistry

The mincral chemistry of various lithologies is examined in the following section.
Evidence of fractionation trends within the younger and older suites is presented,
followed by an attempt to delineate any chemical differences for distinguishing
between the igneous suites. Complete microprobe analyses are available in
Appendices B and C. None of the minerals shows any significant difference in
mincral chemistry from grain to grain in the same sample. Likewise, no chemical
zonation was detected within individual grains except for normal core-rim
zonation in the plagioclase and hornblende grains of the coarse grained younger

suite gabbro. Sample locations are presented in MAP 1.
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4.2.1. Fractionation Trends within the Younger Suite Plutons

Analyses of the clinopyroxene and orthopyroxene phases from the younger suite
clinopyroxenite-websterite and pyroxene gabbro units are plotted in Figure 4-4.
Orthopyroxenes from both the pyroxenite and gabbro lithologies are enstatites
compatible with the range of orthopyroxene values in alpine peridotites
(Himmelberg and Coleman, 1968). The clinopyroxene analyses fall within the
diopside to endiopside (low Ca-Cpx] field. A fractionation trend from pyroxenite
to gabbro is evident within the younger suite. Both the clinopyroxene and
orthopyroxene phases show an increase in Fe content within the more
differentiated gabbro wunit.  The composition of the plagioclase in the
clinopyroxenite-websterite (An = 91.57-96.69) and gabbro (An = 55.35-97.94)
lithologies (refer to Figure 4-7) likewise shows the same fractionation trend which
is marked by the Na-enriched rim compositions of the plagioclase within coarse
grained gabbro versus the more Ca-rich plagioclase from the feldspathic-

pyroxenites.

A general fractionation trend is also observed for different structural levels of
intrusion of the younger suite(s).  The orthopyroxene and clinopyroxene
compositions of the younger suite ultramafic cumulates are plotted in Figure 4-5.
Both pyroxene phases plot within the appropriate enstatite and diopside
endiopside fields. A trend towards increased fractionation is marked by the
increased Fe content of the pyroxene phases within the structurally higher
ultramafic pods of Zones 2 and 3 relative to the main zone of intrusion (Zone 1)
which is situated at a lower structural level in the Troodos plutonic complex. The
same trend in fractionation is evident from analysis of the olivine component in
the younger swite ultramafics (refer to Figure 4-13) where lower Fo
(=Mg/Mg+Fe) values were observed to correspond to samples from the
structurally higher NE and NW intrusive pods relative to Zone 1. Refer to

Appendix C.1.1 for complete mineral analyses.
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Figure 4-4: Part of the pyroxene quadrilateral showing analyses of
pyroxenes  from the the older suite transition zone and
younger suite clinopyroxenite and gabbroic intrusives.

4.2.2. Fractionation Trends within the Older Suite Gsbbro

Representative analyses of the clinopyroxene and orthopyroxene components of
the older suite layered olivine and hypersthene gabbro are plotted in Figure 4-6.
The orthopyroxene phase plots within the enstatite field while the clinopyroxene
plots as diopside. The cliropyroxene values from both the olivine and
hypersthene gabbro are overlapping, however the orthopyroxene phase shows a
smooth fractionation trend that indicates an increased degree of differentiation

from the layered olivine gabbro to the layered hypersthene gabbro.




Younger Suite
Ultramafic curmdates : Main Intrusion ZONE 1)
Northwest Pod @GDNE 2) (#173)

Northeast Pod ZONE 3) (#132, 068)

FeSIO3

Figure 4-5: Part of the pyroxene quadrilateral showing analyses of
pyroxenes from the younger suite ultramafic lithologies.

Comparison of the orthopyroxene compositions from both the layered gabbros
and the older suite transition zone (Figures 4-4 and 4-8) shows a progressive
differentiation trend for the older suite, from the transition zone orthopyroxenite
to the olivine then hypersthene layered gabbros. The same trend towards
advanced differentiation within the layered gabbros is evident from the
composition of the plagioclase phase (Figure 4-7). The anorthitic (An =
93.37-97.69) composition of the plagioclase from the layered olivine gabbros gives
way to a more Na-enriched bytownite-anorthite (An = 87.62-96.48) composition
within the older suite layered hypersthene gabbro.
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Figure 4-6: Part of the pyroxene quadrilateral showing analyses of
pyroxenes from the older suite layered olivine and
bypersthene gabbros.

4.2.3. Geochemical Comparison of the Older and Younger Suites

The chemical criteria used to try and distinguish between the younger and older
suite are presented in the following subsection. Figure 4-8 is a plot of the Na
versus Mg* (Mg* = MgX100/Mg+Fe) values of the clinopyroxene phase from
both the younger and older suites. The overall trend shows higher Na/Mg* ratio
for the older suite layered gabbro relative to the younger suite intrusives.
However, abundant overlapping of the suites occurs with the younger suite
cumulates of Zones 2 and 3 (+) and younger suite pyroxene-hornblende gabbro (0)

falling within the broad field of the older suite layered gabbros {s) as indicated by
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Figure 4-7: Plagioclase (An mol %) mineral analyses for samples from
both the older and younger suites.
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field A in Figure 4-8. The ultramafic cumulates (*) and clinopyroxenite
websterite (a) of the younger suite Zone 1 (outlined by field B, Figure 4-8) exhibit
distinctly lower Na/Mg* values than those of the more differentiated gabbroic
units f both the older and younger suites. Therefore, although a broad
distinetion can be made between the suites, the lithologies with equivalent degrees
of fractionation (i.e.: younger suite gabbro and older suite layered gabbro) cannot

be separated on the basis of the Na/NMg* ratios.

The Ti versus Mg* content of the clinopyroxene phase in the older and younger
suites is plotted in Figure 4-9. In general, Figure 4-9 exhibits a high Ti/Mg*
value for the older suite layered gabbros (e), {field A) and, conversely, a lower
Ti/Mg* ratio for the younger suite. However, as observed in Figure 4-8, the
younger suite gabbro (0) and the younger suite cumulates of Zones 2 and 3 (+)
fall within the same ®A* field as the older suite layered gabbro (e) while the
ultramafic cumulates {*) and clinopyroxene-websterite (&) of ZONE 1 (as outlined
by ficld B, Fig. 4.9) shows lower Ti/Ng* values. Therefore, as observed in the
previous Figure 4.8, lithologies with similar degrees of fractionation but from
different magmatic suites cannot be distinguished on the basis of their major and

trace elemnent chemistry,

The ‘T'i versus C'r content of clinopyroxene from the older and younger suites is
plotted in (Figure 4-10). The high Ti/Cr values of the older suite layered gabbros
(@) is outlined by ficld *A®. Field "B*® shows the overlap between the younger
suite pyroxene-hornblende gabbro (o) and ZONES 2 and 3 (+) and the older suite
laycred gabbro (e). Field *C® delineates the distinctly higher Cr, lower Ti
(<Ti/Cr) composition of the younger suite wehrlite, lherzolite and
clinopyroxenite lithologies (*,4) from Zone 1. Once again, the lithologies from
different suites but of similar degrees of fractionation cannot be separated into the

different magmatic suites,

In Figure 4-11 and Figure 4-12, the NiO (wt %) versus Forsterite (Fo) of olivine
and the Cr,0, (wt €o) versus Mg* of clinopyroxene are plotted, respectively, for

the older and younger suites.
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Figure 4-8: Na versus Mg* values of the clinopyroxene phase from both
the younger suite intrusives and older suite layered gabbro.
Fields A and B are discussed in the text.

Both Figures 4-11 and 4-12 show the same overlap for lithologies from different
suites as observed in Figures 4.8, 4.9 and 4.10. Benn and Laurent (1987) have
reported the presence of an early cumulate suite (ECS) and late cumulate suite
(LCS) in the Caledonian Falls region, south of the present author’s map area. The
mineral chemistry fields for the ECS and LCS, as plotted by Benn and Laurent
(1987), are included in Figures 411 and 4-12. These authors reported that on the

b 4=
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Figure 4-9: Ti versus Mg* content of the clinopyroxene phase from both
the younger suite intrusives and older suite layered gabbre.

basis of mineral chemistry for rocks at similar stages of fractionation, the rocks of
the ECS can be distinguished from rocks of the LCS. They reported that the
olivines of the LCS are enriched in Ni relative to olivines from the ECS and that

clinopyroxene of the LCS are enriched in Cr relative to clinopyroxene of the ECS.

The results of the present author's work contradict the conclusions of Benn and
Laurent (1987). Figure 4-11 shows the older suite layered gabbros (¢) from this
study define 8 field that plots along the fractionation trend of both the older
(ECS) and younger (LCS) suites of Benn and Laurent (1987). Also, the older suite
layered gabbros (e) of this study, as well as the older (ECS) and younger (LCS)
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Figure 4-10: Ti versus Cr content of the clinopyroxene phase in the
younger suite intrusives and older suite layered gabbros.

suites of Benn and Laurent (1987), fall within the large ficld defined by the
younger intrusive suite samples of the present study. It can be seen in Figure 4-12
that the same result occurs within the fields of the older suite layered gabbro (o)
in the present study, which together with the ECS and LCS of Benn and Laurent
(1987) plots within the field of the present studies younger intrusive suite.

The same absence of distinct mineral chemistry for the younger and older suites
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Figure 4-11: Plot of NiO versus Forsterite (Fo) for olivines from the
older  suite layered olivine gabbro and younger suite
ultramafic-mafic cumulates. Symbols as in Fig. 4.8. Early
cumulate suite (ECS) and Late cumulate suite (LCS) fields
after Benn and Laurent (1987).

is also shown by the plagioclase compositions. In Figure 4.7, the range in anorthite
values (An = 87.62-97.69) of the older suite layered gabbro encompasses the
anorthite range (An = 91.57-96.69) of the younger suite feldspathic wehrlite-
lherzolite-pyroxenite and core analyses of zoned plagioclase from the younger suite

gabbro.

The olivine composition of the older suite layered gabbro and younger

ultramafic-mafic lithologies is presented in Figure 4-13. The younger suite
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Figure 4-12: Plot of Cr,O, versus Mg/(Mg+Fe(total)) in clinopyroxene

from the older suite layered gabbro and younger suite
ultramafic-mafic cumulates. Symbols as in Fig. 4.8. Early
cumulate suite (ECS) and Late cumulate suite (L.CS) ficlds
after Benn and Laurent (1987). :

lithologies exhibit a wide olivine compositional range (Fo = 73.66-90.84) whereas
the olivine values from the older suite layered gabbro are more Fe-rich with a
restricted range of (Fo == 77.58-80.87). The Fo values of the layered gabbro fall
within the Fo range of the younger suite but the more Mg-rich (more basic)
nature of the younger suite olivine, particularly from the clinopyroxenite, may

serve as a criterion for separating the magmatic suites in the absence of

convincing field relations.
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Figure 4-13: Olivine (Fo) values for the older suite layered olivine
gabbro and the younger suite ultramafic intrusives.




4.2.4. Summary and Discussion

In surrmary, the younger and older magmatic suites, which outcrop within the
porthwestern quadrant of the Troodos plutonic complex, cannot be distinguished
from each other on the basis of their mineral chemistry. The Na/Mg*, Ti/Mg*,
Ti/Cr and ('r.203/.\1g" ratios of the clinopyroxene and NiO versus Fo (mol “¢) of
olivine from the younger and older suites show that lithologics of equivalent
fractionation level plot within the same fields. The plagioclase and olivine mineral
chemistries exhibit the same absence of chemical distinction between the
magmatic suites although the younger suite ultramafic unit contains a more Mg-
rich olivine than the older suite layered olivine gabbro. This Mg-rich olivine
content of the younger suite ultramafic units combined with the anomalously high
Cr and low Ti values of these rocks may be useful in distinguishing the ultramalfic
components of the various suites when the relationships are not exposed in
outcrop. The distinction of suites on the basis of limited mineral chemistry, as

presented by Benn and Laurent (1987), is not supported by the results of the

present author’s work.

Fractionation trends are evident in both the younger and older suites. A
pyroxenite to gabbro differentiation can be documented within the younger suite
as well as an overall fractionation trend towards structurally higher levels of
intrusion of the younger suite plutons. A progressive differentiation trend from
transition zone orthopyroxenite to the layered gabbro is evident within the older
suite. It is interesting to note that the compositions of the orthopyroxene
porphyroclasts and recrystallized neoblasts from the younger suite transition zone
are equivalent. Such a feature may indicate that the chemical composition of the
orthopyroxene phase is not altered by high-temperature plastic deformation and
recrystallization or that an equilibrium event may bave homogenized the chemical
compositions of the orthopyroxene neoblasts and porphyroclasts (i.e.: no evidence

of reaction rims or zoning).
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4.3. Petrography and Geochemistry of the Mafic Dikes

The field relations of the mafic dikes have been discussed in Chapter 2, Section
2.4.5. In thin section, the mafic dikes are aphyric to porphyritic and comprised of
a quench textured groundmass composed of <.5 mm, acicular plagioclase laths
and remnants of a green pleochroic amphibole. Microprobe analysis of the

amphibole (hornblende) phase is available in Appendix D.

The relative proportions of plagiorlase to amphiboie varies as a penetrative
greenschist grade metamorphism has partially (40-98°%) altered the groundmass to
a fibrous assemblage of actinolite and chlorite. The one porphyritic mafic dike
sample (#1510) consists of a completely altered groundinass of actinolite and
minor chlorite which encloses pscudomorphs after the porphyritic phase(s). These
altered blebs range up to 2 mm in size and are filled with a low temperature
alteration assemblage consisting of tale rims surrounding core regions of talc,
actinolite and chlorite with possible remnants of a primary(?) amphibole and/or
pyroxene. The opaque phase (<27¢) consists of ~.25 mm, euhedral to subhedral
grains spatially associated with both the groundmass and the alteration filled

bhlebs.

The major and trace element analyses of 40 mafic dike samples are available in
Appendix E. Five additional analyses are included for samples of the sheeted dike
complex which outcrops in fault contact with the plutonic complex in the
northeastern map area (MAP 1). The prime objective in analysing the dikes was
to characterize their chemistry and to compare these results with the chemistry of
the Troodos sheeted dike complex and pillow lavas as documented by earlier
workers (i.e.: Moores and Vine, 1971; Pearce, 1975; Robinson et al., 1983; Malpas
and Langdon, 1984). In 1982, the Cyprus Crustal Study Project drilled CY-2A
which intersected upper pillow lavas in the first 70 m of the hole and extended
through the lower pillow lavas to a depth of 689 m (Robinson and Malpas, 1987).
The chemical analyses of 11 representative samples of massive basalt, basalt dikes

and pillow lavas from the CY-2A drill core are included for comparison with the
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mafic dikes. These samples were chosen at ~ 70 m intervals along the length of
the drill core (depths: 4.40m, 72.55m, 141.85m, 218.00m, 282.10m, 316.50m,
434.78m. 502.65m. 576.20m, 625.30m, 667.70m). The complete chemical analyses
of these samples are available in Bednarz et al. (1987). Mafic dike sample #1501
was collected from a mafic dike which irtrudes a poikilitic wehrlite pluton hosted
by harzburgite in the Limassol Forest region. The Limassol Forest massif
outcrops to the south of the Troodos ophiolite massif. This sample was included
in the analysis so as to compare its chemistry to the mafic dikes which intrude

similar lithologies in the Troodos massif.

In Figure 4-14 the total alkalis versus silica values are plotted for the mafic dike
samples. From Figure 4-14, the majority (95°¢) of the mafic dikes fall within the
tholeiitic field. Two of the samples (#4503 and #4501-Limassol Forest) lie along
the transition to the alkaline field. This trend toward an alkalic affinity is
probably related to a metasomalic increase in the relatively mobile atkaline
elements and/or loss of silica during low-grade metamorphisin of the dikes. The
tholeiitic fields outlined by samples from the Troodos sheeted dikes (Moore and
Vine, 1971) and the dike-pillow lava samples from CY-2A (Bednaiz et al., 1987)
are included in Figure 4-11. The mafic dikes clearly plot within the fields of
\Moores and Vine {1971) and CY-2A as well as towards a more basic (lower Si and
higher Na+K) composition. Likewise, the five sheeted dike samples collected
from the study area all plot within and/or close to the fields of Moores and Vine
(1971) and CY-2A.

The mafic dikes of the Troodos plutonic complex are plotted on the AFM
diagram in Figure 4-15. The samples from CY-2A as well as the standard
Hawaiian tholeiitic and alkalic differentiation trends and the fic'ds for gabbro,
diabase and pillow basalt from other well documented ophiolites (i.e. : Oman,
Papuan and Bay of Islands) are included for comparison to the Troodos mafic

dike compositional field.

The trend defined by the mafic dikes in Figure 4-15 follows the standard Fe-
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Figure 4-14: Total alkalis versus silica variation diagram for mafic dike
(o) and sheeted dike {&) samples. Limassol Forest mafic
dike sample is marked as (o). Heavy line is alkalic -
tholeiitic division line as defined by MacDonald and
Katsura (1964). Dashed line defines the Troodos sheeted
dike complex (after Moores and Vine, 1971. Dotted line
defines the CY-2A field (from Bednarz et al., 1987).

enrichment trend and suggests a chemical continuum between the mafic dike
samples and the five samples collected from the sheeted dike complex in the study
area. Similarly, the CY-2A field includes the more fractionated sheeted dike
samples. The majority of the mafic dikes plot towards the Mg-rich compositional
field which indicates their primitive chemistry in comparison to the Troodos
shected dikes and the field outlined for the diabase samples from the Oman and

Bay of Islands ophiolites (Norman and Strong, 1975; Malpas, 1978). The variation

in the alkali content of the dikes may be the result of the penetrative alteration
noted within thin sections of the samples. The Limassol Forest sample (#4501)
plots close to the most differentiated Troodos mafic dike samples.
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Figure 4-16: Bulk rock compositions of the Troodos mafic dikes (o),
Limassol Forest mafic dike (o) and sheeted dike (&)
samples plotted on the AFM  diagram. Hawaiian alkaline
and tholeiite trends from Malpas (1978). Dashed field
delineates Papuan basalts and Oman and Bay of Islands
diabase. Dotted field delineates Papuan gabbro. Dot-dash

field delineates CY-2A samples  (from Bednarz et al,
1987).

The relatively immobile trace elements (i.e. : Ti, Cr, Zr, St and Nb) have been
used by Pearce and Cann (1971, 1973), Pearce (1975) and Bloxam and Lewis
(1972) to distinguish tholeiitic basalts of ocean-floor (MORB) from island-are
(IAT/LKT) affinity. These elements are believed to be relatively insensitive to
secondary processes such as low to greenschist grade metamorphism (Cann, 1970,

Pearce and Cann, 1971).
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In Figure 4-16 the Cr versus Y content of the Troodos dikes is presented. The
fields of mid-oceanic ridge (MORB) and island-arc tholeiite (IAT) basalts are from
PPearce (1980) and the CY-2A field is from the data of Bednarz et al. (1987). The
ficld defined by the pillow lavas, flows and diabase of the Oman ophiolite is
reported by Alabaster et al. (1982). All of the Troodos mafic dikes and the five
sheoted dike samples exhibit an island-are affinity, falling either within the island-
arc tholeiite field or (owards a more primitive magma composition. The less
primitive Troodos sheeted dike samples and seven of the mafic dikes {including
#1501} also plot within the island-arc field of the Oman pillow and diabase

samples,

The same island-arc (low potassium tholciite) affinity of the Troodos mafic dikes
is seen in the Th versus Cr variation diagram of Pearce (1975), (Figure 4-17). The
ficlds of magma compositions occupied by the Troodos upper pillow lavas and the
lower pillow lavas and sheeted dikes were defined by Pearce (1975), based upon
data from Pearce and Cann (1973). All of the dike samples fall within the island-
are, low potassium tholeiite (LKT) field. The samples from CY-2A and the
sliceted dikes in the present study area plot within the range of the lower pillow
lavas. Most of the mafic dike samples lie either within or towards a more
primitive (>Cr , <Ti) composition than the Troodos upper pillow lava (UPL)
field. The fields of magma compositions occupied by the Troodos upper pillow
lavas and the lower pillow lavas and sheeted dikes were defined by Pearce (1975),

based upon data from Pearce and Cann (1973).

The Ti versus Zr variation diagram of Pearce and Cann (1973), (Figure 4-18)

shows the same correlation between the Troodos mafic dikes and the field defined
by Pearce (1975) for the Troodos upper pillow lavas. Both types of dikes exhibit
the same LKT affinity although the mafic dikes again show a more primitive
(<Ti, <Zr) composition. Pearce (1975) suggested that the upper pillow lavas
most resemble the primitive basalt of island-arcs with melts being derived from

refractory mantle. The even more primitive composition of the Troodos mafic




Figure 4-18: Cr versus Y variation diagram (after Pearce, 1975) for the
Troodos dikes. Symbols as in Figure 4.12. Fields of
magma composition occupied by  basalt of the mid-ocean
ridge (MORB) and island arc tholeiite (IAT) affinities
after Pearce (1980). Solid line delineates field of basalts
from the Oman  ophiolite (after Alabaster, 1982) while
dot-dash line delineates Cy-2A samples (from Bednarz «t
al,, 1987).

dikes indicates a derivation from a residual mantle source already highly depleted
in the incompatible elements (i.e. : Ti, Zr, Cr, etc.). The CY-2A samplez from
Bednarz et al. (1987) define a field that is compatible with the lower pillow lavas
of Pearce (1975).
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Figure 4-17: Ti versus Cr variation diagram (after Pearce, 1975) for the
Troodos dikes. Symbols as in Figure 4.12. Heavy line
separates ocean-floor (MORB) from low-potassium
tholeiite (LKT) affinities. Dash line delineates the field of
the Troodos upper pillow lavas and dotted line represents
the field of the Troodos sheeted dikes and lower pillow
lavas (after Pearce, 1975). Dot-dash line delineates CY-2A
samples (from Bednarz et al., 1987).

In Figure 4-19 the MgO - FeO* variation diagram (after Jakes and Gill, 1970)
shows the mafic and sheeted dike samples of the present study in relation to the
ficlds of the upper and lower pillow lavas as defined by Robinson et al. (1983) and
the ficld of the CY-2A samples. The Mariana arc boninite field and the island-arc
tholeiite trend are taken from Robinson et al. (1983). The work of Robinson et al.
(1983) has shown a correlation between the Troodos lower pillow lavas and
evolved arc-tholeiites (Figure 4-19) and the Troodos upper pillow lavas and a
boninitic suite (Figure 4-19). The Troodos basaltic rocks are less mafic than the
typical boninite and represent liquids from which olivine and clinopyroxene have

been removed (Robinson et al.,, 1983). The CY-2A samples span the field of both
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Figure 4-18: Ti versus Zr variation diagram (after Pearce and Cann,
1973) for the Troodos mafic dike samples (®). Symbols as
in Figure 4.12. Fields D and B =  ocean floor basalts, A
and B = island arc basalts, C and B = calc-alkali basalts.
Fields of the Troodos upper pillow lavas and lower pillow
lavas plus sheeted dikes delineated by dotted and dashed

lines, respectively (after Pearce, 1975). Samples from
CY-2A delineated by dot-dashed field (from Bednarz et
al., 1987).

the upper and lower pillow lavas. Malpas and Langdon (1984) reported averaged
ultrabasic rock, komatiite, olivine basalt and aphyric basalt compositions from the
upper pillow lava suite. These compositions are plotted on Figure 4-19. Malpas
and Langdon (1984) concluded that these rocks of the upper pillow I~va suite were
derived from a bighly depleted melt (a melt equivalent in composition to basaltic
komatiites) by mainly olivine fractionation. Differentiation within high-level
magma chambers, involving ~25% olivine fractionation, would result in the
range of magmas observed in the field (Malpas and Langdon, 1984). A liquid with
boninitic affinities (~19% MgO) was proposed by Malpas and Langdon (1984) to

approach the primary melt composition for the upper pillow lava suite. The
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mafic dike samples from the plutonic complex exhibit a primitive, high-Mg
boninitic affinity. Two of the mafic dike samples plot within the upper pillow
lava field of Robinson et al. (1983) and close to the aphyric basalt composition of
Malpas and Langdon (1984). However, the majority of the mafic dikes show more
depleted. strongly Mg-enriched parental melt compositions and plot along the
sarne fractionation trend as defined by Malpas and Langdon (1984) for the olivine
ultrabasic-komatiite-basaltic rocks of the upper pillow lava suite. It is clear from
Figure 4-19, that on the basis of major element chemistry, the mafic dikes of the
plutonic complex represent chemical equivalents of the most primitive melt
compositions of the structurally overlying upper pillow lava suite. It is interesting
to note that the mafic dike samples of the present study span the compositional
gap between the komatiite and ultrabasic rock samples of Malpas and Langdon

(19%4).

Figure 4-20 shows the low TiO,, MgO-rich composition of the upper pillow lavas
(Robinson et al. (1983) and their affinity to the field of the Mariana arc boninite
suite, The CY-2A samples plot as upper pillow lavas with a trend towards the
lower pillow lava composition. The sheeted dike samples from the present study
area lie within the transition from upper to lower pillow lavas (Figure 4-20). The
mafie dikes of the prezent study area show the same strong correlation with the
upper pillow lavas of Robinson et al. (1983), the arc boninite suite of Meijer
{19%0) and the primitive melt compositions of the aphyric basalt to ultrabasic

rocks of the upper pillow lava suite as defined by Malpas and Langdon (1984).

‘The anomalously MgO enriched and TiO, depleted chemistry of the mafic dikes

indicates an extremely primitive parental melt composition and derivation from a
residual mantle source which has undergone considerable partial melting and

depletion during previous magma extraction(s).

In Figure 4-20, a continuous trend is evident from the upper pillow lava arc
tholeiites to the more primitive upper pillow lavas through to the extremely

primitive mafic dike composition. Such a trend may indicate successive
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Figure 4-19: MgO - FeO* variation diagram (after Jakes and Gill,
1970) showing the mafic dike (o) and sheeted dike (&)
samples from the present study in relation to the fields of
the Troodos upper pillow lavas (dotted line) and  lower
pillow lavas (dashed line), Mariana Arc boninite suite (dot -
dash line) and IAT trend (after Robinson et al.. 1983).
The dot’-dashed line  delineates the field of CY-2A
samples (from Bednarz et al, 1987). Avcraged ultrabasic (@),

komatiite (), olivine basalt (@) and aphyric basalt (o
values from Malpas and Langdon (1984).
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derivation of progressively depleted melt compositions during multistage partial
melting of the same mantle source. Each incremental melting event would yield a *
progressively more primitive melt composition. Additional REE and isotope data
are required to further model the source region of the mafic dikes and to establish
their genetic relationship to the structurally overlying sheeted dike complex and

pillow lava suite(s).

]

Mg O (W1%)

Figure 4-20: MgO - TiO, variation diagram of the Troodos mafic and

sheeted  dike samples. Symbols as in Figure 4.12. The
fields of the upper pillow lavas  (dotted line) and lower
pillow lavas (dashed line) from Robinson et al,  1983.
Voleanic suites: A = Galapagos rift (Byerly et al., 1976), B
= Mariana back-arc basin (Wood et al., 1980; Hart et al,
1972); C = Tonga arc (Ewart and Bryan, 1972} and D =
Mariana arc boninite suite (Meijer, 1880). The
dot3-dashed field delineates the CY-2A samples (from
Bednarz et al., 1987). Dot-dashed field delineates the
upper pillow lava suite of Malpas and Langdon (1984).
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In summary, the Troodos mafic dikes exhibit a typical tholeiitic affinity on both
the AFM and Na._,O+K,20 versus SiO,z diagrams. The Cr versus Y, Ti versus Cr
and Ti versus Zr variation diagrams show an island-arc tholeiitic melt composition
for the mafic dikes. When compared to the Troodos upper and lower pillow lavas
in the TiO, - MgO diagram, the sheeted dike samples from the study area plot
along the transition between the upper and lower pillow lavas while the mafie
dikes exhibit a more primitive parental melt composition equivalent to the
primitive compositions defined by Malpas and Langdon (19814) for the ultrabasic
to aphyric basalt compositions of their upper pillow lava suite. The anomalously
Mg-rich and Ti depleted chemistry of the mafic dikes indicates an extremely
primitive parental melt composition derived from a residual mantle source which
l.ad undergone previous partial melting and magma extraction events. On the
basis of the compatibility of the major and trace element chemistry from the
mafic dikes and that of the upper pillow lava suite (Malpas and Langdon, 1981),
the mafic dikes of the plutonic complex are interpreted to represent the feeder
dikes to the structurally overlying upper pillow lavas. Additional REL and isotope
chemistry is required to further define the genetic correlation between the basaltie

units and to model the source region of these primitive melt(s).

4.4. Mineral Chemistry of a Section through the Layered Olivine
Gabbro

A geochemical study of a small section through the layered olivine gabbro was
undertaken as an initial step in the investigation of phase chemistry variations in
the older suite gabbros of the Troodos plutonic complex. A section of the layered
olivine gabbro, which outcrops in a roadcut located just north of the Esso Galata
River ( MAP 1 ), was sampled in detail over a 20 m section which was
orientated normal to the attitude of the multiple rhythmic layering. The layered
olivine gabbro in this section dips consistently 359-450 1o 21592250, A total of 35
orientated samples were collected at a 50 to 100 crn spacing. An increase in the
sample number (from 4560 to 4596) corresponds to a structurally lower position in

the section.
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The layered gabbro which outcrops in the sampled section exhibits a strong
rhythmic phase layering with individual layers extending continuously along strike
for up to 25 m. The fractional crystallization sequence of OL-CPX-OPX-PLAG,
as documented for the layered gabbro in Chapter 3, is also present throughout
this seetion of the layered olivine gabbro. Plagioclase occurs as both a cumulate
and intercumulus phase while the clinopyroxene represents a dominant cumulus
phase.  Plagioclase also appears as xenocrysts within olivine (where present) and
¢lino- and orthopyroxene whereas clinopyroxene inclusions were observed within
orthopyroxene and plagioclase.  The olivine occurs as a cumulate and
intercumulate phase in a few samples. Orthopyroxene occurs as a cumulate and
intercumulate  phase  whereas rare inclusions of orthopyroxene within
clinopyroxene may indicate local reversals in the order of crystallization. The
primary ortho- to mesocuinulate textures of the layered olivine gabbro are
variably overprinted by subsolidus deformation in this sample section. Detailed
desceription and discussion of various aspects of the layered gabbro has been

presented in Sections 2.2.3 and 3.6.3.

Microprobe analyses were conducted on the least deformed cumulate phases.
Checks for element zonation within the mineral phases were made in a number of
samples (Appendix A-5). At least 4 analysis / mineral phase / thin section were
completed for the study unless otherwise noted in Appendix Al to A4. No
significant chemical zonation, either normal or reverse, was found to occur within

any of the mineral phases. The listing of the microprobe analyses (in Wt.S%

oxide) is presented in Appendices Al-A4 for each mineral phase (305 analyses in
total).

The primary conclusion to be drawn f{rom the microprobe analyses of the
various mineral phases, is a distinct absence of cryptic layering over the 20 m
section of the layered gabbro, even though a well developed phase layering occurs
in this section. The plagioclase phase chemistry exhibits a constant anorthite

composition (Figure 4-21) with a limited range in An (mol %) values from 93.70
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to 97.35 (one anomalous core in sample #4595 yielded an An = 98.10). This net
change in the Ca-Na content of the plagioclase phase of different samples (8An =
1.35) barely exceeds the maximum compositional spread of An values within
individual samples (i.e. : 2An = 3 for # 4590, 2An = 2.86 for # 457%; refer to
Figure -21 and Appendix A.3). The calcium rich anorthitic composition of the
plagioclase may suggest that the magma(s), from which this section of the layered
gabbro was derived, had undergone minimal fractionation prior to the
development of this cumulate section. The consistent chemical compaosition also
suggests an absence of multiple magma influx {i.e. : magma replenishment) during

the development of this 20 m section.

The olivine phase also exhibits a restricted chemical range with Mg-rich
(forsterite) compositions (Fo = 77.83-80.90) throughout the sampled section
(Figure 4-22). The range in Fo values between samples (®°Fo = 2.97; refer to
Figure 4-22 and Appendix A.1) is again very close to the maximum spread in Fo
values within individual samples (i.e. : #Fo = 2.21 in sample #4575). The Mg-
rich content of the olivine phase also indicates the undifferentiated nature of the
magma prior to crystallizing this section of gabbro. The compositional ranges of
the olivine and plagioclase phases are compatible with fractionation at a
temperature range of ~1500-1600 C for 1 ATM. (Cox et al., 1978). The
MnO(wt.€¢) and NiO(wt.€3) content of the olivine phase (Figure 4-23 and Figure
4-24, respectively) likewise show no significant variation within and between
samples. The variations in these oxide abundances are within the .1€¢ detection

limit of analysis.

The Mg*=Mgx100/Mg+Fe (mol.9%) value of the clinopyroxene phase
throughout the 20 m section exhibits mo systematic variation (Figure 4-25). A
maximum spread in the Mg* value between samples, from 8231 to 86.89
(®Mg*=4.58), is only slightly greater than the change in Mg* content exhibited
within individual samples (®*Mg*=2.838 for 4571), excluding samples #4500 and

#4596. From Figure 4-25, it is apparent that one rim analysis from each of
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Figure 4-21: Plagioclase (An mol%) values over a 20 m section through
the layered olivine gabbro.

samples #1500 and #4506 gave anomalously high Mg* numbers (88.5 and 88.28,
respectively). This is due to the correspondingly lower Fe content of the rim
analysis (#4590=Fe 3.91 and #4596=Fe 3.95) versus the matching core analysis
(#4590=Fe 5.54 and #4596=Fe 5.37). This type of reverse zonation is not
observed elsewhere in the layered gabbro samples. The
Cr*=Crx100/Cr+Fe*(mol.%) value, a sensitive indicator of fractionation in

clinopyroxene, likewise shows no significant variation between or within samples
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Figure 4-22: Olivine (Fo mol%) values over a 20 m section through the
layered olivine gabbro.

{(Figure 4-26). The maximum #Cr* value between samples equals Cr*=3 whereas
the 4Cr* within individual samples equals Cr*=2.2. Three samples (#4590,
#4591 and #4592) show a few analyses with anomalously bigher Cr* values,
however, the bulk of the analyses for these samples fall within the range exhibited

throughout the remainder of the section. Thus, the increased Cr* content in the

clinopyroxene phase of these three samples reflects an inhomogeneous Cr content

within individual samples rather than a significant variation in magma
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Figure 4-23: Olivice (MnO wt%) values over a 20 m section through
the layered olivine gabbro.

composition. The minor oxides, Na,0(wi.%), TiO,(wt.%) and MnO(wt.%),
(Figure 4-27, Figure 4-28 and Figure 4-29) also exhibit insignificant variation

within and between samples, with all elemental ranges falling within a +/-.1%

detection limit,

The orthopyroxene phase exhibits the same consistent mineral chemistry for

both the major oxides (i.e. : Mg*, Figure 4-30) and trace oxides.
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Figure 4-24: Olivine (NiO wt%) values over a 20 m section through the
layered olivine gabbro.

In conclusion, a distinet absence of chemical zonation exists within the various
mineral phases of the layered gabbro section. Point traverse analyses across
representative cumulus phases in a number of samples (refer to Appendix A-5)
show no significant elemental (major or trace) variation across the grains and low
homogeneity indexes (HI=.97 to 5.33).
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Figure 4-256: Clinopyroxene (Mg* mol%) values over a 20 m section
through the Jayered olivine gabbro.

Core and rim analyses were conducted for each mineral phase per slide, where
possible, as is represented in the analyses descripticaz in Appendix Al to AS5.
Calcium-rich rim snalysis are noted for oae plagioclase grain in samples 74588
and #4590. However, this minor reverse zonation (*An=1.5 rim-core) is not
observed for other grains from the same samples. Core and rim olivine analysis

show no significant zonation with a maximum change in the Fo value between
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Figure 4-26: Clinopyroxene (Cr* mol%) values over a3 20 m section
through the layered olivine gabbro.

core and rim =.37. Reverse zonation of the Mg:Fe content is noted for one
clinopyroxene grain in each of samples #4590 and #4596, however, the main bulk

of clinopyroxene analyses show no significant chemical zonation in all samples.

In conclusion, phase chemistry variation is not detected at a fine scale (50-100
cm spacing) over the 20 m section through the rhythmically layered olivine

gabbro. Chemical fractionation trends may, however, be present on a broader
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Figure 4-27: Clinopyroxene (N320 wt%) values over a 20 m section
through the layered olivine gabbro.

scale within the Troodos plutonic gabbro section. Hence, future investigations of
this type should initially incorporate a wider sample spacing to dclineate any
major variation trends. As a cautionary note, the field relationships delineating
between older and younger suites must first be completed before any apparent
chemical trends could be correlated to magmatic fractionation processes within
the gabbroic suite rather than multiple magma batches or multiple intrusion of

distinct magma sources.
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Figure 4-28: Clinopyroxene (TiO, wt%) values over a 20 m section
through the layered olivine gabbro.
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Chapter &

SUMMARY OF CONCLUSIONS

Throughout this thesis, at the end of each chapter or major section, the overall
conclusions of the field relations, structural relations and chemical characteristics
have been summarized, discussed and/or compared to the results ¢f previous
workers. Therefore, in this final chapter, these conclusions will be presented in

point form to allow the reader easy access of the main results of the work.

Writing of the thesis has been approached from the field relationships, which
provide a major component of the work, followed by the structural and
geochemical aspects that lend support to the conclusions from the field
observations. Likewise, the review of the results of the work will follrw the same
nrogression from field aspecis through to the supporting structural and chemical
criteria. In ending, a schematic representation of the geology of the Troodos
plutonic complex is presented with a discussion on the present setting of the

complex.

On the basis of the investigations carried out within the northwestern quadrant

of the Troodos plutonic complex, the following conclusions have evolved:

1. The Troodos plutonic complex is composed of spatially and temporally
distinct magmatic suites, the older of which exhitits a “type® ophiolite
stratigraphy (Geotimes, 1973) and a penetrative, high-temperature ductile
deformation fabric. The lithological units of the older suite are intruded and

truncated /disrupted by a series of post-kinematic plutons which together

constitute the younger suite(s). The last stage of magmatism within this section
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of the Troodos plutonic complex is marked by the intrusion of mafic dikes into

both the younger and older suites.

2. The younger suite plutons, pods, sills and dikes are composed of ultramafic-
mafic lithologies (i.e: wehrlite, feldspathic-wehrlite, lherzolite, feldspathic-
lherzolite, clinopyroxenite, websterite, and pyroxene-hornblende gabbro). These

intrusive bodies are characteristically undeformed and isotropic. exhibiting

primary cumulus textures (i.e.: poikilitic, heteradcumulate. ortho- to

mesocumulate) with only minor kink banding and undulose extinction in the

olivines and pyroxenes in a few outcrops.

3. High-temperature plastic deformation is penetratively developed within the
harzburgite, dunite and transition zone and heterogeneously developed within the
layered gabbro of the older suite. The deformation is documented on the mega,
meso and microscopic level. The consistent, steep to subvertical foliation is coaxial
with both the large-scale infolding of the harzburgite-dunite boundary and
parasitic minor folds. The position of the transition from ductile deformed
metacumulates to undeformed cumulates was previously reported by George
(1975, 197- to occur across a 500 m wide gradation from dunite to transition
zuite lithologies. The present mapping, however, clearly shows that the contact
between these two units is of an abrupt intrusive nature and marks the sharp
change from older suite dunite to younger suite isotropic wehrlite intrusives.
George (1975, 1978) reported that the change to undeformed cumulates occurr»d
within the transition zone. Within this transition zone, the strain was thought to
have been accommodated by an interstitial melt and that a distinct absence of
crystalline strain was reported by George (1975; 1978) to occur even within the
olivine phase of the layered gabbro. The results of the present study clearly
contradict the previous author’s conclusions. Sections of the l~yer~d olivine
gabbro are strongly tectonized (aspect ratios <14:1) and the dunite and webhrlite
share an intrusive contact with deformation occurring within the older dunite

prior to the intrusion of the younger suite wehrlite pluton.
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4. The highest position of the deformation front, representing the transition
from ductile to brittle deformation mechanisms within the ophiolite, occurs at
various structural levels within the layered gabbro section of the "'roodos plutonic
complex. in general, the position of the deformation front changes with time
depending upon fluctuations in the temperature gradients, pressure and strain
rates during the history of crustal accretion. That is, domains that have
undergone ductile deformation will yield to brittle failure mechanisms during
continued stress conditions as progressive cooling results in the lowering of the
deformation front. Likewise, periodic magma intrusions will supply a heat influx
to raise temperature gradients in the accreting crustal section and thereby raising
the position of the deformation front. Ductile deformation and associated
transposition of contact margins could occur following crystallization of these
intrusive plutons if the position of the deformation front were to rise due to heat
influx and rise in the temperature gradients during continued spreading-related
shear stress conditions. A similar scenario has been documented by the author
within the Lewis Hills massif of the Bay of Islands ophiolite, Newfoundland
(Dunsworth et al., 1986; Dunsworth, in prep.).

5. A multiple magmatic history for the Troodos plutonic complex is marked by
the presence of spatially and temporally discrete magma chambers which intrude,
and for the most part, occupy the former position of the older suite tramsition
zone as well as intruding into both the underlying dunite and harzburgite and the
structurally overlying layered gabbros. These intrusive relations are also
documented on the microscopic scale in thin sections from two regions of the
plutonic complex where deformed and recrystallized dunite and transition zone

lithologies are intruded by undeformed clinopyroxenite-wehrlite.

6. The majority of the older suite transition zone and portions of the dunite and
layered gabbro have been removed by a combination of large scale faulting during
accretion of this section of the oceanic crust and by intrusion/assimilation of the

younger suite intrusives. The main bulk of younger suite plutonism has focused
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along large (axial graben?) fault structures that developed within the older suite

following a lowering of the deformation front (i.e.: cessation of plastic deformation
in this section of the plutonic complex). Thus, the younger suite represents
variably fault-controlled magma chambers of vé rious sizes that exhibit varying
spatial and temporal relations relative to the position of the deformation front.
“These large scale fault structures in the plutonic complex, which may be situated
in any spatial position above the deformation front through time, would allow for
fault-controlled intrusion of magma bodies along these zones of structural
weakness. Therefore. an inter-relationship exists between the position of the
deformation front, periodic influx of magmas and development of ductile versus
brittle deformation features within structurally active crustal accretion regimes.
These large-scale faults appear to correlate well with the graben structures
mapped by Varga and Moores (1985) within the sheeted dike complex and upper
gabbros near Kakopetria. No evidence of contractional faults or thrust repetition
was identified in the northwestern quadrant of the plutonic complex (MAP 1)

contrary to the report by Bortolotti et al. (1976).

7 The ultramafic cumulates, interpreted by previous workers (i.e.: Wilson,
1950; Gass, 1967; Greenbaum, 1972A; Moores and Vine, 1971; Allen, 1975 and
George, 1975; 1978) to represent the transition or critical zone of the ophiolite
sequence, in fact represent the main zone along which concentration of the
younger siite intrusions occurred. Likewise, the previous concepts of Allen (1975)
regarding the large scale geometry of the plutonic complex are incorrect. Allen
(1975) modelled the geometry of the Troodns plutonic complex on the basis of
cycles of erystal accumulation with gradational contacts within a major magma
chamber that was periodically replenished by magma batches. Allen’s cycles were
based upon mineral chemistry sections that passed through both the older and
younger magmatic suites in the present study area. Allen did not recognize the
magmatic relations between older and younger suites in this region of the Troodos
plutonic complex nor did he realize the spatial relations and geometry of the main

zone of plutonism (ZONE 1). Allen (1975) did, however, recognize the small
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ultramafic plutons in the layered gabbros (ZONES 2 and 3) which he equated
with small magma chambers which intrude at high levels into an otherwise

*typical® ophiolite stratigraphy (Geotimes, 1973).

8. The mair zone (ZONE 1) of younger suite plutonism within the northwestern
Troodos plutonic complex exhibits crosscutting relations and fractionation trends
indicative of multiple intrision within this main zone of younger intrusives. The
ZONE 1 intrusives and the host older suite dunite (+/- layered gabbro) were, in
turn, intruded by an undeformed gabbroic carapace of an even deeper-seated

evolving magma chamber (refer to Map 1, cross-sections A-A' and B-B’).

9. An equant granoblastic to porphyroclastic microfabric prevails in the
harzburgite, dunite and transition zone lithologies. Higher strain domains in the
layered gabbro exhibit preferred dimensional orientations of elongate grains,
recrystallization and subgrain development whereas in the lower strain to
undeformed domains, the primary ortho- to mesocumulate igneous textures
dominate. Recrystallization via subgrain rotation mechanism is suggested by the

microfabric features of the older suite transition zone orthopyroxenite.

10. Transposition of planar and rare linear igneous features during ductile
deformation into orientations parallel/subparallel to the regional foliation has
direct consequences on the geometry of fine and large scale layering and
lithological contacts within the plutonic complex. This conclusion contrasts with
the results of George (1875, p. 59), Casey and Karson (1981) and Greenbaum
(1972A). The geometrical patterns of the layering and major lithological

boundaries within penetratively ductile deformed se-tions of the plutonic complex

canpot be used to model paleo-horizontal surfaces nor the original geometry of
bounding surfaces of magma chambers (i.e.: walls, roofs, floors} along which
crystals accumulated. Instead, the present day orientations of these features
represent a structurally transposed and variably modified geometry controlled by
the orientation of the stress fields within the plastically flowing accreting crustal

section.
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11. The concordancy between fine-scale cumulate layering in the undeformed

gabbro and the layering/foliation in tectonized gabbro may suggest an original

parallelism between the igneous layering and foliation plane and may indicate
some degree of control of the originai orientation of principle shear stresses in a
flowing magma on the development and orientation of fir e-scale primary layering
and the evolution of ductile deformation features under hypersolidus-subsolidus
conditions. Thus, effects of peretrative deformation must be acccunted for when
attempting to reconstruct the profile of magma conduits and overlying magma

chambers in a dvnamic spreading regime.

12. The fractional erystallization sequence of the older suite layered gabbro is :
Olivine- > Clinopyroxene->Orthopyroxene->Plagioclase 4 /- Hornblende (4 /-
Quartz). This sequence may be affected by (a) penetrative ductile deformation
and recrystallization, (b) primary magmatic flow yielding crystal mixing and
migration, {c) xenocryst inclusion from other melts and (d) metamorphic
overgrowths. The presence of plagioclase inclusions in the olivine and pyroxene
phases of the layered gabbro may indicate a long history of plagioclase
crystallization contemporancous with the other phases and may be indicative of
higher pressure fractionation (Elthon et al., 1982). However, plagioclase inclusions
also occur in olivine during recrystallization. Likewise. plagioclase flotation may
lead to the incorporation of plagioclase grains floating in a melt and possibly

forming nucleation centers for other mineral phases.

13. The younger suite ultramafic-mafic lithologiec exhibit the same fractional
crystallization sequence as the older suite layered gabbros and textural features
suggesting simultancous crystallization of the clino- and orthcpyroxene phases in

the younger suite isotropic gabbro.

14. Electron microprobe analyses of the mineral phases from both the older and
younger suites show little change in composition from grain to grain for each
phase and no chemical zonation within individual grains except for normal core-
rim zonation in the plagioclase and hornblende grains of the coarse grained,

younger suite pyroxene-hornblende gabbro.
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15. Fractionation trends are evident within the mineral chemistry of both the
older and younger suites. Fe-enrichment occurs within the pyroxene compositions
of the younger suite clinopyroxenite-websterite to pyroxene-hornblende gabbro.
Likewise, a general fractionation trend occurs towards structurally higher levels of
the younger suite intrusion as marked by Fe-enrichment of the pyroxene and
olivine compositions in the ZONE 2 and 3 pods relative to the ZONE 1 plutons. A
progressive differentiation trend in the older suite is evident, on the basis of the
orthopyroxene and plagioclase compositions, for the transition zone
orthopyroxenite to layered abbro as well as within the layered gabbro from
olivine to hypersthene gabbro. The clinopyroxene and olivine compositions exhibit

overlapping mineral compositions within the clder suite gabbros.

16. The younger and older suites cannot be distinguished from each other on the

basis of their respective mineral chemistry. The Na/Mg* Ti/Mg*, Ti/Cr and

Cr,0,/Mg* ratios of the clinopyroxene phase and NiO versus Fe(mol <) of

olivine in both suites show that lithologies of equivalent fractionation levels plot
within the same range for the various chemical parameters. However, the
distinctly higher Cr and lower Ti content of the younger suite ultramafic from
ZONE 1 is noted. These results clearly contradict the conclusions of Benn and
Laurent (1987) who reported a mineral chemistry distinction between early
cumulate and late cumulate suites in the Troodos plutonic complex. The
plagioclase and olivine mineral chemistry show the same absence of a chemical
distinction between the suites although a more Mg-rich olivine composition of the
younger suite ultramafic rocks relative to that of the older suite layered olivine
gabbro is noted. Thus, the anomalously high Cr, low Ti content and Mg-rich
olivine contents of the younger suite ultramafic rocks may be of help for
distinguishing between the ultramafic component of the suites when the relations

are not exposed in outcrop.

17. The mineral chemistry through a 20 m section of the rhythmically layered

older suite olivine gabbro shows no significant. chemical zonation within the grains
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of each phase and an absence of cryptic chemical variation with consistent
plagioclase (An), olivine (Fo), clinopyroxene (Mg*, Cr*, Na,O, TiO,, MgO) and
orthopyroxene (Mg*) compositions. It is noted that chemical trends may, however,

exist on a broader scale within the plutonic complex.

18. Major and trace element study of the mafic dikes revealed the following
chemical characteristics: (a) a typical tholeiitic affinity of the dikes on AFM and
alkali versus silica plots; {b) an island-are tholeiitic melt composition on the basis
of Cr versus Y, Ti versus Cr and Ti versus Zr variation diagrams; {c) the Ti
versus Mg diagram shows that the sheeted dike samples from the study area plot
along a transition from upper to lower pillow lavas (Robinson et al., 1983); and (d)
the MgO versus FeO and TiO, versus Mg diagrams show that the mafic-dike
samples of the plutonic complex plot along a Mg-rich, Ti-depleted, primitive
composition trend that directly correlates with the composition of the rocks from
the upper pillow lava suite (as reported by Malpas and Langdon, 1984). This
anomalous Mg-rich and Ti depleted chemistry of the mafic dikes indicates an
extremely primitive parental melt composition derived from a residual mantle
source that had undergone previous partial melting and melt extraction event(s).
The mafic dikes are interpreted to represent the feeder dike conduits to the
structurally overlying upper pillow lavas of similar depleted chemistry. Additional
REE and isotopic data are required to model the source region of these depleted

dyke sunite(s).

19. Within the NW Troodos plutonic complex, the geometrical relation between:
(1) the lower crustal-upper mantle flow induced penetrative S, foliation; {2) the

infolding along the paleo-Moho (dunite- harzburgite contact) in which the axial

surface of the meso- and megascopic folds lies parallel to the S, foliation; and (3)

the orientation of the enveloping surface of the major petrological boundary at a
high angle to the foliation suggests that this section of he upper mantle/lower
crust may represent a diapirically-flowing asthenospheric segment of an oceanic

(or marginal sea) spreading regime. A direct analogy can be drawn with the
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Acoje-type diapirically-spreading asthenosphere model proposed by Nicolas and
Yiolette (1982). These authors also suggested correlation of the Cyprus ophiolite
with the Acoje-type setting, however, they reported a post-flow D, event within
the Troodos massif which resulted in variation of structural fabrics over short
distances and large-scale F, folds, the axis of which were reported to not lie
parallel to the penetrative S, fabric. The present author’s work shows no evidence
of a D, folding event within the present study area. The effect of later uplifting
of the harzburgite core of the Troodos plutonic complex would only be to render
more shallow the few (three in total) south plunging lineations to their present
plunges with no effect on the overall geometrical configuration of the planar
structural elements in the plutonic complex of the NW quadrant of the Troodos

ophiolite.

In conclusion, on the basis of field relations, deformation features and
geochemistry, a dynamic crustal accretionary history of multiple intrusion and
ductile-brittle deformation is established for the Troodos plutonic complex. A
schematic representation of the younger and older magmatic suites, multiple
intrusive relations between the various post-kinematic plutons, distribution of
high-temperature ductile deformation within this section of the plutonic complex
(highest position of the deformation front) and geometry of foliation, layering and
major lithological contacts is presented in Figure 5-1. The main features to

emphasize in this schematic section through the plutonic complex (Figure 5-1) are:

(1) Magma entering the lower crustal domain (above a diapirically- flowing
asthenospheric upper mantle) has cooled/crystallized/ deformed wunder the

influence of upper mantle-lower crustal flow- related stress conditions.

(2) A penetrative S, fabric develops in response to the upper mantle-lower
crustal flow in an orientation concordant from the harzburgite through dunite,
transition zone orthopyroxenite and into the layered gabbro (older suite), (Figure
5.1). This S, fabric lies parallel to the axial planes along the infolded harzburgite
dunite boundary (Figure 5.1). Evidence of probable infolding of the dunite,
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Figure 6-1: Schematic section demonstrating the complex accretionary
history of the northwestern Troodos plutonic complex.
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transition zone and layered gabbro is thought to have been obliterated {at least
within the present study area) by later intrusions and large-scale faulting ( A ,
Figure 5.1). Also, note that any intrusive relations which may have existed within
the older suite would have been obliterated by the penetrative plastic deformation

with transposition of contact margins towards the regional structural trends.

(3) The deformation front, marking the gradual transition from dominantly
ductile to brittle deformation mechanisms, occurs within the layered gabbro ( B ,
Figure 5.1) and marks tne highest level of ductile deformation within the plutonic

complex.

(4) Above the deformation front (the highest level of ductile deformation), the
orientation of developing igneous layering/laminations is controlled (to some
extent) by the orientation of the principal stresses in the flowing magma (stress
related to upper mantle-lower crustal flow), thus resulting in the parallelism
between planer fabrics (primary and secondary) above and below the deformation
front. For further discussion refer to Char‘~r 3, Section 3.83 and Chapter 5,
Conclusion #11. The relation betwees the orientation of accreting planes (e.g.:
layering) within cooling/crystallizing lithologies and flow-related stress has not
previously been reported within any existing models for the Troodos plutonic

complex.

(5) With continued cooling (and possible uplifting of the crustal section), the
resultant lowering of the deformation front allowed for the development of brittle
deformation structures (e.g.: largescale faults - grabens?) at deeper levels (e.g.:
within the transition zone, dunite and harzburgite), ( Figure 5.1, A ) which may
have provided zones of structural weakness to act as conduits for intrusion/

emplacement of the younger plutors (above the now lowered deformation front).

{6) The younger suite(s) plutons, of various shapes and sizes, intruded/ascended
through all levels of the deformed older suite and crystallized as isotropic bodies

within the brittle deformation domain (i.e.: above the deformation front,
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essentially post-kinematic). The intrusive contacts between the plutons and the
older suite are marked by truncated layering/foliation, xenoliths and abrupt
lithological contrasts. Below the deformation front, the suites can be separated in
time due to the penetrative deformation of the older suite. However, above the
deformation front, it is not always possible to distinguish between the younger
and older suite lithologies. This is particularly truc for the older suite isotropic
gabbro zones within the layered gabbro and zones of younger intrusive isotropic
gabbro intruding the older suite layered gabbro (refer to Chapter 3, Section 3.4

for further discussion).

(7) Multiple intrusion within/between the younger plutons occurs with large

bodies of isotropic gabbro intruding/truncating the wehrlite- clinopyroxenite-
minor gabbro plutons (refer to Figure 5.1). These gabbroic intrusions may be
feeding from decper-seated evolving magma chambers (plutons), (refer to Map 1,

Cross-section A-A’).

(8) The highly depleted mafic dikes (Figure 5.1, C ) *feed® from the intrusive
plutons to the sheeted dike complex and act as conduits to the overlying upper

pillow lava suite (refer to Chapter 4, Section 4.3 and Chapter 5, Conclusion #18).

(9) Note: The Troodos ophiolite appears to represent a section of oceanic crust
*caught® within the diapirically-flowing domain prior to lateral spreading. This is
based upon the correlation with the Acoje-type setting (Nicolas and Violette,
1982) and the fact that nc evidence exists to suggest reorientation of existing
structural fabrics or overprinting by secondary structural fabrics in the older
suite. Such features would be expected to occur in crustal sections that
expericnced lateral spreading. The essentially post-kinematic intrusions within the
brittle domaia could have occurred at any time; being related to magma influxes
within a diffuse spreading regime, intruding at some distance from the initial
formation of the older suite lithologies (i.e.: off-axis) or above a subduction zone.
Additional geochemical and structural studies are required to unravel the answers

to these questions.
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AFPDDIX A (Comt'd)
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OETROPYROEENE
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* APPEEDIX A (Cont‘d)

A3
FLACSIOCLASE
Na L7 Al 1] X Ca T Cr "~ Yo wi TOTAL An
4360 c 1.12 .03 33.29 49,9 .01 .02 .02 .04 36 .01 99.146 | 93.20
» 98 .02 3.7 45.08 - - 0% .02 .31 .06 9% .78 93.40
o 1.0 .02 33.2¢ 46.47 - .01 .0l .0l .38 - 99.80 93.20
[+ 1.09 o3 3.22 43.94 - 18.83 .03 .07 -~ .38 - 9.5 *%.20
¢ 4361 C .99 - 3).20 46.27 - 19.21 .02 - .03 1) - 100,07 | 95.%
| ] .96 - 32.6% 46.21 - 18.8) .0l .03 .02 e .0t 99.1) | 93.9%8 .
0 .97 .02 33.16 46.79 .01 18.%8 - .02 - .30 .0l 99.87 | 93.48
o .90 .02 3. 22 46,97 - 16.78 .02 - - .3 .02 99.93 | 935.49
4563 [}] 1.07 .03 32,78 43.79 - 18.%9 K1 .02 .03 .38 .07 98.74 | 93.06
] 1,09 + 04 ».22 43.7% .02 18.46 - - .01 31 0l 96.88 | 93.10
[+] 1.14 .02 32.81 43.68 - 18,71 - .01 .02 R Y .03 9.8 | .77
| 1.04 .01 32.80 46.04 .02 18,94 - - .01 3 .03 99.26 | 95.26
¢ .09 .0} 2.9 43,04 - 18.80 N1 - - ' ) ) - 98.46 | 93.00 3
o
(317} [ 1.12 .0l 1.9 46,39 .0l 18.0) - - .03 .36 - 98,96 | 95.2¢
[+ .1l .09 32.43 43,78 - 18.99 - - .02 )9 .0) .01 9.9%
» .89 .02 33.20 46.% .01 18,94 - 02 - B ) - .78 9.9
[+ 1.02 .02 32.99 48.79 - 16.23 .02 - .01 A1 - 99.31 ?3.20
4363 c .89 - 2.87 43.48 NJ] 19.20 - - - .3 .02 90.01 | 9%.9
| 1.y - .3 46,88 .0) 18.%8 .01 .08 .01 .40 .03 100,63 | 94.04
o <9 .0% 33.09 46.97 .0} 18.63 - .07 .07 1) .03 100,26 | 93.6)
[+] 1.07 - 3).60 66,28 - 18.29 .0% - .01 .3 .04 9.7 | %.9?
[+ 1.04 .04 3346 46.30 .02 18.086 .02 - .08 .41 .04 100.23 | 9%.10
4368 o .16 .02 3. 14 46.04 .01 .03 .03 - .3 - 99.37 | .04
0 1.04 .04 32.70 46.%0 01 .01 - - ool - 2.9 | M.
[+ 1.7 .02 32.6% 46.37 - - - 01 Y] - '8.70 | 9.9
[ 3 .99 .07 33.24 46.2% - .01 .01 - 43 - 99,17 | 93.30
4367 3 .n .0) 33,02 48.0) - .02 .06 - 1] .02 100.48 | 91,70
c 1.1% .04 33.2¢ 46,71 .0} .01 .02 .04 .32 .01 99.00 | %.60
o . .0} 3.4 46.79 .02 - - .0) .36 - 100.82 | 93.60
[} 1.3 .02 32.49% 46.09 - - - .04 .29 - .9 9%.70




AFPEIDAX A (Cowc'd)

A3
PLAGIOCLASE  (Cont ‘d)

ldeatifior Re ny
4368 [ 1] a7 .04
4] 1.0% 0b
] .9 .0d
0 1.1) .01
-] .86 .04
4270 c 1.02 .01
[+ 1.02 .04
(-] 9 .02
[} .97 04
4371 c 1.06 0d
R .9 -
c .9 .0h
R 1.04 .02
c .99 .03
R .91 -
[+ .82 -
T .98 .02
4572 [} .94 .0d
c 1.07 .03
n 1.1% -
[ .9 .0%
4374 c 1.20 .03
| ] 1.1) .02
o 1.13 04
] 1.30 .02
4378 [ .17 .03
| 1.01 .02
c 1.16 <04
| 79 W13
] .27 .01
4376 [ 1.09 .02
R 8] -
] 1.04 .02
] 1.07 .02
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APFENDIX A (Cont'd)

A3

NACIOA (Cont'd)

ldentitier Na

4389 .90
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APPEIBLX A (Cont'd)

AS
20WLNG BATA

Phaoe

C RV W KN N
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APFERIX A (Comt’e)

45
WWING PATA (Come'd)
Sanple |Phase ’ L Cr L) Pe N{ Ce Na
7 .39 1,19 11.07
s ) 1.3 17.%
14 1.27 1.2) 1.20
4308 |[rieg. ) .30 1.27 17.¢7
2 .28 1.07 1r.n
3 .9 1.38 17,3
4 .30 1.20 17,3
s .38 1.18 17,56
. .32 1.29 17,64
13 .97 1.01 _176
4368  [Plag. ) .12 1.70 n.n
? 51 1.3 17.49
3 46 . 1.46 16,91
4 .43 K 1.47 16.99
] .43 1.80 17.91
¢ N 1.17 16,13
U .47 .98 17.43
[ ) LY 7.38
3% |rlag. 1 38 1.34 18.48
] .38 .97 17.99
3 » 1.48 18,01
4 39 1.41 17.04
S 2 1.41 17,93
6 40 1.29 17,7
? a1 1.3 17.88
s 5} 1.2 17.80
n 1.04 1.17 1,07
4363 [Plag. A .32 1.6 16,83
2 8] 1.43 18,9
) I8 1.64 16.83
4 .3 1.43 1679
s 4% 1.36 17,3
6 .38 1.16 17.60
Y )9 1.0 17.58
s .38 1.37 17.37
L1y 1.36 1.13 1.89




Microprobe winersl snslysis (vt. X) of clinopyronene, orthopyronens, olivine end plagiociese phases within layered olivine end hyperothene gabbre sad
transition sone litholsgiee of the older suite. Mg', Ca’, Fa' (Mol X), Mg® = Mg u LOO/Ng ¢ Pe (Mol X) (or the semple sverage, A = Average, Aa
(Well), 7o (Ho1R), Code: W = neodlaste, P « atrsined porphyrociset, R = rim, C = core, O ® no description, Oik = oikocryesc, T = iaclueion.

B.1. LATERED OLIVIEE GARBSO

8.1.1. C\lsepyrenene

Soople | Code Ns Ny Al [ X Ce Ti Cr Mo Pe ni YOTAL Average
13 (] .10 17.6) 2.3 52.61 - 19.95 .18 A4 .14 3.68 .03 9.5 u.',- 31.9%
0 Ny 17.23 1.88 $3.% - 21.12 .07 .10 .12 3.30 - 99.28 |ca’= 43.20
A T 17.43 2.1) 52.%8 - 20.3 1 A2 1) 5.48 .0 98.88 {Fe’~ 3.2
Ngt= 85,00
102 0 .20 1n.n 2.10 5.21 - 19.93 .1 .09 N} .7 - 100.2) [mg’= 31.43
(] 27 17.29 2.1 53.60 .01 20.74 .13 .08 .16 5.93 - 100.43 |ca’= 42.97
A %} ] 17.%0 2.1) $3.9% - 20.% 0 .08 N 5.0 - 100.31 [re’= 3.97
ngee 04,20

~

102 0 .20 17,54 2.14 $3.09 .0} 20.62 .23 .07 .2 3.8 .03 .03 u.:- 50.09 N
0 .30 .78 2.12 $3.16 - 20.18 .18 .10 2 5.92 - 90.43 [co’= 43,00
0 .29 17.04 1.06 33.81 - 20.34 13 .10 .43 3.43 .07 99.02 [re’e 3.47
A .26 17,09 2.04 93,29 - 20.30 .19 .09 .16 3.6l .03 99.08 [nge= 8a.42
102 ° .10 '] e 2.10 52.60 - 18.10 .20 .09 ) 6.6% .09 98.30 [Mg'= 33.0%
ca’= 39,20
P 3.7
Ngt= 03.09
102 0 .28 16.94 2.00 34.0¢ .01 20.9) .10 3 .04 5.83 - 100.14 |mg'= 30.44
Ce = 84,79
rd'= a.70
ng®= 04.20
J02 ° .9 17.%1 2.08 33.83 .01 21.00 .3 .09 .18 5.5% .12 101,67 -.:- 30.40
! Co'= 4.9
ree 404
ngee 04.93
132 (] .10 19.% 1.%? $3.92 - 19.79 N} .06 .18 6.26 .02 100.35 f{mg'= 31,00
° .2 16.79 1.09 53.19 - 21.8 .00 .04 .2 5.9 - .37 c."-n.u
A .13 17.3% 1.6) $3.93 - 20.81 .10 .04 .20 5.7 - 99.03 {re’= 3.5
ngts 84.38




AMPERIR B (Cont'd)

B.). LATRRED OLIVIER CABMMO (Comt'd)

&84 Clisspyronese '
Sampile Code Na ng Al 8i [ Ca_ Ti Cr ) Pe ni ‘l!!YA.l._1 Avevage |

192 o .23 | arae 1.78 51.97 - .7 .12 .04 a7 3.40 .08 90.77 |ng’ = a9.24
o .23 | 16.92 1.00 33,32 - 22.2) Jo3 .03 W13 3.42 - 100.33 [ca'~ 45.61
A .26 17.0% 1.79 32.76 - 1.9 .07 .08 .16 3.43 .02 99.%) {0’ = S.u3
Mg 84.79
132 [ .23 17.0) 1.77 3.3 - 22.27 .1 .08 .16 3.3 .02 100.40 {ng'= 48.94
c.:-u.n
\ fe = 3.07
Ngte 04.90
23 0 48 | 17.0) 1.8) 53.7¢ - 20.80 - .10 .20 5.1 - 99.01 (mg'« 30.62
Ca'= 44.4)
re'e 4,98
Ngo= 83.%4

~N

102 ¢ A8 ] 17,41 2.91 34.10 - 20.72 .21 .04 .18 5.9 - 101.0) u;:- 51.34 ]
Co = 43.8¢
. Fe = 4.80
Ng*= 84,74
osl o .20 | le.87 1.02 33.32 - 1.1 - .07 .18 3.0% .08 99.78 {ng’= 49.63
0 A9 1 17.04 1.86 33.12 - 21.6) Ny .0? .13 s.ie .0h 100.16 [ca/= 43.0?
A .20 | 16,93 1.9 33.62 - 21.41 .08 .07 .18 5.51 .03 99.93 |[re = s.27
ngee 54,37
081 o 18 | 16,09 1.9 $3. 14 - 20.78 .16 .08 1 5.% .03 99.37 [mg’= 30.38
Cal= a4,31
Pe = 3.14
ngo= 83,42
008 o .10 18.00 2.00 . - 19,73 - .02 .20 ..09 - 99.99 [mg’~ 32,33
o 09 | 17,03 1.9% 54.2% - 20.11 .02 .02 .22 .03 - 100,% |ce’~ 61,02
'y .13 17.92 1.97 34.00 - 19.92 - .02 .20 .07 - 100.2) [Pe’= 3.03
ng®= §4. .03

/,
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AMEDIX 3 (Cont‘e)

B.1. LATERED OLIVINE GABSBO (Cont'e)

8.2 Orthopyrenene

Sanple Code Ra ng Al $i | S Ce Ti Cr L) Pe Ni TOTAL Avetage
139 oik - 30.29 1.1 36.7 - 1.9 - - .29 1.3 - 101.42 |mg’ = 83,33
oin .04 30.21 1.20 35.52 - 1.¢0 .03 .03 .2 10.82 - 101.07 {ca’= 4.2¢
A .02 30.2% 1.4 56.4) - 2.10 .02 .02 .29 15.10 - 101.61 {Pe’= 10.20
263 ol .01 | 1.4 1.3 56.47 - 2.6a - .04 .27 10.64 .04 101.07 [mg’= 84,63
Ca’= 3.42
re’'= 9.92
m o - 29.08 1.1 31.8) - R - .02 .29 13,76 .08 98.73 (ng’= 89.04
o .02 | 208.52 113 3.1 - .86 - - .28 14.% .03 90.94 [ca’= 1.49
A .01 20.79 )16 3.7 - .0 - - .28 14.08 .0% 98.82 (Pe’= 13.47 .
081 ° - | 1.0 127 | ss.e4 - 1.04 - .02 22 | 12.00 07 1100.87 [mg/= 87.07 o B
. c.l- 2.18 N
= 10.73 o
008 ° .02 | 30.82 1.33 33,62 - 1.28 .03 .02 .30 11.29 .03 110077 |mg/= 86.71
° .0} 30,39 1.3 33.99 - 1.5 - .04 .1 11.% .08 100,71 [co/= 2.00
A .01 30.10 1.9 $3.60 - 1.42 .02 .02 .27 11.32 .06 100.7) |re = 10.41 .
03? [ .01 Nn.00 1.3%3 36.3% - 2“.06 .03 .1 .20 9.18 .03 101.9) ll.'- 87.7%
Caj= 4.07
Po = 8.21




APPRIDIE B (Cont'd)

B.1. LATRREP OLIVINE CaABBEO (Cont'd)
813 orivise

Semple i TOTAL | Average

[ )] 101.22
- 101.90)
101.27

100.6)
100.7¢
100.60

101.93

101.03
101.30
101.18

101.10
90.88
99.98

99.20
100.18
.68

98.84
100.0)
99.8)

101.61
99.4)3
100.49

100.77

9.7
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AMRIBIR B (Comt'd)

S.1. LATERED OLIVINE CABBRD (Cont'd)
KLE rragicclase

Semple Code Ne ng Al 8i X Ce Ti cr Ma Te i TOTAL Averege
139 z 1.33 .02 32.9) 46.84 - 17.26 - - - .35 .0l 98.73 |An = 93.41
102 o .33 .08 32.07 ar.38 - 16.93 - - .02 1) - 90.18 lan = 93,37
152 ] 1.2 .03 nz.n 46.9% - 17.81 .02 .04 .03 o4 - 99.27 [An = 9%4.22
132 2 1.00 .06 3.9 46.32 - 12.32 - - .03 .6) .03 98.54 [An = 93.09
263 z .98 .02 33. 69 43.09 .01 17,30 - - - .35 .03 98.47 {An = 95.18
163 0 L 0 ».n 46,63 - 16.87 - - - .19 - $8.02 {an = 93.49
m o .30 .0) 33.8% 43.1) - 18,93 - - - .33 - 98.79 lae © 97.49 m
o8l o 04 .03 33.83 43.3) - 17.9% - - .03 -3 .07 98.67 [An = 93.84 n
000 0 N .0} 33.06 43.00 - 18.40 - - .02 N ) - 9.12
[ .78 .12 32.71) &3.9% .03 17,39 - - .05 &7 - "
.82 .07 32.89 3.9 .03 18.0) - - .04 .43 - 98.23 lan = 94.0¢
008 0 .08 .0? 32.80 46,07 .01 17.61 - - - .43 - 97.89 [an = 93.47
000 o N 1 . 33.90 o2 - 17,92 - - - R - - .51
[ 49 04 33.02 &3.% - 18.20 .02 - .03 .37 - %% .70
A . 02 3.8 43.40 - 18,08 - - .01 .41 - 98.61 jan = 94,08
03} [ .79 .02 .28 43.%) - 18.38 - - - .38 - 98.34 [An = 94.29
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y Y

{Cont’¢)

5.2. LAYERED EVFEASTEENE CABBRO (Coet'd)
Clinopyronsne
Sample Code Na ug Al $i K Ce Ti Cr L0] Te ni TOTAL
168 (] .13 13.933 1.92 31.08 - 10,93 .b’ -0) 20 .0 .03 97.79
200 [ .13 13.9 1.94 3).%2 - 10.)% - .03 .48 3.9) .07 98.07
N
%7 ] 1.46 16.02 7.93 31.28 .0t 16.12 .73 .07 A7 6.3 .0t 100.03
o 1.27 6.3 7.86 30.7% - 16.1% .48 .10 .09 6.3 - 99.5%9
(] 1. 16.61 7.9 39.70 - 13.8% .36 .00 .18 6. 07 99.60
o 1.32 16.48 1.97 30.14 - 16.00 .63 .1 .06 6.82 .03 .17
A 1.36 16.%6 1.9% 30.72 - 16.03 .66 .09 .13 6.3l .03 .84
167 [ .16 1.7 1.44 33.9% - 21.10 A2 .07 e b - 100.70
167 0 .16 1.3 1,73 3. 19 .0l 21.60 .03 .03 L 3.4 - 100.9%
(-] .16 16.98 1.81 3).60 - n.n - .07 1) 4.87 .01 99.464
(-] .2 17.%0 1.73% 3.2 - 1.9 - .07 ) 3.38 - 100.23
[ ) .10 17.22 1.r6 33.60 - 21.04 .01 .08 .16 3.29 - 100.21
270 [ o 14,61 1.93 52.¢4 - 2.7 .0) .03 .23 8.9 .08 99.39
249 © .19 13.91 1.3 32.30 - 22.66 .08 .02 .13 6. ) .03 99.23

‘V.l..‘

ny e 4093
Co = 42.86
FPo = §.10
Wg*e 73.46

wgle 49,38
3.1

.8
2.n

ng'e 33,38

ng'e 31,7
Ca'= 44.1)
ve’s 3.20
ngr= 83 48

ng'e 49,9
Coe’= 43.5%
Fe/= 4.4
Ngte 83,29

wg'e aa.21
ca’e 47,20
v’ 8.9
g 73.19

ng' = 46.68
col= 47,37
Fe = 3.9
gt 81.89

vee
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APPRIDIX B (Cont'd)

5.2. LAYERED FNYPERSTERAR CABBEO (Cont'¢) \
&2.1 Clisspyronsne
_Senple Code Ra ng Ab i K Ca Ti Cr Ma Fe Wi YOTAL Averege
7’
402 o .20 15.92 1.%4 3.3 - 22.41 .21 - e ..52 .02 100,51 [wg = 46.62
C-l- &r.16
Po = 6,22
Ngt= 8i.30
209 ° .04 16,12 1.0 32.94 - 21.90 .3 - .26 7.0 - 100.66 |Mg’= 46.40
o .20 15.08 2.10 $3.74 .0} 2. .26 .01 .27 6.0 .04 101.93 [Ce’= 46.0%
A .20 13.90 1.98 $3.3 - 22.31 .32 - .26 6.% .02 100,28 |pe’~ 6.49
wge= §0.32
209 0 .18 15.9¢ 2.07 $2.18 .0l 21.93 2 - N 6.5 - .33 [mg’= ar.ut
cr' = 46.%
re’e 6.3
nge= 31.19
209 (] .38 1312 1.84 52.7¢ .01 22.14 .20 .ol .19 7.43 .03 100. 14 n.:- 43.9?
Ce'® 47.9%
re’= ¢.49
Hg*= 78.38
207 o .26 17.10 1.9 53,23 - 22.98 .07 a2 L4 .. .08 101.0) u.'- 48.49
o . 16.9) 1.9 534 .01 22.77 .04 .10 .21 5.3 - 101.19 |Ca’= 4.2
a .1 17.08 1.9 33.44 - 22.07 .03 .1 .17 5.1 .04 101.08 {Pe’= &.79
nge~ 83.60
207 o .10 16.% 7,20 32.) - 22.11 .23 .13 04 3.48 .03 .73 {mg'e 4012
o .12 17,08 7.4% 32,37 - 21.99 A8 N} 1) 3. 19 - .61 c-:- 45.04
A 11 16.98 5} 32.38 - 22.03 .20 .1 .13 3. 3% .02 99.66 |Pe’= 3.0)
nge= $5.00
207 ] N3} 16.% 2,09 51.62 .0} 21.4% .07 .2 T 3.2 .03 99.38 [wg'= a0.20
o .24 16.84 2.78 31.23 - 22.6) .20 .03 .8 3.42 .01 2.3 c.;- 4e.70
a .18 16. 69 2.41 31.92 - 22.% N7 .08 )} 5. % .02 99.48 |Pe’= .02

....

.77

9¢2
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APPREBIX B (Conc'd)

5.2, LAYTSEED UYPSRSTRENR CABBMO (Cont’d)
Orthepyronens

~Semple Cods i = Average

’
269 - Ng, > 87.10
Ce, = 1.02
Pe = 11.89

u.:- 19.2¢
Co" 1.7
re’= 19.0

ne'= 79.34
C¢;° 1,9
Pe ® 18.%

ug'~ 81.98
CO" 1.92
Po = 14,10

wg'= 82,61
Ca’s 1,98
Pe’= 13.4)

ng'e §1.94
Ce’= 2,17
re’e 13.90

100.79 (mg'= 82,24
101,27 [co’= 2.00
101,03 [rPe’= 13.67

101.4) u.:- 1.3
98.78 [Ca’s 1.3
100.10 |re’~- 19.3

101.32 [mg’= 82.43

Ca'= 3.59
re’= 13.97




APPUEBAR B (Cont'd)

'
5.2, LATERED SYPEASTEEIR CAMD (Conl_")

AL Z, orthepyronens
Sepple | Code ne "y Al 1) X Ca T4 Cr - re ni TOTAL | Average |
200 o - 27.98 ‘AT 34,68 - .40 - .01 .30 16.%0 .01 101.63 u.',- 02.6%
C.,' 3. 14
Peo = 14.20 .
209 o .02 26.9% .43 32.88 - i1.22 .03 - .3 16,11 - 100.04 [mg’~ 81.48
Caln 2.49
Pe = 135.06
200 0 01 | 27,48 1.7% $4.50 .0l 122 .0% - T3 16.2) - 101.38 [nge 93.33
> Ca’= 2.66
7e’= 14.00
269 o .02 | 27,5 1.2) 54.85 - .64 - .04 .23 13.72 .07  {100.34 [mg’e 83.07
[ - 17.49 1.2% 56.%9 - .67 " .03 ML) 16.14 - 100.39 |Ca’= 1.43 o
A 01 | 2. 1.24 $4.72 - .66 - .03 .21 15.9) .03 {100.33 {re’= 13.50 w
O
'
269 [ 04 | 20.87 1.16 34.02 - .6 - .02 B Y 16.04 - 99.08 |mg,~ 82.90
0 - .17 1.22 3%.79 - .63 - .03 .29 16,12 08 [100.93 [Ca’= 1.7
A .02 | 27.40 1.20 $4.52 - .63 - .02 .30 16.09 035 [100.27 {re’= 15.7)
2¢9 o - 21.2% .9 34.26 - 32 - .01 .22 16.1% .01 .23 (ng’= 93.3)
Ca ™= .70
?e’= 13,97




5.2, LAYERES EYPERSTURNE CABSGD (Coat’d)

Sample
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APFRIDIR 8 (Cont'd)

8.3, TRARSITION 2DME (Cont'd)

&.9.] Orthopyronene

Sample Code Na ng Al 8i 3 Cs Ti Cr o Ve ni YOTAL Aversge |
407A-A

03 AT .64 37.9 .01 1.84 .01 .34 A 3.98 - 101.80 l.:- .33
04 J1.48 1.42 39.4) .02 1.9 - 34 .09 3.22 .07 100.04 Ca = ).
.03 n.n 1.04 38.68 .01 1.00 - s 1) Al 3.60 04 100.84 [Pe = 4.92

= ».-]

407A-A .04 3. 64 37.40 .01 1.91 .01 » 1) .10 .07 .03 10£.07 jng’= 9).12

ce’= 1.9
v’ 35.19
407C~-A ] - 35.93% .61 5. % - 1.%4 - .22 A7 6.16 .21 101.79 ll"- 93.84
Co’= 2.9

= a0l

407C-a » 03 | .00 .63 58.1) - 1.4% - .21 .1 5.9 .05  |io1.20 n.:- 92.08
Ce'= .
v’ 313

A07C-A L} - 34.02 ] .63 37,82 - .97 - .20 .09 3.7¢ - 100.72 l‘:- 92.%
Ce =~ ).02
Te = &.42

’
407C-A " .03 | 3s.20 .6l $7.27 - 1.3 - .22 a2 ..01 .06 |100.89 {ng, - 92.32

Cas 2.9)
v’ 3.16
"\ 4070-a L] .00 | 34,03 ..l 37.6) - 1.61 .02 .29 Y ..0) .08 {i101.10 u.:- 9.74
Csa = 308

'’
Pe = 3.20

807C~A [ ] .03 33,00 1.9 36.3%8 .02 1.7 - .29 .14 3.9 .03 99.63 h:‘ 9.28
Cl'. 3.40
Toe = 3.3

07C-A [ ] 04 35.02 .66 $7.% .03 1.80 . - .19 A8 s.18 .08 101.8) N:' 91.%
Ca = )2
v 320




AFFEIDIR B (Coat'd)

5.5, TRARSITION 08 (Cont'd)

&2 Orthopyronene

Semple Code LD L% Al 8 X Ca Ti Cr L) 1.0 L1 TOTAL Averege
407¢-p ’ .02 34.82 .61 $8.02 - 1.84 .0} .24 .1e 5.9 .03 101.74 u.'- *.%
r .0 34.9% .9 57,32 - 2.04 - .27 .13 5.9 N 101.60 [ca’e 3.37
’ - 33.08 .9 $7.%9 - 1.84 - .24 .16 6.08 - 101.32 [rpa’= 3.11
A .02 | 34.95 .37 57.71 - 1.90 - 1} e 3.9 .08 101.61
407C-D n .06 34.24 K1) $8.32 .02 1.9) - .2 .09 6.19 .10 10181 (Mg’ 91.01
Ca’e 1.08
P~ .M
407¢-D » - 34.08 .68 57.40 - 1.00 - %3 .10 s. 7 - 100.29 {mg‘= 9.1
Ca'e 31.0Y ~N
rd= 3.0 s
407C-0 [ - .7 .04 56.66 - 1.9 - .23 .18 6.02 a8 |100.96 {mg’= 91.14
c-,’- 3.80
Pa = 3.17
407C-0 L] .02 33.14 .60 36.09 - 1.9¢ .03 Bl .16 3.0 .10 100.32 [mg’= 91.40
Co’s 3.0

ve'es 4.0




APPRIDIX 8 (Conc'd)

9.3. TRANSITION BOSE (Coat'd)

&3.L. olivine (interstitisl and enclosing orthopyromens phese)

Semple Code Ne T Al i x Ce Ti Cr n [ L1 TOTAL Average
407C-4 c 48,22 a8 | al.ee - - - 18 .60 .16 |100.62 [re = 90.23
. 49.16 - 40.70 .01 - - NE) 0.6) e 99.80 |Fo = 90.3?
A 40,49 R EINT - - - 4 .01 s1s  |100.20 |re = 90.%0
40C-0 | 49.43 - 40.2 - - - A 8.84 13 98.82 [Fo = 90.088
c 4.3 o6 | 1,00 - - - Y 0.3% 3 1100.3 {re = 90.41
A a9.39 ‘02 | «0.80 - - - 1) .08 16 99.3¢ |ro = 90.68
t

&407C-0 o 49.3% - je. M 06 .0t - .07 9.2} .13 98.18 |(Fa = 90.44
0 48.6) - 41.29 - - - .1 9.42 .20 99.61 [Fo = 90.%0
A 49.01 - 40.29 .02 - - .09 ’. 02 a1 .90 |Fo = 90.37

~N

#07¢-0 ° 48,23 02 | 40.9) - - - a7 .00 T 9.52 {ro = 90.22 s
0 48.42 .04 .81 - . - .21 .43 1y | 99.06 |re « 90.23
A 48.3) .06 | 40.38 . - - 09 022 .18 98.29 [ro = %0.22
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APFEEDIX C
Nicroprobe mineral analyaie (wt.1) of olivine, clinopyroxene, orthopyronens end plagioclase phasas within Wehrlite-lhersolite, Pyrozenite and Gabbre
Litholegies of the Younger Suite, Ng’', Ce', Fe’ (Mol T) for the semple everage, An (Mol ), Po (Mol R), end Mg® = ¥g = 100/ng + Pe (Mol 1), C = core,
Qe ¢in, 2 ® genocryetl lnclusion, Ok » Oikocryst, O = no description, and A @ Avetage.

€.1. VERELETR-LAERER,1TS

€ 1], Olivise

Somple | Code Na g AL 35 X Ca Ti cr ) Yo wi TOTAL Average
32 [ 41.60 - 38,70 - - - .16 17.96 2 98.61
o 41.37 - LT .0l - - .27 17.9) .43 9.10
A 41.48 - 38.9%9 - - - .22 17.93 .12 96.)) [Fo = 80.40
173 o 38.13 .04 37.90 - - - .30 3.9 .12 100.42
[ 4] 3.7 .04 8. M - - - .24 23.9%% MY 100.98
[4] 37.64 - 38.78 - - - .30 26.%¢ .19 101.4)
A 32.92 02 38.9% - - - .29 26,13 .43 101.0% [Pe = 73.66
~n
" 3 38.6) .04 3. - - - .24 23.60 1% 100.62 [P0 = 74.47 g
i\ ] 38.43 .04 37.74 - - - 27 22.72 A2 99.%6 (Fo = 735.18
132 c 40.11 - 37 83 - - - .26 19.9% e 97.92
[} 40.64 .02 38.42 - - .02 .30 19.04 .04 99.40
a 0.7 .02 38.17 - - - .20 19.70 .10 98.6) |Po = 70.36
18) [ 45.02 - )e. 67 - .01 - .22 13.01 .0% 20.82 {ve =~ 86.20
n c 38.92 .02 8. 73 - - - .29 22.92 BT} 100. 61
R 38.71 WAl 30. 64 - - - .19 22.79 .12 100.33 .
A 38,81 .06 3o.e8 - - - ) 12.66 .13 100.38 [Fe = 73.)2
(%} [ 37.38 .02 38.06 - - - .29 23.0% .16 0. 9%
[ ] 3% - 38.84 - - - .30 23.16 .08 100.t4
A 37,67 - 38,84 - - - .3 23.10 .13 107.01 [Po = 74.40
[§2) } 3 37.9) - 36.87 - - - .3 22.66 10 97.88 (Fe = 14.80
[
[§2) R 36.4) .02 36.) - - - .32 22.88 10 .78
c 36.66 Ok 6.7 - - 08 .30 23.28 .1e 100.99
A -




APFEIDIX € (Coat'd)

C.). UENELITE~-LEERROLITE (Coat'd)

C.1.1 Oliviee

. Senple Code Ne [7Y Al 8i X Cs T Ce |  wn Yo wi TOTAL | Average |
1 0 47.48 .01 39.76 .04 - .02 ! 22 12.% .08 .9)
° 42,96 - 40.00 .08 - - .23 12.60 47 |100.8)
A 47.5%0 - 39.08 .04 - - .23 12.47 .13 100.2% {Pe = 07.16
13 I A8.0% .02 40,18 .07 - - N1 11.84 .2 100.32
z 47,02 - 3908 .02 - - .1 12.10 .14 9. 68
L3 47.73 - 40.01 .03 - - .13 11.99 .47 100.0% [Vo = 87.64
o1 o 4616 .02 .67 - - - .11 13.64 s 089
° 47,23 - 40.03 - - - .27 13.9% .6 101,83
A 46,09 - .0 - - - .23 .79 % J100.71 {re = 03.78
N
or ° s - ¥e. 9 - - - .9 13.7¢ .26 |100.88 her
- o 46,40 - ). - - - .22 13.92 .26 [100.9)
A 46,59 - .02 - - - 2 13.0 .26 1100.70 Iro © 83.74
m ° .79 | - 186 - - - .29 10.20 .18 .09
° 40.%0 .02 18,02 - - - 81 11.02 .08 [100.41
A 0.3 - 8.3 - - - .3 20.61 1) 9.7) {ro e 1271
m o 42.74 .02 .27 - - - 7 18.13 AL 11003
] 42.70 .02 .66 .02 - - .20 18,19 .07 9.9)
A 82,72 .02 8.9 - - - 2 18,16 .09 1100.22 |ve - 80.74
Fi2) o 4).3%6 - 39.48 - - - .2 18.3%% -1 104.2)
° 43.18 - 8.9 - - - .48 18.26 .08 |100.6)
A oy - ¥e.21 - - - .19 18.30 09 101,16 jvo = 80.03
068 o a9 .50 w9 .01 - - .ie 18.48 47 Jico.9
° s1.78 .19 37.9 - - - .20 18.80 a2 99,06
A al.sa .3 3868 - - - - 18.64 .13 |100.00 {re « 80.00
068 ° A3 .9 .08 .02 - - .21 17.12 .2 {101.28 [ro = 80.98
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APFEIRIX € (Cont'd)

C.l. WEERLITE-LIRRAOLITR (Coat'd) ~

€.4.L2 Clinepyronens
Semple Code Re ng Al 1] x Ca T4 Cr " Fe ni TOTAL Average

073 0 09 17.92 1.82 33.70 - 21.07 .09 .07 .10 ..02 .06 " . I.'- 2. 14
c.;- 44,09
Pe = ).01

ng®= 95.00

073 (-] .09 17.9 1.82 33.%8 - 20.91 - .19 A2 4.03 .09 9.73% '“’,' 32.%0
Co, = 4.9
Fe = ).4)
nge= 80.82

073 [ .1 18.72 2.11 $i.72 - 18.%) - .2 .09 4.9 .09 9.9) (ng = 33.6%

) cd = )9.58
Pe= 4.77
Hgte 87.0%

6%

.06 18.79 1.26 53.86 - 22.16 - .60 .08 2.81 - 99.42 |ng’~ 32.27
.03 19.08 .03 S8.4) - 2).71 A2 2.04 .03 99.84 [Ca = 43.48
.06 18,98 .70 36.13 - 22.9) - 2) .10 2,43 03 99.62 [re’= 2.2

ngee 93.2)

NN
[}
.
]
>

213 2 .09 10.47 1.4) 33.84 - 22.19 - NYJ Ny 3.02 .06 99.70 {Ng’= 31.16¢
Ca’= 43.01

e = 2.8)
Hge= 9].60

mn 1 .09 22.9¢ .11 96.84 - 12.27 - .03 .10 3.6% - 97.10 |ng’ = ¢9.¢7
cl=12e.72
re'= 3.61
ng*e 91.80

.03 18,29 2.1% $).61 - 21,61 - 7 A 3. .07 99.68 [ng’= 93.0%
08 1 8.7 2.1 34.129 - 20.8¢ .02 .40 a8 3.48 03 (100.14 |c/ = a3 N}
.03 18.9%) 2.14 $3.9) - 21.2) - )9 e 3.42 .0% 99,09 re’= .28

Ng*- 90.60

»00Q




APFELX € (Cont'd)

C.1. VEERLITE-LEEREOLITE (Cont‘d)

C.1. L, Clinepyrenens

Sample Code
068




c.r.2

APFEBIX C (Comt'd)

C.l. UENNLITS-LEERZOLITE (Comt'd)
Clisopyrosene

Semple Code He g Al 1] X Ce Ti Cr ] Yo L] YOTAL Average
048 [} .14 17.30 2.1) 30.9¢ - 20.9 .02 .27 .18 3.1) - 9711 |ng'= s0.93
Ca’= 44.L1
re’s 4.9
ngt= 83.79
oss o .18 17.1% 2.0% $2.78 21.64 .07 .26 .16 4.9 .02 99.26 [mg’= $2.41
o BT 19.66 1.80 $4.0) - 20.00 .02 .29 .18 s.e8 - 101.77 [Ca’ = 42.82
[ 16 10,40 1.9 $3.%9 20.82 .09 27 47 3.31 - 100.48 |re’'= 4.9
Ng®= 84.0¢
068 o NTY 17.410 1.9) 32.33 - 20.1) - %} e 7.90 .0% 97.60 |ng’= 30.8%
o .09 17,11 1.9 $3.06 - 21,01 .1 .21 NE! .88 - 99.18 [Ca’= 44,61
A B 17,26 1.9 92.80 - 21.07 .06 .27 A9 4,69 .03 98.38 [ra’ = 4.3
Ng®= 086.76
183 ] 09 19,112 2,52 3. - 19.69% - .70 Jdo 4.10 - 100,00 '!('- 3).4%
0 .18 11,70 2.9 33.0% - 21.%0 -~ 13 .13 3.6 .01 99.34 [Co’= 42.94
A A3 | 18,40 .93 $1.% - 20.4? - N A1 L) - .64 [rd= 3.4l
nge~ 89.64
183 ] A4 17.93 1.9 2.3 - 22.% .03 1) .04 N - 9.66 ll.'- 50.41
Co'= 40,14
ve'= 3.43
nge= 99,30
183 o .18 18.23 2.4t 51.68 - 22.30 .0) RY s 3.22 .06 98.68 |ng’'= 31.67
0 .07 17.92 1.18 $1.97 - 23.29 - .26 .08 3.0 - 98.43 |ca’= 47.42
a T 17.08 1.79 32,32 - 22.0) .01 a1 .10 3.14 .03 8.3 |ra'~> .92
ng** 91.02
132 3 .23 17,08 1.9¢ 33.38 .0l 20.02 .1 .07 .13 5.7) .09 .63 n.:- $1.77
4 .13 17.81 1.89% 32.86 - 21.1) .28 04 .16 5.9 - 9.79 c.,-n.oo
A .18 17,84 1.90 ). 1) - 20.3? ¥ 3] .03 13 5.6) 01 9.9 [Fe = 5.3}
Ng*= 84.99

[$:74




.

APFEEDIX C (Cont'd¢)

C.l, VEERLITE-LARRZIOLITE (Cont’d)

€4.2 Clisnpycozens

Sanple Code L[] LT Al 8i X Ca xi Ce ] Pe L1} TOTAL Average
192 ] .11 17.% 1.9 $3.66 - 21.07 .23 .07 .13 5.40 .03 .95 [ng' -~ as.78
o .18 16.71 1.1 s3. 72 - 21.09 - .08 KT 5.t - 99.% [co’= 45.17
A 13 17,00 1.70 53,68 - 21.47 Az .07 NS 3.28 .03 99.63 Fe’= 3.03
Nge- 83.19
. 192 0 .19 16.86 1.76 $3.9) - 21.92 .22 .02 A2 3.37 - 100.0) [ng’= 49.07
c.:- 43.0%
Yo = 3,08
ugoe 84.8)
12 0 A6 | 2,20 1.80 512 - 1.7 .i8 .03 e .%n .07 .61 {ng > 49.3) ~
0 .03 16.84 " 52,72 - 22.18 16 .08 49 6. .03 95.93 Cc,- 4%.9) [V,
A .10 17.02 1.78 53,02 - 21.9 .16 .07 9 'R .08 99.07 [Fe » 4.93 N
' ngoe 06.4)
i ° .29 18.09 1.7 51.82 - 20.16 .09 .21 N 5.89 - 98.3¢ {wg’= 33.36
0 .30 18,51 1.7 33.80 0 18,72 A A) .20 6.99 - 100.13 (Cal= 40.7)
A .27 18.%0 " 51.80 - 19,44 NS .16 1 . - | 9.2) {re'= 3.92
ng*= 84.00
173 ° A7 16.48 2.08 32.66 - 21.32 2 .03 .07 3.7 - %.82 u.:- 48.90
° .16 16.29 1.08 82.67 - 21.09 .3 .08 .10 s.79 - 90.6) [Ca’e 43.31
'y .2 16,38 1.9 s1.67 - 1.1 31 .13 A3 s.7¢ - 9.71 v’ 3.00
ng* 8).32
s
173 y .1 16.76 2.56 50.60 - 19.73% .09 .13 .13 6.60 - 97.15 |ng = 30.36
Ca = 42,81
re’s 6.0)
Ngve 81.72
17 ° a8 | 16.00 2.00 s2.86 o1 | 21.60 a0 19 a0 5.6) .08 9.23 [ng = 32.10 ;
[ .28 18.81 1.0 s3).e1 .01 18,50 a7 A2 .1 1.00 .02 100,62 {Co'= 41.97
A .21 17.80 t T $).2) .01 19,93 A7 42 .14 6.2 .03 [100.01 [ve’= 3,93
H nges 03.38




APYEEDLIX € (Coat'd)

C.1. WEERLITR-LAERIOLITR (Coat'd)

€.1.2 Clinepyronene

Senple Code ®a g Al 8i L3 Ca Ti Cr ) Yo ni YOTAL | Average !
(1) z .22 17.79 .20 34.0) - 19.18 24 .13 2 1.38 - 101.43 lh'- 32.2¢
ca’= 40.84
P’ 7.28
ng*e 81.00
m 1 .21 17.8) 1.6 33.20 - 21.% .01 .26 .09 5.12 - 100.18 imug’ = 30.30
Caj= 4a.13 .
Te = 4.4
: Ng®= §5.99
27 ° A7 17.212 2.1 52.92 - 20.71 06 .1e .14 4.00 - 98,02 |ng) = 49.97
o .03 17.48 .34 54.1% - 23.9 .07 .04 a2 3.20 .03 99.41 {ca = 46.21
A Ny 17,33 1.2% 3.0 - 2.7 .07 .09 N} ] 4.04 o1 98.68 [re =~ 1.02
ngte 88.44 ~N
n
m o A8 | 160 1.8% 53.3¢ - 21.66 .02 .02 16 3.64 .- 9973 {mg = 69,34 w
o 12 16.8) 1.62 3.y - 21.38 - - .0 3.9 - 99.02 |Co = 43.31
A .16 16.84 1.1 53.36 - 21.%2 - - .16 3.%8 - 99.38 [Fe = 5.3

ngo= 84,12




APFODIR € (Cont'd)

C.1. VEERLITS-LEEREOLITS (Comt'd)

€4.F octhopyrenens

Semple Code Ne Al [ 1] X Ca T Ce [ Pa ni TOTAL Avarsge
12 olx 30.03 .87 36.68 .02 .03 - 32 10.43 .0l 9.19 -c',- 88,10
oik 28.0% 1.1) 35,91 .33 .08 .07 .19 12.87 .03 98.25 |[Ca,e 40
A 29.03 l.’o 56.10 .19 .09 04 .26 11.69% .02 98.22 [Pe = 11.50
1 0 27.10 1.18 $3.99 .28 .02 - B} 13.46 - 97.9¢ |ug'~ 83.30
[} 27.3 1.06 34.31 .21 .07 .03 .2 14.30 .05 97.70 lca’= .3
A 7.3 t.412 54.9% .24 .05 - .32 1).08 .03 7.8 'J' [T

on o 01 | 32.% 1.8 36.18 - .67 .06 .03 ) 5.08 08 |90 n.:- %0.21 .
o - 1.1 1.y 56.38 - .86 - .06 .22 8.7 .08 [101.04 {cal= 1.97
A o1 | 2.0 1.32 36.28 - .1 - .05 A7 s.80 06  [100.39 lre’> 1.02
213 oik 03 | N .08 $7.1% - .30 .0) .19 14 1.60 - 100,29 "":' .33

Y - 32.74 .57 .3 - 1.7 - A9 .13 6.0 .07 99.10 [Ca’= 2.26 ~
A 02 | .24 .1 37.2) - 1.13 - .19 .14 6.9 .04 90.67 [re’= &.21 2

213 ok YR YY) .84 $1.79 - 1.9 - 14 7 1.07 - 101.96 {ng’= 92.08
oik 06 | 34.4) 1.07 56,76 .0l 1.12 - .1 WA 6.9 01 |10),26 {Ca’s 1.90
A .06 | 3.1 .96 .27 - 1.22 - .19 .16 7.01 - 101.60 {pe’> 6.02
088 0 29.%7 1.3t 56.24 &6 - .07 .10 11.98 .03 .88 u‘:- 27.%
Ca= 1.00
re’= 11.46
oss ° 29.34 1.40 43.99 o4 - Y Ry 11.90 .09 97.78 |ng’= 87.10
Co’= 1.3
re’~ 11.5)
192 o 40.92 - 38.80 .02 01 - .18 19.91 03 99,58 [ng’~ 06.28
Ca’e 04
ve'= 13.60
132 0 40.48 - 38.02 - .ol 2 .13 20.39 .08 99.15 |ng’s 86.10
Ce'> 0.00

re’= 11,09 -




c.L3

APPEERIR € (Comt'd)

C.1. VEERLITE-LENRIOLITE (Cone'd)
Orthopyronans

Semple | Code | Mo | wmg Al si K Ce 14 Cr - Pe " TOTAL | Average
088 0 .01 | .04 1.25 s4.90 - 1.14 .02 .10 g 10.23 .08 0.9 ng = 87.72
o 04 | 31,20 1.1? 36.06 - .18 .01 .10 .26 11.09 03 101,27 jcal= 2.39
A 02 | ¥0.65 1.21 53,48 - t.16 .0% .10 .20 50.67 .03 99.60 (Fe'> 9.90
048 o .05 | 30.76 1.30 $5.43 - 1.41 .03 N1 .24 11.3¢ - 100.73 [mg = 87.72
o 02 | 0.0 1.24 $5.50 - .70 .01 .10 21 12,00 .07 .09 [Ca’> 2.16
A .06 | 30.39 1.7 $5.46 - 1.0 .03 .1 .22 11.67 .03 |100.29 |vd = 10.02
132 1) - 9.80 1.0 $5.72 - .8 - .03 .22 12.00 - 100.61 u’-l).bl
Cole 1.7%
7s = 10.84
132 0 - 29.87 1.13 $3.57 - .06 .02 .03 .2 13.00 .0l .71 [ng)~ g6.12
Ca® 1.76
e = 12.1)
m 0 .01 | 30.¢8 1. 56,28 - .96 - .08 .22 .12 06 (100,61 fng)= 07.19
0 - 26.1¢ .69 33.09 .01 .81 .07 .09 .25 10.71 a2 96.98 ICaj= 1.94
A - 20.42 3.4 $4.68 - .88 .03 .07 .0 10.91 .09 9.79 {re = 10.07
73 (/] - 3.1 1.% ¥6.04 - 1.0% .02 .08 .20 11,02 .01 10181 Ing’= 86.71
o .07 | .02 1.50 35.62 - 2.19 .01 .07 .23 15.09 08 |101.08 [co’s 3.2¢
A 02 | 0.9 1.52 5°.9) 1.2 .04 07 .11 11,03 06 |101,46 {re’ = 10.03

§5¢
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APFEIRIX € (Cont'd) L

C-LI Ciinopyronene

Sengle Code Na ng Al $i L3 Ca Ti Cr nn Yo LI} TOTAL | Aversge |
am ° 201 | 24.08 83 | 5388 P PY .06 .39 KT 3.02 03 |101.22 [ng = ¢8.20
Ca’=> 29.32
ve' = A9
gt 89.32
201 [ .09 20.%0 .1 $4.79 - 20.%2 .03 .36 .07 2.% - 100.04 u.'- 56.09
o ) 19.5% .68 $4.08 - 20.62 - .36 .09 2.%0 .01 98.02 C-:- 41,401 *
A .11 20.02 .1 $4.46) - 20.%?7 .01 .36 .08 2.12 - 99.01 (Pa = 2.49
Mgt~ 92.90
1)) ° 06 | 1917 76 3).64 - 1.8) - Rl .07 2.62 .0t 90.30 |mg’=~ 34.97
0 09 | 1e.m O 3%.12 - 20.98 .06 N .09 2.81 .04 99.02 [Ca ® 42.94 ~
% A 06 | 19.43 RANERI AL - | 1.0 .02 5 1 .08 n 02 | 98,03 [re'= 2.49 <
Ng®= 92.73
m o a3 | 210 76 | sa.Te - | 1ee - .29 0 3.01 00| 9.9 g 3647
0 .12 | 20.08 .8 4.4 - n.n - E}) .07 1.99 .04 100,08 [Co = 41,02
A 43 | 2005 R} .60 - 20.76 - BRI .0? .80 .03 29,97 [rd' = 2,91
Mge= 92.89 -
207 [} .26 18.49 2.16 33.29 - 21.0) - .99 .16 4.00 .0b 99.97 M:' 32.%6
o A 18.08 2.21 3).30 - 21.7) - .33 .1 .n - 99.87 [Co = 43.99
A A8 18.20 2.18 $).20 - 23.%7 - .37 A3 3.08 - 99.88 {ra’~ 3.63%
ng*e 89.33
207 ] .23 22.08% .72 36.92 .02 12.64 .0) - .10 3.68 .01 9.22 n.’- 88.%)
> o .33 21.9) 2.04 56.% .02 12,22 .02 - .11 4.9 .03 97.80 {Ca’= 22.)6
A 28 | 22,9 1.08 36.73 02 | 12.44 .02 - .10 812 .03 98.01 |re’= 4.1)
~ Kg®= 90,63
246 /] .12 16.22 7.96 92.%) - 0.27 .00 .3 .33 3.9 .02 101.18 N.:- 30.7%
C.'- 43.%?
Fe = 1.68
Hg*~ 39.00




AFFEERIE ¢ (Cont'd)

3

€.2. YOUBGER SULTE - PYROXENLTR (Conk"d)

€.1.1 Clinopyronens

_Sampls | Code | W g A i ;
244 l = L ce I cr - Yo 1] TOTAL Average
] 1 16.68 4.9 32.39 -
0 a3 | 1aes RN RN Dol ase : g " Y - 95.70 |ng > 3.3
A .12 17.76 3.46 $2.02 - . . . . - 99.4) [Co'™ 4).4)
20.98 - 2 Ry 3.49 - 99.07 [re’= 3.D)
ng®e 90.70
268 0 .09 | 19.26 1.1 36.91 .0l 20.2% - .29 V7 - [ -
o 07 | 8.3 T T - | 12.%0 - Y .09 33 RNt ga,' 05
A .08 18.8% 1.83 5.18 - 25.17 - .19 1) 3.4% - 100.09 |ra = 3.}
gt 90.68
246 0 .06 19.21 .87 $5.92 - 20.42 - .21 a3 .62 - 100.06 Ing = 34.7%
0 - 19.9) 1.01 3.7 - 21.2) .a? 1) 09 3:82 .03 13?.99 c=:- 8:4
A .02 19.97 9% $3.12 - 20.82 .03 28 12 n .02 100.64 (Fe’= 3.40
. nge~ 90.38
168 0 .08 20.64 »n 35.%3 - 19.30 - .36 11 4.31 .09 101.%4 |ng/)= 37.26
Cay= 38.86
re = 3.9
nge §9.50
161 0 K3 12.97 1.20 5).08 .03 23.16 .0% .19 14 3.26 - 99,64 n'f- 49,463
0 - 17,30 L1y e - 23,14 .06 .21 3] 3.29 .0% 98.8) |Ce = 41.487
o L) 17.0% 1.0¢ 9,61 .10 22.9% - AR 1 y.12 .06 09.% |re = 3.07
A A2 17.30 1.00 .09 04 2311 .03 .18 1) 3.2% .01 99.26 |Mg®® 90.46
!
161 z .09 18.2) 1,28 3%. 66 - 22.91 .03 KT .07 3.4l .08 100.82 g, 50.62
' 1) 17.87 1.3¢ +3.27 - 22.9 .03 .22 8 3.91 .09 99.58 |Co = 46.19
A ) 18.0% 1.0 43,96 - 22.92 .03 16 ) .46 .08 100.19 go’= .19
uge~ 90.28
16} 0 .03 17.81 N 36,17 - 2).84 .0% .16 18 3.1 01 100.68 [mg'® 49.31
[} MY 17.70 1) .29 - 1239 07 ar | 1) 3.3 - 100.30 [Ca’= 47.7}
] .09 17.63 .10 9% .01 - 2).78 .03 A | .13 ). 22 .08 9.60 |ve’= 2.98
A .09 1R .63 %. 1 - 1).8% .0% 43 1 e 3.1 .03 100.21) Imgee 90.71

862
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3
:
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APFEBLX C (Cowt'd)

PYROZENITR (Owat'd)

Clinopyronens
Sanple Code. Na "y Al ] 3 Cs Ti Cr " Yo 1] TOTAL Aversge
407C-A (] .07 22.6) .90 43.29% - 16.%0 - .81 1) 3.42 o .32 I.’,- s0.28
] .07 16,49 R 2] 34.9%9 - 21.98 .02 R 1Y A 2.%) .09 99.26 [Ca = M. 1L
A .07 20.%7 8} 34.92 - 19.24 - A A4 2.97 .04 .29 'c'- 2.71
Ng®= 921.50
A07C-A ) .08 | 20.4) .98 54.99 - 19.43 - .42 .08 2.9 .02 99.13 Ing'= 37,64
0 .09 | 20.30 91 13,86 02 | 19.47 .02 .43 N .01 .03 | 98,27 {ca)= 39.59
A .08 | 20.)3 9% 4.4} - 19.4% - .43 .10 2.9 .09 9.9 {re'= 2.7¢
Mge= 92, 40
407C-a ° .06 | 26.a8 N 36.06 - 12.7) - R .09 482 - 101,14 [mg’= 71.3¢
Ce'= 24.61
Pe = 4.0)
Ngt= 95.08
A07C-A (] .03 28.89 .7 $3.94 - 8.44 - .43 4 4,84 .00 99.93 ll.," 68.22
[+] 1) 20.44 94 93.02 - 20.00 - .40 .12 2.9 .04 100.03 Ce, = 28.26
A .09 24,70 .6 95.49 - 14 .26 - .ot Al 3.8% .03 9.8% |7e = 3.51
407C-a (] - 20.07
[+) .10 20.%7
A .08 | 20.32
407C-A 0 0 { 19.%1
o 00 | 19,00
A .09 e
407C-A ) 09 | 10.8

652



APFEISLE C (Cont'd)

€.2. VOURGER SUITE - PYROXKENITE (Cest'd)

@.3.1- Orthepyconene

Sesple | Code | Wa g Al sl ® Ca T4 cr o) re »i TOTAL | Average |
201 o - 33.29 RY TR - v - .19 .20 6.02 - 101,48 Ingl= 92.37
° 01 | 3. Y 35.98 - 1.06 - .21 .1 3.9 .06 99.16 [Co/= 2.34
A - 3.2 49 36.88 - 1.24 - .20 14 5.97 .03 100.2% |Pe = 5.09
281 ° - 3.62 .50 $7.9) .01 1.3 - .20 .09 6.0) 03 [100.40 [mg’= 92.16
C-" 2.68
Fe = 3.18
171 ° 03 | da.47 s 33.23 - 1.4¢ - .13 .23 ..09 .09 .72 u.:- 92.13
° .03 ! 33,32 .31 3.3 - 1.46 - TS .20 5.7y - 100.99 (Co’= 2.73
A 03 | 3sas A7 36.40 - 1.46 - 4 .2 3,92 .03 .85 |re’= .12 ~
o
1YY o - 3110 1.1 $5.24 - 1.84 - .19 .20 N .01 99.0¢ |- 08.16 o
Cale 373
7e'= 8.09
246 ° - 31.90 1.60 37.12 - 1.68 - .19 .30 593 01 f101.81 [ng)= 09.2¢
o 02 | 33.29 1.20 36.73 - .99 .ot .16 .24 ’.1e 203 |101.88 [cal= 2.62
A .01 | 32,39 1.40 36.9) - 1.33 - .10 .27 v.03 03 li01.01 [ra’= @.12
246 o - 32.83 1.97 35.83 - 1.13 - 16 .23 8.28 .02 [100.48 n.',- 0.9
° 06 | .07 1.84 $3.89 - 1.21 - .20 .24 8.98 - 99,31 Ice/= 2.30
A .03 | 32.93 1.91 34.86 - 1.17 - .18 .28 8.8} .01 .99 {re’= 1.70
'
160 o - 32.70 1.00 56.82 - 1.18 - .09 .20 0.3 10 |101.47 nge 90.04
o KTERIEINY 1.0% $7.39 - 1.20 .01 .09 .20 8.4 03 1010 lca’= 2.1
o .01 | 32.60 1.09 33.69 - .8 .07 .10 .16 8.43 .08 .09 {re’= 7.8%
A - 31.84 1.0% 36.6) - 1.07 - .09 a8 8.02 .06  {100.73
16} [ ] .02 n.n .99 37.16 - 1.16 - .10 .10 8.99% .0% 101.00 I.:- 89.76
° 06 | BB .89 8.1 - 1.7 - Y .2 8.63 04 [102.62 [ca'e 2.1
4] .00 32.800 1.0% 951,28 .01 1.)0 - 1) .21 9.29 - 102.14 rd= 1.8
A 04 | 32,9 .98 s1.52 1.23 - oY .2 0.8 01 |io1.0e




AFFEERLX C (Cont'd)

€.1. YOUNIER SULTE - PYROXENITE (Ceut’d)

€.2.2 Orthopyronane

Sample | Code ue g Al 2 1 Ce T Ce Wn Yo ni TOTAL | Averege
’
[{7] ] .04 3). 64 1.06 36.79 - .60 .03 .13 .18 9.07 06 101.60 L Pid °M. 71
Ce,» 1.18
U
Pe= .19
16) ] .04 32.69 1.1 %5.66 - 1.41 - 1) .1 .64 - 9.09 N.:' 90 2¢
C.I- 2.79
Fe = &.91
161 o - 32.32 1.18 .79 - 1.06 - .13 .18 8.9 .04 150.%% ll.'- 9.78
o K+3) 2. N .80 36.78 .0l 1.06 .0) .13 .32 9.3 .06 101.26 C"- 1.98
A 01 32.%1 .98 56.79 - 1.0% .01 L) .29 9.3 .0) 100.91 (7 = B.24

192




APPFEILE C (Comt’d)

€.1. YOWGER SVITR -~ PTROXRNITR (Cowt‘d)

€2.3 oliviss

Sample
207 . 101.0%
99.86
100.9%
100.39

TOTAL Avegage

101.03
100.66
100.86

»P00

.71
97.10
9.33
9.9
9.2

o
o
(]
o
A

101.27
92,49
100.11

9L.46)
9.3

»P00 Qe o

».10
0.3
9.31
.80

»P000
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c.3.4

APPEDIR € (Cont'd)

Plagioclane
Senple | Code 1] Mg Al 8i X Ce i) Ce [} re LI TOTAL | Average
(Y1) ] .63 .04 32.9? YWY} - 10.48 - - .01 NY) - 97.9% lAn = 96.99
on 0 .10 .0b 32.66 46,19 - 17.8% - - .0} .3 .06 93.92 |An = 94.68
or3 [} .67 .04 32.93 43,18 .01 18.2) - - - .30 .0l 97.37 |An = 94,48
205 ) .41 .0) 33.44 (Y98}, - 17.63% - - - .33 .01 96.46 [An = 97.94
19 [ 1.46 - 33.6) 46,32 - 17.14 - - .04 .93 .02 99.12 [An = 92.9?
193 0 1.% - 32.1% 46.60 - 17.6% - - - .67 .03 98.73 [An = 92.8¢
19 [ 1.1% .09 32.38 44,41 - 17.86 - - .01 1] - 96.60 |An = 949
193 [ ] 7.3 .01 .1 38.08 .14 8.12 - - .0l .23 - 99.39 jAn = 33.39%
193 ] s.78 0l 26.% 33.36 .02 10,6 - - - .3 .0l 90.30 |An = 66.400
193 [+ .2 .07 32.% 46.62 - 17.% - - - .04 .03 98.4% |An = 94.12
137 ] 99 .03 33.40 4311 - 19,1208 - - .0) .33 .01 9.78
[} R 01 33.40 .92 .02 19.%¢ - - - B } 0% 90.92
A .38 .02 3.4 46 .02 .0l 19.41 - - - A2 .03 98.6) |An = 97,41
137 L 33 .02 33,49 [YYR} .02 19.08 - - .0) NY! - 98.72 |an = 97.%¢
137 (] ] .09 33.4) .0 .01 19.45% - - .03 Ny ) .03 .86
o .93 .06 31.88 4).24 - 19,37 - - .08 .9 .03 9.7
A .03 .0% 32.04 43.9% - 19.41 - - .04 .30 .04 97.27 |am = 97.19

¥92




APYERIR € (Coat'q)

. C€.3. YOURCER SUITE - CABMED (Ceet'd)

&.7.% cii aopyronens

_Semgle Code s Mg Al L1 X Cs h 1 Cr " Ve ny TOTAL Average

on ° g6 | 17090 .M 32.46 - 19.91 - .03 .1 Y .03 .72 [ng’ = 33.2
Co'= 42,99
Tea ® 4.2)
Ngte §8.07
208 .26 151 .16 30.67 - 2119 BT} .06 1) 1.3 .02 99.63 (Mg~ 43.9)
g ) 18,90 1.66 $2.47 01 | 2.1 19 .03 .21 1.02 .04 90,95 [Ca'> 47,36
.21 15.06 2.40 51.9? - 21.80 .25 .09 .22 1.11 .0} 98.?7 jra = 1.10
ngee 76.90

rPrOoo

203 [ .78 17.98 4. 16 52.80 .07 10.4) .2 .04 .18 10.9¢ .10 97.68 (mg'= 01.90
Ca’~ 2.9
ve'® 12.20
Ng™ 74.31

692

203 o 3 10.73 2.80 53.00 .09 10.69 .10 .01 N 0.98 .09 9.66 Mg/~ 63.20
. Ca’® 23.90
ve'® 10.00
ngt= 177,0)

103 [} .33 1914 2.81 $3.71 .06 10.1) .06 .01 .16 10.3) .0% 97.09 {ng'= $4.22
Cal = 24.48
Pe’' = 11.31
Hgte 16,74

Jd0 | 17,46 1.37 52.9) .ot | 21,85 6 .03 a7 4,30 - 96.38 [ng = 49,34
a6 | 16,09 1.09 $2.29 - 22.01 .23 3 .10 6.4 - 99.49 |Co’= 43,24
.43 17.18 1. $2.61 - 21.8) A6 .09 A7 3.%) - 99.04 (Fe = 3.2)
Ngee 84.70

37
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APPEMDILX D

Nicroprobe mineral analysies (wi.1) of the Aaphibole phase within Mafic-Dike (Semple 1877,

Amphibele

Semple | Code Ne Mg Al 8i X Ca Ti Cr » Yo ni |_TOTAL
187 .67 18.16 3. 60 33.37 Nh 10.92 .08 .03 .19 10.21 .02 97.29
187 .l 17.89 4.12 92.8% N 10.89 1) - 7 10.30 .06 7.7%
187 .19 | 1e,02 .08 53,41 .06 | 10.90 .14 - .22 10.%¢ .06 97.49
187 .79 17.93 3.6 $3.27 .04 10.80 .03 .09 .11 10.6) .03 97.42
187 .97 16.2) 2.89 $3.23 .04 11.48 .29 .05 .16 9.56 04 98.40
187 .37 18.00 4.29 $3.71 .04 9.88 .19 .09 .23 . .0 94.09
107 22 19.40 i.28 35.41 .01 i1.09 .03 &b .21 9.02 .04 97.39

89¢




Hafic Dikes -~ PeO* ~ Total e

8.0, NAJOR CLBESTS - RAFIC DLEKRS

Ssmple | 8i0y | TiIOg Alg03 Pe0* L) "go Cs0 w30 K0 P04 L1 TOTAL
ObTA 52.40 .30 11.70 3.40 .07 14.26 12.12 1.2% .04 .0) 3.24 100.8)
033 $3.20 .40 14.40 8.38 A1 6.90 8.28 3.2 .17 .01 &.7% 99.79
082 ‘5% .70 .23 %.76 6.79 .09 12.9¢ 8.46 2.99 Tz .02 2.406 100.61
066 32.90 .23 11.60 5.% .07 164.07 11.46 1.%0 .10 - 3. 40 100.9)
Y] 34.60 .22 9.3) 8.07 14 12.08 9.3 2.713 XY - 1.56 99.02
187 32.00 .22 12.70 8.0} .19 12.00 12.64 1.00 .12 - 1.92 100.3)
139 35.60 .40 8,62 8.66 1) 12.60 10.08 2.%6 .08 - 1.60 100,11}
(1 }) 34.60 .23 10.20 1.8 .13 12.61 .92 2.68 Al .0) 1.76 100.10
188 34 .00 .09 8.0y 7.8 .16 16.4) 9.86 2.28 06 .03 2.%0 100.89
218 3C.60 .20 10.90 8.66 L) 13.72 9.90 1.11 .29 - ).08 98.%¢6 ~n
230 $2.60 .22 13).40 3.08 .03 1.9 14.66 1.88 N: Y .02 2.2) 100.67 [=Ad
F$ 1} 3%5.60 .20 10.00 5.89 .07 16,62 10.68 2.% 41 - 2.0 100.0% o
260 96.50 A9 1.1l 6.62 A3 15.99% 9.96 2. .09 - 1.90 100.%8
79 46,20 49 9.98 12,18 .22 . 16,09 10,66 .18 .02 .01l 3.62 100.25%
401 $2.40 .29 11.40 6.62 09 12.64 10,36 1.78 .09 - 2.9 94.5%7
4502 34.00 .32 11.40 4.88 .07 12,00 11,22 2.08 .10 .0) 3.6 100.36
4303 $0.00 36 | 183 8.08 N} 9.26 9.00 2.84 1.%9 .0t I} 99,74
4304 $1.00 .26 | 11.%0 4.38 .06 16.87 | 12.% 1.37 .03 - 3.31 99.3%
450% $2.30 30 | 11.40 k.60 .0% 1512 | 12,9 1,23 .03 .01 2.65  |100.43
4306 31.%0 .2a | 10.80 3.39 .07 15.82 | .72 1.38 .06 - 3,01 100,01
4307 30.20 .34 12.60 6.67 Ay 13.81 10.48 1.92 .03 .1 3.9 100.19
4508 $4.20 .26 | 10.%0 8.%2 NS 12,04 9.08 1.98 .21 .01 3.642 |100.33
4309 $7.80 TS T ) 7.89 .10 6.% 3.84 5.16 .18 .01 2.69 [100.6%
4310 $0.70 .20 7.92 8.29 02 18.04 9.00 .98 .10 - &.26 100.37
435104 30,70 .20 7.84 0.28 BT 19,02 8.86 1,02 13 .02 6.13  1100.%6
T $4.30 .20 8.3 8.58 14 16.43 7.96 2.61 .06 .08 4.22  |100.%2
4312 32.90 .20 10.70 [ 8 1} .16 13.06 11.086 .70 .09 .03 2.41 99.80
431) 32.30 .22 10.80 8.7 L) 13.16 9.46 1.3%) .23 - 3.8) 100.19%
431 30.20 .26 10.90 7.86 all 16,94 9.06 .93 48 .02 3.7 100.462
431 $2.00 .26 | lo.10 7.9 RTINS % 1 8.30 1.37 1.09 .0t 4.02 98.54
4316 $3.00 .25 {1230 4.3 .08 11.23 9.56 3.4% 1) 02 2.66 99.0)
4523 $3.20 .32 | 14,50 .27 .19 8.92 | 11.60 1.60 .06 .01 .66 [100,29
4526 $1.90 .18 16.60 $.47 .09 11.00 10.82 2.16 .32 - 3.04 99.58
4527 53.70 .28 | 11,80 .29 .09 10,37 | 11.32 .63 .18 .01 1.93 99.60
4328 $3.10 .26 | 10.60 8.3% 6 12.87 9.70 1.96 1) .03 3.16  [100.26




APFENRIE & (Cont'd)

Malic Dikes

8.1. NAJOR ELIDMENTS - WAFIC PIKRS (Conct'd)

Semple | si0; | tio Al1,0y re0* W0 “go Ca0 naz0 K30 P30s Lot TOTAL

. 4931 36.30] .34 13.90 41y .06 8.08 10.16 4.30 .13 .03 2.11 .50 .
: 4332 a7.60] .16 ’.82 9.17? 1% ir.%0 | 10036 .76 .03 - .02 100,67
’ 4337 51.60 .26 10,60 5.21 .07 16,28 9.70 1.70 .12 .0} 4.02 99.59
434 95.60 .20 7.91 8.02 .13 13,89 9.46 2.16 .23 - 1.82 100.46
*4501 51.80 .38 15.20 *r” L) 7.3 7.74 .01 .27 .08 3. 62 100.27

Sample dupliceates

4312 3).10 .20 10.70 8.4% e 12.91 11.00 .69 .09 - 2.48 99.74

4314 30.)0 .20 11,00 7,69 .10 7.1 9.36 1.02 .24 - 3. 64 100.68

4319 47.5%0 1] 1e.20 10,83 .18 9.9 13.12 B4 .07 - .68 100,46

4316 33.10 .23 13.%0 4.33 .0% 10.2% 11.96 2.3 &7 .0} 1.42 99.47 3
o

® NOTE - Sample 430! collected from sphyric dike which intrudes poikilitic wehrlite pluton in the Limassol Poreet Massif.

Appeadin B-}'

Major Clemsnte - Nisbase Dikes frow Sheeted Dike Complex

oNa 8,80 .92 13.70 11,37 .08 1.67 4.08 .92 00 .09 .28 .13
o8 34.60 .09 14.70 .28 .12 3.3 .38 4.27 .2 .0) 2.38 9 .38
092-39 60,00 .93 14,20 £0.18 .03 2.467 6.%6 3.3 .20 .04 .36 .82
092-20 51,10 9 is. 3 .3 .00 4.3 7.28 .08 a0 .0% .a¢ 99.6)
0% 9%.40 96 135,00 11.90 .0 [N 1) 9.18 2. .64 .13 .03 ob 100.24




APTEIDIX B (Cont'd)

Nafic Olkes - All analyeis (ppm) emcept Ba' velues (wt.X)

8.2, TRACE ELDMENTS - MAFIC o1E8 (Cont'd)
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AFFEIDLIX B (Coaz’d)

Malic Oikes

E.2. YTRACE ELDENTS -~ WAFIC DIRES (Cont'd)

Semple | PO | THh | U Ry I 8r | ¥ Zr | N> In Cu L1 Le 14 | 1]
43)2 3 - - 2143 | DD - 2 3 - 7 - 22 | 2¢
4337 -1 10 4 4180 ’ - - 1 = )0 - .27 )
4543 - 2 - s} 0 b} - ? 1} S |108 - A6 112
%4301 10 2 J jize | 2 - Y - 381 29

Sample Duplicetes

a312 - 3 - 1140 10 - | ? ~ |12 - .22 1 18
4513 1 3 - 3| s4 8 ] 4 (3] (1) 'Y 3 -
a3le s ] 2 &1 8 111 }ro 3 [ ° 8s - 6.66
4314 - [ - 3| s? s 1) 2 1l 6 {42) - 1.3?
Appendin E-2°

Trace Zlement - Diadase Dikes from Sheeted Dike Complex

017a 3 6 - 2199132 ]9 [ [ 8 - b ] -
089 [ Y [ - 4 {126 | 26 | %0 & 14 8 18 - 12.00
092-13 - - - 2 {108 | X0 | %% 2 - 12 2 2 -
092-2% 4 14 2 - J100 | 32§ s2 4 - 17 -

0% 10 b ) [} 3122 | 4t} s0 b} 3 4 10 [




APFERRIR & (Cont'd)

Mafic Dikes

.2, TRACE KLEMENTS - WAPLIC OIKES (Cont'd)

a2 !
. Stenderde for Trace Element Anslysis

Data: 1984 - Pebruary

Standard P I Th | U

ACV-] 3% |10
G2 niju
Ger-l 10)
[+ 1 od ] 5 (103
SCR~1
{ o}

LI Y B I |

Data:

z

w N
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APPENDIX F
ANALYTICAL EQUIPMENT

Major element analyses were obtained by atomic absorption spectrometry
(AR) using a Perkin-Elmer digitized spectrometer. The analyses were
performed by G. Andrews, Department of Earth Sciences, Memorial
University. Sample sets of 24 were run including duplicate samples. 7
sample weight of 0.1000 g was analyzed. The samples were dissolved ir
a solution of 5 ml HF, 20 ml saturated H3BO3 and 145 ml H,0 heated or
a steam bath for approximately 12 hours prior to analysis. P,0g wacs
determined by colourimetry and loss on ignition (LOI) was determinec
after heating approximately 1.5 g of sample at 1000 O0C for 3 hours in a
muffle furnace,

Trace element analyses were performed using a Phillips 1450 X-ray
fluorescence spectrometer autocalibrated against internaticnal rock
standards C-2 and PCC-1. Powdered rock samples weighing 10 g were
mixed with 1.3 g of phenol formaldehyde binder, pressed into pellets
under S0 MPa for 1 minute and fused for 10-12 minutes at 2000cC.

Mineral analyses were obtained using a fully automated JEOL JXA-50P
wavelength dispersive electron microprobe with Krisel control,
equipped with three spectrometers «nd a Digital Equipment Corporatior
PDP-11 computer with a teleprinter. The microprobe was operated with a
beam current of 22 nancamps and an accelerating voltage of 15 kV.
Counts were made every 30 seconds or a maximum of 60,000. A beam
diameter of 1-2 micrometers was wused for all minerals. Bence-Rlbee
corrections were used in data reduction and analyses were preformed
using a variety of calibrations based upon the appropriate standards.
Values of the homogeneity index calculated with each set of analyses
provided a qualitative means of determining whether analytical
differences recorded between and within grains (e.g: zoning of
crystals) were valid in comparison with the analytical capability of
the equipment.
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