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Abstract 

A wide variety of geological evidence supports the contention that the 

Troodos massif, Cyprus is a fragment of Mesozoic sea-floor created at 

a constructive plate margin. Here the geology of an east-west striking 

fault zone in the southern part of the massif, the Arakapas Fault Belt 

(APB), is investigated and evidence is presented which supports its inter

pretation as a fossil transform fault. 

The Arakapas Fault Belt area had a trough-like morphology during con

structive margin processes. Rocks within this area have been intensely 

brecciated by transcurrent faulting and the resultant basement, which 

formeda rugged topography, is overlain by later lava flows and erosional 

sediments deposited by a variety of sub-aqueous mass transport processes 

(slides, slurries, turbidity currents). All these rocks were later in

truded by serpentinite and cut by a closely related system of normal and 

reverse east-west faults. 

The petrography and geochemistry of the APB area basalts is investigated 

and compared to those from the "normal spreading axis" northern part of 

the massif. The metamorphic mineral assemblage differs and a greater pro

portion of primative basalt types are present than in the north. Magmas 

have evolved along two fractionation paths, and this is interpreted as a 

consequence of variations in primary magma compositions as determined by 

the degree of partial melting within the mantle. 
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CHAPTER ONE: INTRODucrI~ 

1.1. Resiona1 setting. major geological features and seaaorpbologv 

of Cyprus. 

Cyprus lies in the north-east of the Mediterranean, 70 m. south of 

Turkey and 100 m. west of ~yria. The island has maximum dimensions of 

220 km. east-west and 100 km. north-south with an areal extent of 9150 

m2 and consists of two upland regionl, the Troodoa and ~yrenia ranges, 

with an intervening Meaaoria plain. Geologically the island is divisab1e 

into four units (fig. 1.1). 

1. The (yrenia range which runs parallel to the full length of the nor-

thern coast of Cyprus and consists mainly of upthrust masses of Mesozoic 

limestones riaing to a height of lOOOm. Structurally related to this 

range are the folded Miocene flysch deposits of the Iythrea formation 

tllatf1aitt the mountain range to north and louth. 

2. The Troodos igneous .. Isif forms the hilly southern part of the is-

land and extends as a WNW-ESB arcuate mountainous region from Polis in 

the west to we.t of Larnaca and from Limas.o1 in the south to Xeros in 

the north. It is about 90km. in length with a maximum N-S width of 30 

km. and the highest point, Nt. Olympus, has an elevation of 1951 m. The 

rocts of the massif continue under the flanking younger sediments and 

crop out away from the principal mass as the Trou1li and At .... inliers. 

They have also been encountered in .everal bore holes through the Mesa-

oria sediments. the farthe.t from the igneoue outcrop is near Lefkonico 

where igneous rock. (pillow lavas) were encountered at a depth of 2,700m. 

Pig. 1.2. i. a geological .ketch map of the ma •• if and fig. 1.3. shows 

ita topo,raphy. As a re.u1t of the arching the Sheeted Intrusive Camp-

lex, an intense dyke swarm of hard, altered basic dykes forms the cres-

tal portiOns of most of the .ountain range, whereas the overlying basal

tic pillow lavas are expoled around the periphery. Localized dOlling wit boo 

in this arch, centred on the Nt. Olympus area, has resulted in a roughly 

:.' 
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annular outcrop of the underlying mafic and ultramafic plutonic rocks. 

This relatively simple structure is, however, complicated by a pronoun

ced east-west running fault controlled valley from east of Perapedhi to 

Kato Dhrys (see fig. 1.3~, Plate 1.1.) which cuts across the general drai

nage pattern of the massif. The valley which is floored predominantly by 

basaltic pillows, is the main subject of this study and will be referred 

to here as the Arakapas Fault Belt (APB) area after the village of Araka

pas which is situated approximately in the middle of the valley. South 

of the valley is the rugged mountainous region of the Limassol Porest which 

rises to elevations of lSOOm. and is composed pcedominantly of highly de

formed plutonic and Sheeted Intrusive Complex rocks. 

Palaeontological evidence (Allen 1966, Mantis 1971) haa shown that the mas

sif is of Campanian (upper cretaceous) age. Metasomatic alteration has 

rendered many of the Troodos rocks difficult to date radiometrically but 

such dates, which cluster around 8S m.y., subetantiate the palaeontologi

cal data (Vine et. al.1913). 

3. The Troodos massif is overlain by autochthonous upper Cretaceous to 

Miocene sedimentary·sequence composed predominantly of calcareous rocks. 

At the base of this succession there are thin deposits of iron and mangan

ese-rich mudstones and radiolarites (the Perapedhi Formation), and in the 

south-west of the island, a thick sequence of volcanogenic clays and sand

stones (the Eanaviou Pormation). Confined to the south and south-west of 

the island and occurrin, above the non-calcareous sediments are nappes 

and melan,e which include serpentinites, calcareous and arenaceous se~i

mente and volcanics of Triusic to Juraasic a,e. The age of nappe emplace

ment is upper Cretaceous. prObably Maastrichtian. The autochthonous cal

careous sediments usually dip ,entlyaway from the massif, but north-east 

of Limassol there is in a narrow zone along the contact with the igneous 

rocks where these pre-Middle Miocene sediments are 



Plate 1.1. 

The Arakapas Fault Belt valley at Ephtagonia. Looking north from Kelakkion the northern slopes of the 

Limassol Forest. In the background are the Troodos mountains. 



highly folded. This folded belt is accompanied by thrusting and is 

here called the Yerasa fold and thrust belt. 

3 

4. Consists of the Mesaoria plain and the thin coastal strip in the 

south of the island formed of near-horizontal Pliocene, Pleistocene and 

Recent marls, fanglomerates and alluvial deposits which either rest with 

marked unconformity on the folded flysch deposits or overstep onto the 

upper Cretaceous to Miocene sediments flanking the Troodos massif. 

Apart from some schistose blocks occurring in the 'lloch~ooafor.&'i~no 

sialic rocks are to be found on the island. 

The broad structural pattern of Cyprus is relatively simple. The Troodos 

massif has acted as a rigid block against which the ~yrenia range has 

been thrust southwards by a strong compressional earth movement. Peri

pheral calcareous sediments to the north of the massif have been protec

ted from this compre.sion whereas contemporaneous strata in the ~yrenia 

range are extensively deformed. Undeformed Pliocene sediments over~ 

the Miocene flysch ind!~ating that the latest compressional movements in 

Cyprus were during the Lower and Middle Miocene. 

1.2. Previous work. 

This section is restricted to the geological work done on the Troodos ma. 

sif which,in the past two decades, has led to its wide acceptance as the 

type ophiolite and ·an area whe~e processes at oceanic const~uctive mar

gins can be studied in detail. 

1,2.1. The work of the Cyprus Geolo,ical Survey. 

In 1950 the Cyprus Geological Survey was established and regional map

ping on a scale 1.5000 initiated. The result. of these surveys have 

been published in annual report. and a .eries of memoirs which contain 

geological maps on a scale of 1,31,680 and cover the whole massif apart 

from the rugged terraine in the west. The original survey geolo,ists 



sub-divided the massif into various units on field and petrographic 

evidence. The following major lithological units in order of in

creasing ages were identified:-

Serpentinite 

Post-upper Pillow Lava Intrusives 

Troodos Pillow Lava Series 

Troodos Plutonic Complex 

Troodos Sheeted Intrusive Complex 

4 

(after Gass and Masson-Smith 1963) 

1. The Sheeted Intrusive Complex forms the country rock into which the 

plutonic rocks have been emplaced and upon which the pillow lavas have 

been extruded. This 'complex' forms the bulk of the massif and con

sists of a swarm of altered basic dykes with a dominant north-south 

trend (Wilson 1959, Carr and Bear 1960, Bear 1960a). These intrusives 

dip at high angles, predominantly to the east and form over 90% of the 

exposure, imparting a marked sheeted appearance to the unit. On the 

nature of the host rock between the dykes, a sub-division was erected 

into the Diabase at the base of the complex with rare screens of sup

posed sub-aerially extruded lava and the overlying Basal Group contai-

ning pillowed flows ( Bear 1960a). 

2. The Troodos Plutonic Complex has a domal structure centred on Mt. 

Olympus and the rock types show a decreasing basicity away from the cen

tral core of harzburgites and dunites through peridotites and olivine 

gabbros to uralite gabbros and trondhjemites exposed at the periphery 

(Wilson 1959). foliated and banded adcumulate rocks are common es

pecially in the more mafic and ultramafic members. Similar rocks out

crop in the Limassol forest in a more deformed state (Pantazis 1967). 

3. As the name implies, pillow lavas form most of the Troodos Pillow 

Lava Series, although occasional massive flows do occur. Wilson (in 



Ingham 1955) was the first to divide the series into upper and lower 

divisions. The lavas of the upper division are undersaturated with 

respect to silica and contain abundant olivine, especially towards the 

top of the sequence. This contrasts with the oversaturated character 

of lavas from the lower group, which do not contain olivine. This, 

coupled with the varying abundance of dykes, low in the upper and high 

in the lower division, were the main criteria on which the Upper Pillow 

Lava/Lower Pillow Lava boundary was drawn. The boundary between the 
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two lava formations is demonstrably unconformable in places (Wilson 1959 

Gass 1960b. Bear 1960a). whereas elsewhere volcanicity appears to have 

been continuous (Gass 1960&). 

4. Noritic plugs and dykes designated as belonging to the Post-Upper 

Pillow Lava Series cut the Pillow Lava Series and are petrologically 

distinct from it (Bear 1960a). 

5. A serpentinite body has been intruded as a diapir into the central 

core of ultramafic rocks on Mt. Olympus, and this rock type is abundant 

in the Limassol Forest. From his work in the Akamas peninsula, Gass 

(1960a) demonstrated that the serpentinite had been emplaced into all 

members of the Troodos Igneous suite. 

Economically the massif is important for massive cupriferous sulphide 

deposits which occur within the Pillow Lava Series and at the top of the 

Sheeted Intrusive Complex. Of lesser economic importance are the chro

mite deposits within the dunites of Mt. Olympus and the chrysoti1e asbes

tos in the serpentinite. Manganiferous sediments occur in depressions 

on the Upper Pillow Lava surface and in places are inter-bedded between 

flows. These deposits, locally known as umber. have been worked as pig

ments. 

The massif has been raised to its present position by a series of tec

tonic movements dating from the Middle Miocene. The zone of maximum 
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uplift is geographically and seemingly genetically associated with the 

intrusion of the serpentinite diapir into the plutonic rocks now ex

posed around Mt. Olympus (Gass and Masson-Smith 1963). Erosion accom

panying this updoming has resulted in the exposure of the plutonic rocks 

at the centre of the massif and the pillow lavas at the periphery, where 

the flows are now seen to dip at angles of 150_200 away from the centre 

of uplift. Factual evidence for differential uplift is given by de 

Vaumas (1960) who identified the Pontian erosion surface on Mt. Olympus 

and showed that it had been elevated some 200Om. since U.Miocene times 

whereas elsewhere on the island an uplift of 500m. was deduced. Raised 

beaches at various levels around Cyprus indicate that uplift continues 

(Gass 1960b). 

Following the emergence of the Troodos land-mass during the late Miocene, 

the deposition of detrital marls, derived from the Upper Cretaceous and 

Lower Tertiary chalks overlying the igneous rocks, took place in the Plio

cene sea which occupied the present area of the Mesaoria. Extensive de

nudation of the igneous complex, as it was progressively uplifted, is 

marked by the widespread development of Pleistocene to Recent fang10-

merates around the massif. 

Only during the last 15 years have models and hypotheses concerning the 

formation of the Troodos massif been presented. The major problem in 

any interpretation was the origin of the Sheeted Intrusive Complex. Most 

survey geologists favoured an intrusive (dyke) origin to the unit, 

thereby rejecting the hypothesis of Bishopp (1952) that these rocks are 

tightly folded lava flows. However, the idea of near 10~ dilation of 

host rock material, implicit to an intrusive origin was clearly diffi

cult to accept in these pre-plate tectonics days. Carr and Bear (1960) 

considered that the dykes of the Sheeted Intrusive Complex were emplaced 

into sub-aerial flows overlain by pillow lavas, representing the host ma

terial to the Diabase and Basal Group respectively. These flows were 
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supposed to overly a basement of sialic schistose rocks. Numerous ten-

sion cracks were produced in this host unit by the intrusion of basal-

tic magma at depth, allowing easy access of magma along north-south 

fractures, a direction controlled by structures in the basement. The 

Lower Pillow Lavas were thought to be the extrusive equivalent of this 

activity. The ~agma chamber feeding the dykes subsequently intruded in-

to the Sheeted Intrusive Complex and differentiated at depth to become 

the Troodos Plutonic Complex. 

Wilson (1959) extended this idea by proposing that the Basal Group pil-

lows were erupted during the same cycle that produced the overlying 

Lower Pillow Lavas. He pointed out that dykes in the Lower Pillow Lavas 

are continuous with those in the Basal Group and probably extend into 

" the Diabase. Thus, the dykes, as the lava flows accumulated, were in-

truded into progressively higher levels in the volcanic rocks. Thus 

low down in the volcanic series there is an overwhelming preponderance 

of intrusive material and towards the top, lavas become increasingly 

abundant" (Wilson 1959, p.75). Wilson was conceptually very near to the 

idea of sea-floor spreading in having envisaged a continous process akin 

to present-day models of ocean-floor development in which dykes and 

flows are genetically related. 

During late-stage crystallization of the plutonic rocks, aqueous solu-

tions were released which affected the overburden, producing a secondary 

assemblage (Wilson 1959). As part of the models described by Carr and 

Bear (1960) and Wilson (1959) and summarized above, the Lower Pillow La-

vas were thought to lie at the upper limit of a zone of low-grade meta-

morphism which increases in intensity towards the Plutonic Complex. The 

alteration of the Sheeted Intrusive Complex is well documented in each 

memoir. The following scheme is adapted from Gass (1960b): 
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Plagioclase Albite 

feldspar ---•• (sauasuritization) 

(andesine - labradorite) 

Clinozoisite 

LAVA 

Diopside 

(low-grade metamorphism) 

< actinolite 
----...... (uralitization) 

chlorite 

+ soda metasoaatism albite 

+ additional silica --... ~ (silicification) ---+ quartz 

Althou,h the widespread .econdary minerals of the Pillow Lava Series 

were described, only chalcedony was considered to have formed during the 

metamorphic episode. The presence or absence of the other minerals, 

which include celadonite. various zeolites, calcite and quartz, was often 

used to distinguish between the upper and lower groups, supplementing 

the primary criteria already mentioned. 

All workers were a,reed that the parent ma .. a of the Upper Pillow Lavas 

was of a more basic type than the Lower Pillow Lavas. 

A summary of the Survey's work was presented by Gass and Masson-5mith 

(1963), in which they conlidered that the Troodos massif represents a 

volcanic pile formed in an oceanic environment at a time when the con-

tinents of Africa and Burasia were more widely separated than they are 

today. This sUl,estion came before the concept of sea-floor spreading 

and was the precursor to the present and generally accepted view that ~te 

Troodos massif was ,enerated at a constructive plate mar,in. Gass and 

Masson-5mith also discussed the uplift of the massif in the li,ht of a 

detailed gravity survey and IhOwed the whole of Cyprus to be underlain 

by a thick .lab of hilh den.ity material which they lu"ested wal a de. 

$ached part of the upper mantle and related to the ultramafic rocks of 
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the Plutonic Complex. This slice of oceanic crust was, they postulated, 

underthrust by sialic rocks of the African shield. 

1.2.2. An ocean floor analogue 

The ocean floor model was further developed by Gass (1968) when he pro

posed that the massif had formed at an east-west Tethyan ocean rise. 

To account for the north-south trend of the dyke swarm he suggested that 

the Eastern Mediterranean block had been rotated through 900 • 

Further advances were made by Moores and Vine (1971) who interpreted 

field and petrochemical data from the stand-point of currently accepted 

views on sea-floor spreading and deduced that the massif fitted the con

cept of generation at a Tethyan spreading axis. Plate tectonic theory 

also accounted for the strongly tensional environment in which the Shee

ted Intrusive Complex had formed. These authors suggested that the Upper 

Pillow Lavas represented activity after the main crustal formation at a 

constructive margin. 

Since these suggestions much attention has been focussed on Cyprus and 

the ocean-floor model tested from a variety of geological stand-points. 

This work is summarized below. 

(i) Geophysical data 

Recent geophysical work has been concentrated on remanent magnetism and 

seismic studies. Moores and Vine (1971) reported the results of a pa

laeomagnetic traverse taken east-west across the massif. A prime ob

jective of this study was to locate any avenues ofnormally and reversely 

magnetized basalts as identified within present day ocean basins (Vine 

and Matthews 1963). No such reversals were found, an observation con

firmed by later aeromagnetic surveys (Poster, Vine and Gass 1973). 

Moores and Vine (1971) and Poster et al (1973) attributed the absence of 

reversals to a period of consistently normal polarity during the upper 

Cretaceous. 
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At about the same time an 'on-land' seismic survey was carried out. 

Initial results (Matthews et al 1971) were not encouraging. Anoma-

10us1y low seismic velocities were recorded for each formation; none 

were as high as oceanic layer 3 velocities. These low values were at-

tributed to the presence of open pore spaces and fractures consequent 

upon emergence of the massif. 

further work by Khan et a1 (1972) showed a surface low velocity refrac

.. 1 tor of S.28km. sec.· underlain by a higher velocity refractor of 6.6km. 

sec.-I. Khan et al correlated these data with layer 2 and 3 and in a-

greement with Moores and Vine (1971) put the boundary between the two at 

the Basal GrouplDiabase contact. 

Poster (1973) overcame the difficulties experienced when taking velocity 

measurements in the field by recording the compressional wave velocities 

at various pressures for nineteen samples from the massif in the labora-

tory. These data showed that the Layer 2/Layer 3 boundary should occur 

at the Sheeted Intrusive Complex/Plutonic Complex contact as previously 

suggested by Gass (1968). 

In summary, recent geophysical work has shown the resemblance of the 

Troodos massif to oceanic crust formed at a spreading axis but there is 

still disagreement on the position of the Layer 2/Layer 3 boundary with 

respect to the mapped units. 

(ii) Petrolo,ical data 

The petrology and field relationships of the mafic and ultramafic p1u-

tonic rocks have been considered by Greenbaum (1972a and b) to represent 

steady state cumulate crystallization in a single chamber that f8 feeding 

basaltic magma to overlyin, dykes and flows at an oceanic spreading axis. 

The harzbur,ite, or enstatite 01ivinite of Wilson (1959), exposed around 

Mt. Olympus was shown to possess a tectonic fabric and to underlje.an 

essentially undeformed adcumu1ate sequence. The harzbur,ite, Greenbaum 
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proposed, represented the depleted mantle from which the basaltic magma 

had been derived and became the base of the lithospheric plate as it 

moved away from the spreading axis. 

The petrological similarities of Troodos and ocean floor rocks have also 

been noted by Moores and Vine (1971) and Menzies and Allen (1974). All 

these authors favoured volcanic eruptions from multiple magma chambers un

derlying a ridge axis. Prom the extreme depletion of the residual mantle 

rocks in the basaltophilic elements, Menzies and Allen (1974) considered 

that the Troodos massif was generated at a well-established spreading 

axis. 

(iii) Geochemical data 

Geochemical work has been hampered by the metamorphic imprint which has 

remobilised most of the major elements in the igneous rocks of the massx. 

Nevertheless, some trace elements, notably Ti, Zr, Y and the rare earths, 

are stable to low temperature alteration up to the greenschist facies 

(Cann 1970, Hart 1971). The abundances of Ti, Zr, and Y in the Troodos 

metabasalts have been presented by Pearce (197S) and, by comparison 

with the abundances of these elements in present-day volcanics, the 

Lower Pillow Lavas were thought to have formed at a spreading axis where

as the Upper Pillow Lavas were generated in a young island arc. Kay and 

Senechal (in press) pointed out that the similar light rare earth ele

ment depletion of both groups relative to chondrites precluded unequi

vocal allocation to any tectonic regime. 

(iv) Sedimentololical data 

Robertson (197S) has shown that the pelagic Campanian to Mid-Tertiary 

sediments resting on the igneous rocks are closely comparable with 

modern oceanic sediments. and with older sediments found in the deep 

oceans by the Deep Sea Drilling Project. The earliest of these sedi

ments, the iron-and manganese-rich mudstones (umbers) of the Perapedhi 
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Formation, are comparable to the basal iron-rich sediments of the East 

Pacific Rise and Tertiary basal metal-rich sediments of the Atlantic 

and Pacific ~eans. The silica diagenesis of the overlying radio

larites is comparable to that of cherts encountered by the DSDP. In a 

wholly autochthonous succession Maastrichtian to Lower Miocene chalks 

(the Lefkara Formation) follow which consist predominantly of Foramini

fera and coccoliths and often contain beds and nodules of chert formed 

by replacement. Later chalks (those of the Pakhna Formation) record 

shallow water conditions before the Miocene emergence. 

(v) Metamorphic data 

From a study of the metamorphic petrology of the dyke/pillow lava suc

cession Gass and Smewing (1973) located a boundary separating two groups 

of metabasalts with contrasting secondary mineralogies (fig. 1.4.). 

This metamorphic discontinuity often coincides with the boundary between 

the upper and Lower Pillow Lavas as mapped by Wilson (1959), Carr and 

Bear (1960), Bear (1960a) and Gass (1960b) on criteria mentioned earlier. 

More frequently however, a proportion of those rocks mapped as Lower 

Pillow Lavas are found to lie statigraphically above the metamorphic 

boundary resulting in a greater thickness and areal extent for the upper 

division. 

The rocks underlying the disconformity and overlying the Plutonic Com

plex consist of the Sheeted Intrusive Complex and the remainder of the 

Lower Pillow Lavas. A rapid increase in the dyke abundance into the 

Sheeted Intrusive Complex has previously been used to define the boundary 

of this unit with the overlying Lower Pillow Lavas (e.g. Bear 1960a, 

Gass 1960b. Gass and Masson-Smith 1963). Field work by Smewing (1975) 

has suggested that this phenomenon is sporadically developed and that the 

boundary between the two formations has no petrogenetic significance. 

Furthermore, no evidence for the proposed sub-areal volcanic flow Dia

base host rock has been found. Instead, pillow lava host rock gradually 
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increases from zero in the Diabase to 30' near the top of the Basal 

Group, and into the Lower Pillow Lavas where the volume of pillowed 

flows exceeds that of the intrusives. Gass and Smewing (1973) consi

dered these rocts under the metamorphic discontinuity to represent a 

comagmatic unit of dyted intrusives feeding overlying pillowed flow~ and 

termed them the Axis Sequence. The Axis Sequence was considered to have 

been generated metamorphosed and mineralized at or near a spreading axis 

and to have been partly eroded prior to the eruption and subsequent zeo

lite facies metamorphism of the Upper Pillow Lavas on the flanks of the 

ridge. 

The only boundary within the Axis Sequence are those sepa~ting rocks of 

contrasting metamorphic petrology, the most important of which divides 

the zeolite facies at the top from the underlying greenschist facies 

(fig. 1.4.). This boundary is marked by an increased hardness of the 

greenschist facies rocks and often fluctuates around or coincides with 

the Lower Pillow Lava/Sheeted Intrusive Complex contact of previous cla

ssifications (Smewing 197'). Pig. 1.5. shows the previous and present 

classification of the Troodos massif. 

The contrasting zeolite mineral assemblages developed provide realistic 

field criteria for differentiating between the two groups of lavas. Re

cent field wort by Smewing (1975) has shown that the so called Post

upper Pillow Lava intrusives can be considered to be contemporaneous 

with others in the upper Pillow Lavas. 

(vi) Recent advances 

Recent work by Smewing, Simonian and Gass (197') on the petrography and 

geochemistry of the two lava groups has shown that eruptions of magmas 

were continuous throughout the Axis Sequence, across the metamorphic 

boundary and into the upper Pillow Lavas and thus the entire volcanic 

sequence can be considered to have been produced in the same tectonic en

vironment i.e. at a constructive margin. Purthermore they outlined a 
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model for constructive mar,in processes which is compatible with the geo·· 

chemical variations observed and presented a model for the metamorphism 

which explains the contrast in, metamorphism of the Axis Sequence and 

upper Pillow Lavas. This work is commented upon in detail in the rLle

vant sections of this thesis. and a reprint of the paper is enclosed. 

1,2,3. Summary 

A1thou,h Miyashiro (1973), point in, out the calc-alkaline trend of Troo

dos oxides, has ar,ued for an island arc ori,in for the massif, the 

wei,ht of ,eo10,ical evidence su"ests and opinion (Hynes 1975 , Moores 

1975, Gass et al 1975) believes that the massif is a slice of oceanic 

crust formed at a spreadin, axis - it ia this tenet that forms the basis 

of this thesis, 

1.3. The present work 

1.3.1. Geomorpho10,r and ,eololr of the Arakapas fault Belt (AfB) area 

The APB area forms a pronounced valley stretchin, from Kato Dhrys in the 

east to Ayios Mamas in the west (fi" 1.6,). The Perapedhi area lying 

west of Ayios Mamas is inCluded in the APB area on geological rather than 

morphological criteria. 

The valley floor has variable width (i-1ikm) and may be either a single 

linear depression or by several parallel ridges and troughs (plate 1.2.). 

from Vavla to Akapnou the valley floor haa an elevation of approximately 

40Om.1 from Akapnou it rises to SOO m. at Bphta,onia only to drop to 

40Om. at Arakapas. Westwards from here it rises steadily to 70Om. at 

Ialokhorio but drops to SOO~at Ayios Mamaa. To the north of the valley 

lies the Troodos range which rises to elevations of 120o-1S00m. The va

lley disrupts the southerly flowin, draina,e pattern of the massif; 

rivera often turn and flow alon, the valley. To the south of the valley 

ia the Limassol forest which rises to elevations of 600-900m. 

The area has been deacribed in memoirs 7 and 8 (Bear 1960b, Pantazis 196~ 
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Plate 1.2. 

(a) The Arakapas Fault Belt valley at Arakapas village. Taken from the 

southern slopes of the valley east of Arakapas. looking westwards along 

the valley. Note the narrowness of the valley. 

(b) The Arakapas Fault Belt valley at Akapnou. Taken from west of Akap

nou looking eastwards along the valley. Note the greater width of the 

valley floor here composed of several parallel ridges and intervening 

troughs. 
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of the Cyprus Geological Survey. The Perapedhi area, which comprises 

the western end of the fault belt, is included in memoir 1 (Wilson 1959)0 

The whole of the AFB is incorporated in the petrographic and structura 

study of the southern Troodos massif by Lapierre and Rocci (1967) where

as the eastern end, from Layia to Kato Dhrys is included in an area 

mapped by Lundberg (1969). All these workers demonstrated the continui

ty of the faulting across the whole area and established that the major 

faulting was pre-Upper Pillow Lava with upthrow to the south (Wilson 1959 

Bear 1960b, Pantazis 1967). Wilson (op. cit.) attributed the breccia 

belt at Perapedhi to east-west tear movements. In the Vavla-Kato Dhrys 

area Lundberg (1969) recoJOised a graben structure for the fault belt 

with downfaulting between two parallel east-west faults. 

The valley is mainly floored by pillow lavas. To its north is Sheeted 

Intrusive Complex, whereas to the south are rocks of both the Plutonic 

and Sheeted Intrusive Complexes (see fig. 1.6.). Both the Upper Pillow 

Lavas and Lower Pillow Lavas in the APB area contain horizons of tuf

faceous and agglomeratic sediments and hematitic shales (Bear 1960b, 

Pantazis 1967). Lapierre and Rocci (1967) recognised the polymictic 

character of these breccias which contain fragments derived from the pi

llow lavas, the Sheeted Intrusive Complex and the Plutonic Complex. 

Furthermore, they noted (p.172) that breccias, tuffs and ashes are often 

rhythmically associated and have the appearance of cyclic VOlcanic ac

tivity. 

A pyroclastic origin for these sediments was advocated by most workers 

(e.g. Lapierre and Rocci 1967, Pantazil 1967) except for Lundber, (1969) 

who re,arded the sediment. to be erosional products. 

Bear (1960b) remarked that the pillow lav .. in the APB had not developed 

'characteristics found in the north of the maasif and it was difficult to 

assign them to either ,roup. He further recoJOiaed that in'contrast to 
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the north, in the APB Sheeted Intrusive COmplex, pillow screens are reI. 

tively abundant even close to the contact with the Diabase. 

The change in the regional north-south dyke trend of the massif to east

west on approaching the APB and the extensive zones of brecciation and 

occurrence of scree breccias within the fault belt prompted Moores and 

Vine (1971) to interpret the APB as a fossil transform fault. They con

sidered transform movement to have taken place prior to extrusion of the 

Upper Pillow Lavas. 

1.3.2. Aims of this work 

The principal aim of this work was to investigate further the geology of 

the APB area and to confirm, or otherwise, its identification as a fossil 

transform fault. The problem was approached by making: 

(i) A detailed examination of the structural evolution of the area. 

(ii) A petrographic and geochemical study of the volcanic rocts so 

as to be able to determine differences from the "normal sprea

ding axia" part of the massif. 

(t!) A study of the inter lava sediments to determine their pyro

clastic or erosional origin and to establish their environ

ment and mode of deposition. 

(iv) A comparison with the structure in and composition of rocks in 

modern Oceanic Practure Zones. 

1.3.3. Scope of the present work 

Two maps have been produced covering the area between Arakapas and lato 

Dhrys (map 1) and the area between Perapedhi and Ayios Mamas (map2). In 

the latter mapping was continued southwards from Ayios Mamas to include 

Iapilio. This southern area is not part of the fault belt but contains 

abundant inter-lava sedimentary horizons and see.. to ~epresent the in

tersection of the APB and the Yerasa fold and thrust belt. 

The area between Arakapa. and Ayios Mamas which was not mapped, and a 
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strip of country north of the APB were reconnoitred and their structulc 

was interpreted from aerial photographs provided by the Geological Sur

vey Department. Cyprus. A map at approximately 1:50,000 showing the 

structure of the APB and the areas to its north and south (map 3) was 

prepared using information from this work and other sources. The ex

tension of this project to cover the structure outside the fault belt 

was essential in view of intimate relationship between the APB and the 

Limassol Porest structures. 

Rocks collected have been petrographically and geochemically studied 

using the analytical facilities of the Department of Geology. Bedford 

College. London and the Department of Barth Sciences. The Open Uni

versity. 
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CHAPTER TWO: fIElD R£LATI~SHIPS 

The regional geology of the massif, described elsewhere and precised in 

Chapter 1 is accepted background to this chapter where the structurally 

complex field relations of the various rock units are described in or-

der of decreasing age or, in the case of the igneous rocks, from bottom 

to top of the sequence. The areal extent of the formations and their 

principle macroscopic properties are given before discussing the struc-

tural setting. Abbreviations used are AS (Axis Sequence), UPL (upper Pillow 
Lavas j. 

In the absence of a "National Grid", localities are shown by means of 

giving distance and direction from a village and/or reference to map 

plans and sheet numbers (e.g. plan 47 sheet 471. 

Micropalaeontological identifications are by M. Mantis, Cyprus Geolo-

gical Survey. Zeolites which could not be identified in the field were 

identified by XRD by J. Smewing at the Department of Barth Sciences, 

Leeds University. 

2.1. The Plutonic COmplex 

2.1.1. Introduction 

These plutonic rocks range from u1trabasic through basic to acidic types. 

In the APB area the base of the plutonic sequence consists of a layered 

unit with hands of wehr1ite, olivine gabbro, melagabbro and 1eucogabbro; 

the,olivine gabbros especially have well-developed mineral banding. This 

unit grades upwards into gabbros devoid of mineral banding and olivine 

which give way in turn to granophyres. These three divisions are here 

respectively termed the Layered Unit, the High Level Gabbros and the 

Granophyres. This simple picture is complicated by the presence through-

out the plutonic sequence of diabase dykes, presumably derived from un-

derlying masma cells. 

The top of the plutonic sequence is intrusive into the base of the AS 

and may ~ecome so heavily intruded by later diabase dykes that it forms 



the host rock to the AS diabase dykes. Thus it is common to find the 

gabbros and granophyrel intruding diabase sh~eted dykes themselves con

taining screens of granophyre and gabbro. The base of the sequence is 

always in contact with serpentinite which has been derived from under

lying ultramafic rocks remobilized to higher levels. 

2.1.2. Description and Distribution 

2.1.2.1, The Serpentinite 

The serpentinite crops out west of Arakapas and eastwards from Akapnou 

(map 1) and as a small exposure 2 m. east of hpilio (map 2). It is 

a rock of variable colour (grey, black, green) highly sheared and brec-

ciated, especially at its contacts and il commonly schistose. It is in 

tectonic contact with rocks of the Plutonic complex and the Axis Se

quence and commonly it contains xenoliths of peridotite and sometimes 

granophyre and diabase~ 

2.1.2.2. The Layered Unit 
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The igneous layering and ~inera1 banding developed in these rocks leaves 

little doubt that they originated by crystal accumulation. Although 

various rock types are present they are, on account of their cumulate 

origin, grouped together and mapped as one unit. 

The Layered Unit crops out west of Arakapas and between Akapnou and Vavla 

(map 1) as two elongate bodies wedged between rocks of the AS and the 

serpentinite. Layering indicates a northerly dip of between 30-500 and 

all contacts with the underlying serpentinite and the overlying Axis 

Sequence are faulted along gently dipping planes towards the north. 

Small bodies of ultrabasic rocks with associated serpentinite detached 

from the main bodies by faulting occur immediately north and 0.5 km. 

west of Akapnou. 

South of Vavla the Layered Unit is exposed in a relatively undisturbed 

section dipping to the north and grading upwards into High Level Gabbros. 
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The maximum thickness exposed is about 600 metres and at its base the 

sequence is composed of layers of wehrlite, feldspatic wehr lite (mela

gabbro) and leucogabbro. With increasing height, layers of banded oli 

vine gabbros appear and increase in proportion while the abundance o. leu

cogabbro layers decrease. further up the leucogabbro and ultrabas~c 

layers disappear and the Layered Unit consists entirely of olivine gab

bros with well developed mineral banding. 

Leucogabbro is used here for all light coloured gabbros which with de

creasing pyroxene content grade into white anorthositic rocks (Bear, 1960bh 

In some places it was noted that such anorthositic rocks occur as dyke

like bodies intruding vertically through the layered structure and even

tually turning to follow the layering. In such instances the anortho

sites contain xenoliths of wehrlite and this suggests that after origi

nating as crystal accumulates these rocks may become mobilized and flow, 

probably in a semi-solid state. 

2.1.2.3. The BiBh Level Gabbros 

These rocks have limited exposure in the areas mapped. They are massive, 

devoid of mineral banding or olivine. The base of the unit is exposed 

south of Vavla where, with the disappearance of olivine it grades up 

from olivine gabbros of the Layered Unit. Other outcrops revealing high

er levels of the High Level Gabbros occur east of Akapnou and west of 

Arakapas where the gabbro is associated with small bodies of granophyre 

and can be seen to be intruding the base of the AS. At the Akapnou lo

cality the gabbro contains abundant veins of laumontite and mordenite 

and is overlain by AS lavas, indicating a period of tectonism and erosion 

during the period covered by AS volcanic activity. 

2.1.2.4. The Granophyres 

The term granophyre is a loose field term for the quartz-bearing leu

cocratic acid differentiates of the Plutonic Complex. Rock types range 



from quartz diorites through tonalite to tron~jemite. Related to the 

granophyres, but not always spatially associated with them are the 

quartz porphyries. These are fine grained greyish rocks with phenocrys 

of sodic plagioclase and quartz. 

Granophyres, including porphyries are very common in the areas mapped 

and occur as host rock screens within the AS diabase dykes. Elsewhere 

the granophyres are associated with the highest levels of the gabbros; 

such occurrences are not common. 
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An extensive body of q~tz porphyry is present south of Ora and has in

truded AS diabase. The rock is fine grained blue-grey and contains phe

nocrysts. It weathers to a bright rusty red, has developed columnar 

jointing and is commonly brecciated. The body is elongate in outline and 

the long axis is ,arallel to the strike of the diabase dykes of this lo

cality. The contact with the diabase is well exposed in the river and 

can be seen to be irregular with the porphyry chilling to a hard black 

aphyric rock. The porphyry itself has been intruded by later diabasic 

and gabbroic dykes. 

2.1.3. Comparison with Troodos (Nt. Olympus) area plutonics 

Mapping in the APB area and examination of other localities in southern 

Troodos massif (especially around Louveras village) has revealed dif

ferences from the Troodos area plutonies (e.f. Wilson, 1959, Greenbaum 

1972a and b). On Troodosl 

(i) Leueocratie horizons (anorthosites), which are common in the APB 

sequence, do not occur. 

(ii) The plutonics generally decrease in basicity upwards with a gra

dual transition from ultrabasic through basic to acidic rocks. 

Although the same general statement can be made for the southern 

Troodos, the lower part of the sequence differs in that ultrabasic 

gabbroic and anorthoaitic layers are interbedded. This may re. 
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fleet differences in the conditions of crystal accumulation and 

injection of new magma into fractionating magma cells. 

(iii) Diabase dykes are common in the gabbros (pyroxene and uralite 

gabbros of Wilson, OPe cit.), but are very rare at lower levels, 

unlike the AFB area where they are common throughout ~he plutonic 

sequence. 

(iv) Mineral banding, although steeply inclined as a result of faul-

ting, is not folded. This is in contrast to southern Troodos 

where slump folded mineral banding is often present and this may 

possibly reflect earth movements operative during periods of crys-

tal accumulation. 

2.2. The Axis Sequence 

2.2.1. Introduction 

This formation has previously been much studied and has already been in-

troduced in Chapter 1. In the AFB area however it has features which 

differ in many ways from those developed in the main massif to the north. 

These differences are: 

1. The sheeted dyke complex-exttusives transition is more abrupt and 

the extrusives contain few dykes. On account of this, the AS has 

here been mapped as two units: the sheeted dykes, here called the 

"Diabase", and the extrusives, here called the "Lavas" (fig.2.l.). 

Contacts shown on the map are purely subjective and define the 

boundary between dominantly intrusive or extrusive terrain. 

2. Extensive zones in the Diabase are intensely brecciated. Barth 

movements during the formation of the AS have produced unconfor-

mities within the sequence. Fossil scarps and associated screes 

can be identified. 

3. Physical characteristics of pillow lavas are different from those 
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Figure 2.1 Cross-section of the Axis Sequence showing th~ sub-division 

used in this study. 
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typically developed in the north. Flow breccias and glassy pil

lowed flows (limburgites of Bear. 1960a) are common. 

4. InterCalations of erosional sediments are common. 

s. The volume of host rock granophyre and gabbro in the Diabase is 

greater than other ,arts of the massif. 

6. Porphyritic Diabase dykes are common. 

7. The generally north-south regional trend of the Diabase dykes 

in the massif swing round through northeast to approximately east

west upon approaching the APB. 

2.2.2. Distribution of outcrop 

The AS comprises the main formation outcropping in the two areas mapped. 

The Diabase bounds the fault belt to the north and between Arakapas and 

Akapnou (map 1) to the south also. The Diabase is present east and north

east of Kapilio (map 2) where it passes westwards transitionally into 

the Lavas and stretches eastwards to the limits of the area studied. 

Diabase also occurs just southwest of Vavla and as inliers within AS La

vas in the vicinity of Vavla and Layia (map 1) and within OPL near Ka

pilio. 

2.2.3. Description of rock types 

2.2.3.1. The Diabase 

The Diabase i8 a uniform-looking iron stained or grey weathering hard. 

dark grey to grey-green rock. It occurs as multiple dykes from 30 cm •. 

to 3 m •. in thickness which have little or no host rock and have a mar

ked sheeted aspect. In the mapped areas sheeting is well developed in 

the lower levels but i8 less conspicUous further up the sequence near 

the transition to the Lavas. where cross-cutting and sinuous dykes are 

common. 

Commonly the Diabase contains screens of granophyre and less often of 
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gabbro. Ina>me cases these two r'y:::k types are present together and here it 

can be seen that the granophyre is irregularly intruding the gabbro. On 

account of the ubiquitous absence of chilled margins in such screens they are 

considered to be host rock into which the Diabase has been intruded rather 

than emplaced along dyke junctions. Higher up the sequence the host rock is 

pillow lava which becomes increasingly abundant as the Diabase-Lavas tran

sition is approached. 

Wheread the dyke trend of the massif is generally north-south, north of the 

AFB the Diabase has a shattered aspect and the strike varies between north-

east and east-west although relatively steep dips are maintained. Within 

the fault belt however strikes are random and dips range from vertical to 

near-horizontal. 

The Diabase often contaiu~ mineralized fault zones whi.ch, upon weathering, 

are conspicuous as orange-yel~ow gos::>an:,;. Epidote and laumontite occur in 

veins and rarely stilbite may also occur. 

2.2.J.2. Diaoase fault breccias and Diabase scree breccias 

Within tho AFB the Diabase is commonly brecciated. Although they are 

commonly difficult to decipher there are quite evidently two primary types 

of broken Diabase: (i) a basement of Diabase intensely fractured by faulting 

and (ii) a Diabase scree breccia formed by the mechanical submarine collapse 

of fault scarps. TIle picture is compli~ated by the deposition of the Diabase 

screes directly on the underlying fault brecciated Diabase basement but these 

two deposits form the foundttt.ion on which AS and UPL lavas and sediments 

subsequently followed by chalks were laid down. This situation is shown 

in fig. 2.2. 

Diabase fault breccias nre composed of angular diabase, some microgabbro 

fragments ranging from a few centimetre~ to up to half a metre in a matrix 

of pulverized rock flour lplate 2.1.). The diabase scree breccias are 

similar but may contain occa:;ional lava fragments and tend to be bet-

ter packed with less interstitial material (plate 2.2a). Considerable 
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Arakapas l<'ault Belt area. 



Plate 2.1. Fault brecciated Diabase 

(a) Brecciated zone in the Diabase; 2;km. west of Layia. 

(b) Fault Brecciated Diabase; lkm. west-northwest of Layia. The 

breccia also contains uralitized gabbro fragments. 



Plate 2.2. Diabase Scree Breccias 

(a) Diabase Scree Breccia showing vague bedding; lkm. north-northwest 

of Ayios Minas monastery. 

(b) Diabase Scree Breccia; at Perapedhi village. 
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difficulty was encountered in differentiating between these two breccia 

types but (i) fault breccias often grade into more massive Diabase and 

intense brecciation can be picked out along fault lines (plate 2.3.), 

(ii) scree breccias commonly have a vague bedding and are mappable as 

discrete, often lenticular, bodies (plate2.2.b). 

Petrographic examination of interstitial material from Diabase fault bre

ccias does not reveal the brecciated aspect of the rock and this shows 

that the alteration process has post dated the brecciation. 

As noted above, the basement upon which later AS, UPL and chalks were 

deposited is composed of~~iabase commonly fault brecciated, and Diabase 

scree deposits; however this basement contains ~nophyres and gab-

bros (e.g. west of Layi~Akapnou) and south of ~a AS lavas rest on 

quartz porphyry intrusive into Diabase. This shows that considerable 

erosion has occurred prior to the deposition of the overlying rocks. 

The style of the faulting within this basement is typically east-west 

aligned with intense brecciation along one or several parallel zones 

away from which the rocks grade into relatively massive Diabase. The 

palaeo-surface of this basement is variable; between Kato Dhrys and 

Vavla it can be seen to be forming a southerly inclined gentle slope, at 

Layia it forms an extremely rugged terrain with steep hills whereas at 

Perapedhi and further east towards Ayios Mamas it forms an east-west 

aligned fossil scarp which can be traced for some 6 km •. (fig. 2.3.). 

Associated with this basement are deposits of Diabase scree breccias; 

These deposits are best developed eastwards from Perapedhi where they 

rest on both massive and fault brecciated Diabase and occur along the 

contact of the fossil scarp mentioned above and the unconformably over

lying UPL. Elsewhere scree deposits are less well developed but simi

larly occur at the contacts of the basement upon which they rest and the 

overlying deposits. West of Layia scree deposits occur as intercalations 



Plate 2.3. Fault Brecciated Diabase 

a 

b 

c 

Various types of fault brecciated Diabase, within 100m. of each other 

from the locality just north of Ayios Minas monastery. 

(a) Definate1y fault brecciated . 

(b) Could be mistaken for a scree breccia. 

(c) May easily be interpreted as a scree brecciae 
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Figure 2.3 Various profiles of the Axis Sequence basement topography. 
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within sediments surrounding and overlying the basement. 

It thus appears that during the formation of the AS the APB area was a 

trough-like feature of rugged relief and much dissected by faults. Ba· 

thymetric depressions within this trough received lava flows and ero-

sional sediments derived from higher elevations (see Chapter 5) and 

these to some extent smoothed out the rugged topography. 

In view of the swing of the regional dyke trend to east-west and the 

shallow dips of the dykes immediately north of zones of intense fault 

brecciation (e.g. in the Perapedhi area) it seems likely that the brec-

ciation in the APB has resulted from torsional forces bending the dyke 

swarm and culminating in a wide east-west fault zone where there occur-

red .repetitive movement confined to several parallel fault planes. Ver-

tical movements along faults would have produced scarps and an irregular 

topography which would undergo submarine erosion thus producing the scree 
~ 

deposits and ultimately the basement topography described above. The 

later deposits overlying this basement are however not affected by such 

intense brecciation but they are cut by a later period of east-west nor-

mal and reverse faulting (see 2.6.). 

2.2.3.3. The Lavas 

The Lavas either grade upwards transitionally from the Diabase or rest 

unconformably on the predominantly Diabase basement. At one locality 
~ 

(3 km. west-northwest of Layia, plan 33 sheet 49) the ,avas themselves 

form part of this basement and presumably the level of erosion here was 

less deep than usual. 

The extrusives are composed of pillowed flows, flow breccias and massive 

flows in decreasing order of abundance. With the exception of the 10-

cality around Arakapas, away from the Diabase-Lava transition few dykes 

are present and these are invariably sinuous and thin. However, sills, 

bos.es and intrusions of irregular shape are common. Also commonly de-
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ve10ped are intercalations of erosional sediments which are treated in 

detail in Chapter S. 

Although the physical characteristics of the extrusives are unlike tho 

from the northern parts of the massif the same zeolite mineral assem

blage is developed (see fig. 1.4.) although chabazite, which is very rare 

in the north, is relatively common here. 

Plow tYpes. their disposition and distribution 

The pillow lavas may be div~ed into three types based on rock and wea

thering surface colour. 

(0 Glassy pillows - generally small black coloured pillows with prominent 

chilled edges and black glass selvedges. These may gr~e into 

hya10c1astites which consist of angular to rounded fragments up 

to 20 cm. across set in a black glass matrix. 

(ii) Green pillows -green coloured but they weather to a rusty brown 

colour. Chilled margins are absent to well developed whereas 

glass selvedges are argillized green (plate 2~4.). 

(iii) Grey pillows - grey coloured but weathering to ye11ow-brown-green 

colour. Pillows are often massive looking with no chilled edges 

and green argi11ized glass selvedges (plate 2.5.a). 

In many cases the glassy and ,reen pillows are intimately related; this 

takes the form of green pillowed flows grading upwards into glassy pil

lows and small pillows within green pillowed flows being glassy. 

Plow breccias consist of lava fragments "swimming" in a red stained 

finely comminuted matrix of the same composition (plate 2.5.b). Plow 

breccias can be coarse or fine; the coarse varieties consist of unsorted 

angular to sub-rounded fragments up to 3Ocm. across and contain little 

interstitial material whereas finer grained varieties contain unsorted 

sub-rounded fragments up to 15 em. across set in a we11-deve10ped red-



Plate 2.4. Axis Sequence Green Pillows 

(a) Green pillowed basalts lkme north-northwest of Kapilio. Note the 

absence of vesicular edges and the well developed argillized green glass 

selvedges which have partly spalled away. 

(b) Green pillowed basalts exposed on the floor of a stream 2km. east 

of Arakapas. Note the vesicular chilled edges and rusty brown weather

ing colour. The contact between two flows is also apparent. 



Plate 2.5. Axis Sequence grey pillows and flow breccias 

(a) Massive looking grey pillowed basalts. Note that chilled edges 

are absent but thin green argillized selvedges are developed. 

(b) Flow breccia; lkm. east of Ephtagonia. 
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stained matrix. Often, especially in water~orn river section~fragment~ 

with glassy chills along one side can be identified as fragments of pil

lows. This suggests that some of these flow breccias may have been pro

duced by the disintegration of pillowed flows caused by their collapse 

under gravity on a steep depositional slope (plate 2.6.). 

Massive flows are more coarsely crystalline than other lava types and 

they are sparingly vesicular. In the field it is often difficult to 

tell massive flows from sills as contacts are usually weathered and other 

distinctive criteria are absent. 

Petrographic and geochemical examination of the various flow types (see 

Chapters 3 and 4) shows that the glassy and green pillows are primative 

basalts whereas the others are more evolved. On a rough estimate 3~ of 

the extrusives in the areas mapped are primative basalts. 

In relatively unfaulted areas of reasonable exposure it is possible to 

map the various flow types and to delineate the local lava statigraphy 

(fig. 2.4.). It proved however impossible to match such local stati

graphy from area to area and therefore it appears that the various lava 

types are randomly inter-bedded. 

Green pillows and glassy pillowed flows form most of the AS Lavas occur

ring in the Ayios Mamas-Perapedhi area (map 2) where it is clear that 

they have been erupted early on in the sequence since they occur close 

to the dyke-lava transition. In the Arakapas-lato Dhrys area (map 1) 

these flows are the main flow types in the Arakapas village area but 

pinch out half a kilometre west of Bphtagonia only to reappear again as 

a prominant horizon one kilometre west of Akapnou. further east green 

p!llows are rare but glassy pillows are abundantly present 2 kilometres 

we~t of Layia (plan 33 sheet 49) and between Layia and Vavla. At the 

latter locality they 'occur as sub-horizontal flows overlying brecciated 

AS basement and therefore probably represent eruptions during the late 



Plate 2.6. Axis Sequence flow breccias 

(a) Coarse flow breccia overlying pillowed flow (bottom left of photo

graph); !km. east of Ephtagonia. 

(b) Close-up of above; flow breccia (polished river section). 
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stages of AS volcanic activity. 

Grey pillowed flows and flow breccias are the main flow types within the 

fault belt east of Ephtagonia but persist westwards as far as Arakapa~ vI

llage. Especially good occurrences of flow breccias are present in the 

vicinity of Layia. 

Intrusives into the Lavas 

The intrusives form an integral part of the Lavas and are their feeders. 

In the Arakapas-Kato Dhrys area the paucity of dykes is remarkable. Only 

at two localities, immediately east and at the dam site two kilometres 

west of Arakapas are dykes present in high concentration(see figs. ~ 

and 2.5). These dykes vary from 15 em., to one metre in thickness, have 

chilled edges and in vertical sections can be seen to be sinuous and 

cross-cutting. At both localities their strike changes from north-south 

to northeast-southwest over a distance of 100 metres towards the south. 

In the Ayios Mamas area dykes are more abundant, thicker and less sinu

ous. Cross cutting however is present and this can be well seen half a 

~ilometre southeast of lapilio where the road cuts the main river (plan 

47 sheet 47). Although the area is highly faulted, within individual 

fault blocks the strike of the dykes may show a swing of about SO degrees 

over a distance of about 100 metres; for example to the east of Kapilio 

the strike changes from 700 to 1200
• 

More common than dykes, especially eastwards from Ephtagonia, are sills, 

bosses and intrusions of irregular shape. Many instances were noted 

whereupon meeting a sedimentary horizon dykes travel laterall,:a~png the 

bedding planes and form sills later continuing upwards in dyke-like form. 

The majority of such ail1. are a maximum of 10em., thick and are not 

shown on maps 1 and 2. HOwever, two sills intruded at sediment-lava con

tacts immediately north of Layia (plan 34 sheet 49), and on the road 3; 

km •. west of Arakapas (plan 27 sheet 48), attain thicknesses of several 
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metres and the latter is differentiated. 

The irregular intrusives are not shown on the maps since their outcrop 

is difficult to delineate. They can however be seen in most river sec-

tions, notably 2-3 km.~ west of Layia (plan 40 sheet 48) and half a kilo-

metre north of Akapnou (plan 39 sheet 48). 

The larger bosses are shown on the map and, in contrast to the above men-

tioned doleritic intrusives, are gabbroic. The largest of these bodies 

is ikm. north-west of Layia and intrudes pillows and flow breccias. A 

smaller boss intruded into a lava-sediment sequence 3ikm., west of Ara-

kapas (plan 27 sheet 48) has baked the mud against which it has chilled 

and contact metamorphosed it into a hornfels. 

The paucity of dykes and abundance of sills, bosses and irregular intru-

sives suggests that the uniform tensional stress field which resulted in 

the concordant dyke trends in AS lavas on the north of the massif did 

not exist in this area. It seems likely that stress fields varied both 

in direction and type throughout the period. 

~T~ (~~ 
Upper Pillow Lavas 

upper Pillow Lavas crop out at the western and eastern extremities of the 

APB, between Vavla and lato Dhrys (map 1) and westwards and southwards 

from Ayios Mamas (map 2). In both areas the OPL rest on the eroded and 

commonly brecciated AS Diabase basement (see 2.2.3.2.) and are in turn 

overlain by sediments of the Perapedhi and Lefkara Formations. South 

of Ayios Mamas the OPL rest with marked unconformity on AS Lavas and dip 

at 400 _600 to the south-west. Elsewhere they are sub-horizontal. 

In the Ayios Mamas area the OPL contain numerous intercalations of sedi-

ments whereas near ~ato Dhrys lavas are less well developed and are 

overlain by a great thickness (150m.) of sediments which form the upper-

most part of the sequence (fig. 2.6.). These sediments are here consi-

dered to be part of the UPL. 
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The sediments differ from the AS sediments in that they contain UPL la

va fragments, are less well consolidated and argillaceous horizons, in 

contrast to the typically red colour of the AS sediments, are commonly 

brown and become more manganiferous towards the tap of the sequence. 

The sediments in both areas are erosional in origin and in the Ayios 

Mamas area they are well bedded and graded (plate 2.7) and have a simi

lar depositional history to the AS sediments (see Chapter 5). The Kato 

Dhrys sediments however differ in that they are unsorted with grading 

and bedding only being dev~oped in the lowermost horizons. for this 

reason, only the ~ato Dhrys sediments are described here in greater de

tail. 

Intrusives into the UPL are rare except 1 km.) west of Kato Dhrys where 

east-west striking dykes cut the lavas. A sill is present ikm •. west 
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of Ayios Mamas which contains basal ultramafic rocks presumably as a re

sult of differentiation. 

2.3.1. The extrusives 

Three types of pillowed lava flows have been found: 

1. Black glassy pillowed flows (plate 2.8a), similar to those of the 

AS, which commonly grade into hyaloclastites. 

2. Blue-grey pillowed basalts which often contain orange pseudomorphs 

after olivine (the olivine basalts). 

3. Aphyric grey pillowed basalts. 

Also occurring are flow breccia. and some maaaive flow.. Intermediate 

type. which maintain their pillowed shape but which are fractured and 

are compoaed of a mosaic of fragment. each of which may show "chilled 

margins" (here called honeycomb pillows) are also common and are very 

prone to replacement by calcite. 

Most of the lavas in the Perapedhi-Ayios Mamas area consist of glassy 



Plate 2.7. Upper Pillow Lava sediments in the Ayios Mamas area 

(a) Grits grading up 

through sands into lami

nated pink-red muds over

lain by pink stained lavas 

;km. south of Ayios Mamas 

(b) Showing the conglom

erate which underlies the 

grits of the above photo

graph. 



pillows and hyaloclastites. In the Kato Dhrys area olivine basalts and 

flow breccias are well developed, the latter being especially abundant 

within flows resting on the Diabase basement. 
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Natrolite veins are very common in these lavas and analcite and gmeli

nite were also found. In some localities the lavas have been veined by 

pink stained calcite but more commonly by an orange-yellow mud which oc-

. curs interstitial to pillows. Micropalaeontological examination of 

these muds for microfossils was negative. 

2.3.2. The Kato Dhrys sediments 

The sediments consist mainly of poorly consolidated, unsorted conglomer

ates composed of angular to rounded fragments ranging in size from a few 

to 20cm •. in diameter (plate 2.8b). However, il. many instances larger 

fragments up to 7 metres across occur. The fragments are set in c fine 

grained matrix composed of similar materials and consist of lavas and 

lesser amounts of diabase, gabbro and sometimes granophyre. Horizons 

composed entirely of fragments of diabase or of lavas are also developed. 

The lava fragments are olivine basalts (most common), blue-grey aphyric 

basalts,' vesicular basalts and do1erites (massive flows or dykes?). In 

some cases lave fragments could be identified as parts of pillows and 

large fragments consisting of several pillows were also noted. Fragments 

of black glass, probably of hya10clastite origin are also present. One 

of the most distinctive characteristics of these sediments is that many 

of the lava fragments contain thin "chilled" edges O.Scm., or so in thick

ness which are harder than the inside and thus stand out on weathering; 

such fragmants may possibly be derived from "honeycomb" pillows which 

have broken up during flow or erosion. 

The top SO metres of the sediments are impregnated by secondary calcite. 

This takes the form of intense replacement of the matrix and along shear 

planes some of which are prominent and strike approximately north-south. 



Plate 2.8. 

(a) UPL black glassy pillowed basalts; !km. east along the road to 

Ayios Mamas from the main road to Platres. 

(b) Typical lava dominant conglomerate from the Upper Pillow Lavas; 

Vavla-Kato Dhrys area. 
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Chert may be associated with the calcite in these shears and in some 

cases chert was accompanied by brown mud. Probably the calcite, chert 

and muds have filtered down from the overlying sediments of the Pera-

pedhi and Lefkara Formations, this being facilitated by the poorly COIl-

solidated nature of the sediments. 

Mostly within the lower half of the sedimentary sequence the conglomer-

ates have on occasion been graded with the result that in some horizons 

conglomerates grade upwards through grits into sands and brown muds (fig 

2.7., plate 2.9a.). Where a coarse conglomerate is in contact with un-

derlying sands and siltstones lava boulders of the conglomerate are em-

bedded in a highly folded and distorted sandy matrix. In other places 

the basal part of the conglomerate contains deformed mud fragments. Len-

ses of brown mud, ~like the finer grained horizons mentioned above, per
Intraformational 

sist throughout the sequence. unconformities were also noted 

within the sequence (plate 2.9b) possibly indicating earth movements du-

ring deposition or having resulted from slumping. 

Th~ characteristics described above are similar to some of the AS sedi-

ments (Chapter 5) and it seems likely that they were formed by loose de-

bris sliding into bathymetric depressions. This debris is very probably 

erosional in origin although some of the UPL lava fragments may have been 

derived by the disintigration of pillowed flows during flow down steep 

surfaces. 

2.3.3. Controlling influence of the APB area trough on OPL deposition 

The AFB area trough feature was still in existence during UPL times. The 

trough continued to receive both lavas and sediments and these infil1ed 

the trough. During the latter stages of UPL VOlcanic activity, when the 

volume of lavas erupted was decreasing, the trough received corresponding-

ly greater vol\l1les of sediment, -provided sediment was available for trans

port into the trough (see fig. 2.8.). 
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Plate 2.9. Upper Pillow Lava sediments from the Vavla-Kato Dhrys area 

(a) Conglomerate grading abruptly up into grits; tkm. north of Ayios 

Minas monastery. 

I ntraformationa I 
(b) unconformity in interbedded sand-mud beds; tkm. north of 

Ayios Minas monastery. 
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Conglomerates identical to those described at Kato Dhrys occur along 

the chalk-igneous rocks contact as far east from here as Anglishidhes 

(fig. 2.9.) and also to the south in the Drapia, Asgata and Kalavasos 

areas. They have been interpreted as pyroclastic deposits (agglomer

ates) (Pantazis 1967), tectonic breccias (Bagnall 1960, 1964; Searle 

1967) and as erosional sediments (Lundberg 1969). This work is in agree

ment with Lundberg. Possibly the conglomerates lying east of Kato Dhrys 

delineate the extension of the APB trough feature which was infilled by 

UPL lavas and erosional sediments. 

2.4. The Perapedhi Pormation 

This formation, composed mainly of umbers, umberiferous shales and ra

diolarian sediments, rests unconformably on the igneous rocks and is 

overlain conformably by the basal marl of the Lefkara Formation. It is 

free from calcareous or arenaceous sediments and its maximum thickness 

is in the order of 30 metres but usually very much less. Deposits are 

invariably associated with depressions in the igneous surface and this 

accounts for its discontinuous outcrop. Possil evidence (Mantis 1971) 

suggests a campanian age for these deposits. 

The type section, after which the formation was named (Wilson 1959) is 

east of Perapedhi where umbers, often silicified and containing layers 

rich in paralusite, and radiolarian siltstones rest on Diabase scree 

breccias. The irregular nature of the pre-Perapedhi igneous surface is 

evident and the relations to the underlying rocks vary accordingly. At 

Kato Dhrys umbers and umberiferous shales over~eand are interbedded 

with the topmost horizons of the UPL. 

The common presence of slumping in these sediments probably results from 

the collapse of unconsolidated muds into bathymetric depressions rather 

than tectonic activity. 

2.5. The Lefkara Pormation 

This formation, composed mainly of chalks and some marls, occurs peri-



)( " 
)(' 

"" x x-
l(" 

x ')(' )r )C" , >< 
>< )( )( ~ 

x )( 

/7j,(~ ' J( 
)( )( )( 

.l(' .,. )( )L 
)t 

l(" 
)( ,c . wi Le~oro~ x IC 

)f 

X x 
)(' 
~~ 0 x II 

Angtisidhes 
x )( ~ )Koto unrys ~/ 

Vovlo 
x .J 

Chalks 

UPL erosional sediments r: ~I Igneous rocks 

o 1 CXX> 4000 md~rs 

oKophinou r 
Figure 2.9 Geological sketch map Showing t he distribution 

of UPL erosional sediments east of Kato Dbrys.Adapted from 

Lundberg(I969). 



pheral to the Troodos massif, rests on the igneous rocks or the Pera

pedhi Formation and ranges in age from Maastrichtian to Lower Miocene. 

It has been mapped by previous workers on lithological and statigraphi

cal criteria and ages, based on foraminifera have been assigned to the 

units (e.g. Wilson 1959, Gass 1960, Pantazis 1967). Although detailed 

correlation between adjacent areas is not practical due to lateral fa

cies variations, a generalized division into Lower. Middle and upper 

units has been made by Robertson and HUdson (1974). 

The Lower Lefkara is of Maastrichtian age and has a maximum thickness of 

2S metres. It is composed of pink marls which lie unconformably on the 

igneous rocks. This unit passes up into 300 metres of bedded Paleocene 

to Lower Eocene chalks and bedded and nodular cherts of the Middle Lef

kara. The upper Lefkara (Middle Eocene to Lower Miocene) begins with 

massive chalks free from chert and then passes into less well consoli

dated chalks which are often marly and highly slumped in the upper hori-

zons. 

In the areas here described the upper parts of the Qpper Lefkara are not 

present and for the sake of simplicity the Middle and Upper Lefkara are 

represented as one unit. Dips in these chalks vary and it is possible 
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to extrapolate a broad syncline striking east-northeast running just 

south of Vavla. In the Perapedhi~yios Mamas area, south and immediate

ly west of Ayios Mamas the formation outcrops as a relatively thin belt 

running parallel to the contact with the igneous rocks and is highly 

folded. South of Kapilio there is a tight north-west striking anticline 

whose northern limb dips steeply to the north-east and rests with see

ming unconformity on tPL which dip gently to the south-west. further 

west of Ayios Mamas. towards Perapedhi, the sediments of the Lefkara for -

mation are unaffected by folding and dip gently away from the igneous 

rocks. 
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2.6. Structure 

Fault planes affecting the igneous rocks are easy to recognize and con-

sist either of discrete planes of fault gouge (common in the Lavas) or 

a zone of shearing and brecciation (common in the Diabase). The dif-

ference is evidently a result of rock competance. In the Diabase, when 

faulting is parallel to the strike of the dykes, the displacement may be 

accommodated by movement along dyke margins. This style of faulting is 

difficult to recognize in the field,but may be identified on aerial 

photographs. The sedimentary horizons are useful in that they provide 

accurate readings of dip and way up in the lavas. Furthermore, the ab-

rupt termination of sedimentary horizons helps to delineate many of the 

minor faults. 

In previous sections evidence was presented which showed that within the 

APB area the AS was affected during its formation by wrench or trans-

current faulting which brecciated the rocks and ultimately led to the 

formation of a basement upon which later AS rocks were deposited. Sub-

sequently these rocks were subjected to a period of dominantly east-west 

• faulting which effectively downfaulted a thin strip, resulting in the APB 

graben as seen today. 

In the Arakapas-Kato Dhrys area the down£aulted strip is bounded to the 

north by a southerly dipping normal fault. The southern bounding faults 

dip to the south and sometimes steeply to the north, and are reverse and 

thrust faults with upthrow to the south. The picture is complicated south 

of Ora where several northerly dipping reverse faults cut the northern 

bounding fault. Also occurring within the fault belt are faults which 

trend between north and east. West of Arakapas a series of such faults 

are present and terminate against the serpentinite or are cut by the east-

west faults; on some of them a strike-slip element may be inferred. South-

west of Ephtagonia two other faults striking between north and east cut 

the southern bounding eaat-west fault whereas north of Vavla another such 
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fault has downthrown strata to its east side and cut UPL sediments but 

appears to be pre-Campaian in age since it is overlain by undisturbed 

Perapedhi Formation umbers and passes under the chalks. 

The serpentinite which partly bounds the fault belt to its south has dia

pirically intruded the AS rocks. The intrusionnl contact between the serpen

tini te is usually inclined to the north. Alon g this contact masses of Plutonic 

Complex rocks (mineral banding shows them to be similarly inclined to the north) 

appear to have been carried upwards on the back of the serpentinite. The 

serpentinite and associated "piggy-back!! plutonic masses are cut by the east

west faults but other east"'west fract.ures terminate against the serpentinite. 

This suggests that the east-west faulting and serpentinite intrusion were 

operative over the same period and are closely related. 

The mineralized nature of many of the faults indicates that most of the east 

west and related faulting occurred during AS times. South-southwest of Vavla 

undisturbed UPL rest unconformably on "piggy-backfl plutonic rocks and the 

overlying AS and this shows that by UPL times the graben structure had formed. 

Some postloo{JPL earth movementH did occur but had ceased by early Lefkara times -

the late8t faulting pr~sent is an east-west fault south-west of Kato Dhrys 

which cuts basal LefkarL1 (;ha.~"ks and can be dated palaeontologically as Paleocene. 

The Rituation in the Perapedhi-Ayiu,s Mamas area differs in that the east - west 

fault ~ystem tends to swing towards the nurth-west and cross-cuts with a 

system of faults striking between nurth and east. The former set of faults 

appear to be reverse faults whose planes are typically inclined steeply to the 

north. A relationship between faultIng and intrusion by serpentinite is 

indicated by the occur"rf::nce of scrpcntini te closely associated with one of the 

fault planes (plan 40 sheet 47). The tesult of this tectonism has been to 

cut the terrain up into strips which arc increa::;ingly tilted towards the south-

west, some beds now heing overturned. 

Thus in the east of the AFB, by the time of UPL eruptions, the east-west 
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faulting and intrusion of serpentinite appears to have ceased. In the 

Perapedhi-Ayios Mamas area however, southwards from Ayios Mamas, UPL 

are tilted 4o-60~ to the south-west, the same direction of tilt as the 

underlying overturned AS Lavas (see map2, cross-section A.B). This in-

dicates that the style of faulting which was responsible for overturning 

the AS rocks was reactivated after UPL times, and it appears that it cul

minated in the northwesterly striking thrust fault which has folded the 

Lefkara chalks prior to the UPL being thrust up against the chalks -

(fig. 2.11.). 
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CHAPTER THREE: PETROGRAPHY 

Here the mineralogy and petrology of the Axis Sequence and Upper Pillow 

Lavas are described. Emphasis is placed upon the various micropheno-

cryst assemblages developed. Since the plutonic rocks are not an inte-

gral part of this research project brief notes only are presented on them. 

The AS extrusives are treated in greatest detail. Textural variations 

are considered and explained; the theory behind this is summarised in 

Appendix 1. The various microphenocryst assemblages are used to infer 

the order of crystallization in the parental magmas. Comparisons are 

made with AS rocks from elsewhere on the Troodos massif and with ocean 

floor basalts. Plagioclase compositions were determined by extinction angle 
observations. 

In Appendix 2 notes on the petrographic identification of the minerals 

chlorophaeite, clays and "chloritic clay" and definitions of some tex-

tural and crystal morphological terms are given. 

3.1. The Plutonic Complex 

3.1.1. The Layered unit 

The rock types occurring in this unit are wehrlites, melagabbros, olivine 

gabbros and leucogabbros. Mineralogically there is every transition be-

tween these rock types. Wehrlites are composed of olivine and clinopyro-

xene and with increasing plagioclase content they grade through feldspa-

thic wehrlite to melagabbro which contains a maximum of 2~ plagioclase. 

With further increase in plagioclase content the rock becomes an olivine 

gabbro. The leucogabbros are composed of plagioclase and lesser clino-

pyroxene and, with decreasing clinopyroxene content, grade into rocks 

composed almost entirely of plagioclase (anorthosites). 

The texture of the wehrlites and melagabbros is alliotromorphic with pla-

gioclas. and sometimes clinopyroxene, occurring as an intercumulus phase. 

The texture of the olivine gabbros is also alliotromorphic but the pla-

gioclase crystals, although somewhat rounded, are sub-euhedral. It 
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would seem that plagioclase occurs as a cumulus phase in the olivine 

gabbros. With increasing plagioclase the olivine content decreases un

til rocks lacking olivine but composed of equal parts of clinopyroxene 

and plagioclase are formed (e.g. 1171a). Such rocks can be termed Cpx

Plal gabbros but they show cumulate textures. The basal part of the 

High Level Gabbros, near its transition to the olivine gabbros, was pro

bably formed by crystal accumulation processes. 

In these rocks olivine (poSS_7S ) is always altered but the degree of al

teration is variable. Alteration to serpentine is most common but talc 

and bowlingite were also noted. Clinopyroxene (augite) is often turbid 

due to dusting by opaque oxide which is concentrated around the edges of 

crystals. Uralitization to tremo1ite has occurred, usually in the range 

of 10-2~. The turbidity increases with increasing degree of ura1iti-

zation. 

Plagioclase is usually fresh and has well developed twinning. Its com

position was determined as labradorite but one sample gave a composition 

of labradorite-bytownite. In the me1agabbros, where the plagioclase oc

curs as the inter cumulus phase, and in the leucogabbros it is highly 

sericitized ( ? ) and is free from twinning. This is possibly due to 

granulation and crushing prior to complete solidification of the rock. 

In such rocks it is not possible to determine its composition. In fig. 

3.1. the modes of some selected representative s&mples are given. 

3.1.2, Hieh Level Gabbros 

Although not studied in detail the Hi.h level .abbros can be divided in

to two petrolo.ical types, (1) Quartz Gabbros and (ii) S2!-E!!i Gabbros. 

(i) 9Hartz Gabbros appear to be the uppermost unit of the gabbros and 

when present under14e the .ranophyres. Their texture is hypidiomorphic 

and consists essentially of plagioclase and amphibole. Plagioclase is 

stron.ly zoned from a labradorite centre to andesine margins. The crys-
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tals are fresh and no albitization was noted. The amphibole (actino

lite) has clearly developed after original clinopyroxene. Remnant py

roxene is present in most sections. Another amphibole occurs as aci

cular crystals, often in aggregate form, and does not seem to be pseu

domorphed after pyroxene. It is mildly pleochroic from light green to 

colourless and is probably tremolite. Quartz occurs as subhedral clear 

crystals and when present adjacent to plagioclase a myrmekite texture 

has resulted. Opaque oxide occurs as anhedral crystals and constitutes 

a small percentage of the rock. 

(ii) Clinopyroxene-Plagioclase gabbros occur below the quartz gabbros. 

They have a hypidiomorphic texture and are composed essentially of cli

nopyroxene, plagioclase and accessory opaque oxide. Clinopyroxene has 

been partly (30-80') uralitized and this can be seen to start along 

cleavage planes and then to make the pyroxene turbid due to dusting by 

opaque oxides. The amphibole was identified optically as actinolite. 

Some tremolite was also noted. Plagioclase (labradorite) is well ·twin

ned and fresh; zoning is not present. 

One sample was transitional between the two gabbro types described above 

in that although no quartz was present the plagioclase is strongly zoned 

from labradorite to an andesine exterior and the clinopyroxene is total

ly uralitized. 

3.1.3. The Granophyres 

These rocks are petrologically variable. Plagioclase, quartz and opaque 

oxide are essential constituents but amphibole mayor may not be present. 

Sphene may occur as an accessory phase. Myremekite was observed in one 

thin section. Plagioclase (oligoclase) is highly turbid, shows indis

tinct outlines and is undoubtedly partly albitized. Quartz occurs as 

subhedral often rounded crystals or as granular aggregates. Some is de

finitely of secondary origin. Amphibole (actinolite) occurs as elongate 

fibrous laths and commonly crystals are dusted with opaque oxide. 



3.2. Axis Sequence 

Rocks of the AS are mainly basaltic. Most of the extrusive part of the 

pile has been metamorphosed to the zeolite facies whereas the majority 

of the sheeted dyke complex are in the greenschist facies. In the zeo

lite facies original rock textures are usually well preserved but are 

commonly obliterated by greenschist metamorphism. 

In this section the original texture and mineralogy of specimens is des

cribed first, followed by an appraisal of metamorphic affects. Purely 

fo~ convenience, zeolite facies metamorphism is described with the Lavis 

whereas greenschist alteration is treated in the Diabase section. 

3.2.1. The Lavas 

3.2.1.1. Extrusive rocks 

In the field five extr\1s~_\'e ty-pes have been recognized. These are the 

glassy, green and grey pillowed lavas, flow breccias and massive flows 

whose field characteristics and areal distribution have been described 

in Chapter 2. 

These lavas display a variety of microphenocryst assemblages and range 

of textures. Although there is a textural variation across pillows the 

dominant variation is related to the differing microphenocryst assem

blages present. The relationship between microphenocryst assemblage, 

texture and lava flow type is shown in fig. 3.2. 

Textures developed are all hypocrystalline and range from glassy through 

variolitic, hyalopilitic to intersertal and felted. All rocks are al

tered and the degree of alteration is directly related to the amount of 

glass present - rocts with most glass being least altered. The main 

part of the extrusive pile is altered to the zeolite facies and colour 

variation, which is the simplest means of identification in the field, 

is related to texture. Within the greenschist facies this colour dis

crimination does not apply - all pillows are green. Petrographic des-
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criptions of the various lava types are now given. 

(i) Glassy and Green pillowed basalts 

Although flows composed entirely of either green or glassy pillows do 

occur, as has already been noted in section 2.2.3.3., these two pillow 

types are often closely related. 
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Bear (1960a) and others (e.g. Gass 1960b) termed the glassy pillows lim

burgites on the basis of their texture and mineralogy. However although 

these rocks consist entirely of ferromagnesian minerals set in glass, 

they are unlike type limburgites (Bonney 1901 ) in being oversaturated 

with respect to Si02• Por this reason the term limburgite is not used 

here. 

Glassy pillows have well developed black glass selvedges which, unlike 

other pillowed types, is quite fresh. The texture of this selvedge is 

vitropheric with euhedral microphenocrysts of partly altered olivine set 

in a colourless isotropic glass which contains pyroxene crystallites 

that become microlitic away from the selvedge. The pillow interior is 

invariably microporphyritic with small (0-2-0.'mm) euhedra1 olivine 

(PoSO_
90

) and often orthopyroxene (En90) microphenocrysts set in a glass 

base containing abundant pyroxene micro1ites and tiny lantern-shaped oli

vine crystals (plate 3.l.a). In some specimens clinopyroxene (augite) 

microphenocrysts accompany olivine and orthopyroxene. Olivine micro

phenocrysts may be skeletal and orthopyroxenes may have thin clinopyro

xene rims. Slight 2V variations across some of the larger orthopyro

xenes indicate possible zoning. 

In those lavas which contain only olivine microphenocrysts, the ground

mass pyroxene microlites may be composed of clinopyroxene only or clino

pyroxene and orthopyroxene. Those which contain both olivine and ortho

pyroxene microphenocrysts invariably contain both clinopyroxene and or

thopyroxene microlites. Such orthopyroxene groundmass microlites have 



Plate 3.1. Axis Sequence glassy pillowed basalts 

(a) Mostly orthopyroxene microphenocrysts set in a glass base crowded 

with pyroxene microlites. Note thin rims of clinopyroxene which mantle 

some of the orthopyroxene microphenocrysts (X36. cross nicols). 

(b) Groundmass pyroxene microlites and lantern-shaped olivines. The 

olivine (01) is pseudomorphed by clays. The pyroxene microlite in the 

centre of the photograph is orthopyroxene (opx) with a thick clinopyro

xene (cpx) rim (X144. cross nicols). 



.... 

invariably developed relatively thick clinopyroxene rims (plate 3.I.b). 

Pyroxene microlites exhibit a variety of morphologies. At pillow mar-

gins they are dendritic (plumose and herring bone) but become progres-

sively acicular towards the pillow centre (plate 3.2.). Olivine how-

ever maintains its lantern shaped morphology throughout. Cubic chromite 

crystals are always present in the groundmass and are very common as in-

clusions in the olivines and less so in the orthopyroxenes. In a few 

cases groundmass chromite was large enough to be considered as micro-

phenocrysts. 

The glass groundmass in these lavas bas always been altered to clays and 

chlorophaeite. Olivin~~milarlY very susceptible to alteration and has 

commonly been pseudomorphed by chlorophaeite, clays, serpentine or other 

secondary minerals. Fresh unaltered olivines are rare whereas pyroxenes 

are invariably fresh. In the greenschist facies pyroxenes are pseudo-

morphed and glass alters to chlorite. 

So, three microphenocryst assemblages are present in these glassy pillows 

2!. 2! + 2a. 2! + 2a + 9!!. The 01 types can further be subdivided in--
to those with only clinopyroxene groundmass microlites and those with 

both orthopyroxene and clinopyroxene. 

Green pillows are characterized by their variolitic texture. Chilled 

margins, developed to variable degrees, have textures identical to the 

glassy pillows and this grades into the variolitic texture of the in-

terior. These basalts contain the following microphenocryst assemblages 

in decreasing order of abundance: 2! + 2,e!. 2! + 2E! + sa. 2.6 2! + Cpx, 

sp.!. 

A typical variolitic pillow lava contains microphenocrysts (O.2.l.0mm) 

set in a groundmass of spherulitic plagioclase and microlitic to small 

granular clinopyroxene crystals (plate 3.3.a). Varieties with ortho-



Plate 3.2. Axis Sequence glassy pillowed basalts: groundmass pyroxene 
microlite morphologies 

(a) Plumose and herring bone microlites (X144). 

(b) Acicular and some granular microlites (X144). 



pyroxene microphenocrysts can also contain orthopyroxene microlites 

and occasionally small groundmass olivine. The orthopyroxene micro

phenocrysts and microlites are rimmed by clinopyroxene. The spheru

litic plagioclase appears to have been the last phase to crystallize 

and quite clearly encloses all other phases. Opaque oxides may occur 
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as minute grains. Chromite occurs as accessory grains in the groundmass 

and as inclusions in the olivine. It is most abundant in Q! and Q! + ~ 

basalts and dec~eases to trace amounts in 2l + ~ + Cpx and Q! + ~ 

types. It is absent in ~ types. The relative proportions of micro

phenocrysts in the Q! + ~ + ~ basalts is variable. With increasing 

clinopyroxene the proportion of olivine and orthopyroxene micropheno

crysts decreases. The same applies to orthopyroxene microlites in the 

groundmass - 2! + ~ + £2! basalts rich in clinopyroxene micropheno

crysts contain no groundmass orthopyroxene. 

Within the groundmass of some pillows are small circular areas (lmm) 

which consist entirely of spherulitic plagioclase and more rarely only 

partly of spherulitic plagioclase, the rest being occupied by a secon

dary mineral. Often these areas have clinopyroxene microlites lining 

their periphery (plate 3.3.b). Such areas were possibly vesicles sub

sequently partly or completely infil1ed by late stage melt. Within the 

zeolite facies these variolitic pillows are always much more altered 

than the glassy pillows. Secondary minerals, including quartz, calcite, 

epidote, clinozoisite, clays, zeolites, hematite and some pyrite, com

monly occur as veins, in vesicles and as pseudomorphs. Any interstitial 

glass is now totally altered to clays. The 8pheru1itic p1agioc1a8e has 

refractive indecies below 1." and i8 probably 8econdary after more cal

cic varieties. Olivine and orthopyroxene are altered, often being pseu

domorphed by secondary minerals, e8pecia11y granular quartz. Clinopyro

xene remains fre8h and this facilitates recognition of orthopyroxene 

which is commonly mantled by it. 



Plate 3.3. Axis Sequence Green pillowed basalts 

(a) Variolitic texture; spherulitic plagioclase enclosing crystals of 

clinopyroxene. Note irregular extinction of some clinopyroxenes (X36, 

cross nicols). 

(b) Segregation vesicles; circular area composed of spherulitic plagio

clase only and lined by clinopyroxene microlites (X36, cross nicols). 



Two features of the above described glassy and green pillowed basalts 

which reflect upon the crystallizing conditions are now discussed. 
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Across pillow crystal morphology variations. There is a progressive 

variation in plagioclase and pyroxene groundmass crystal morphology ac

ross a pillow. This is shown in idealised form in fig. 3.3. The re

lationship can be readily explained as being due to the progressively de

creasing cooling rate away from the margins of a pillow (see Appendix 1). 

Clinopyroxene mantling orthopyroxeneMicroprobe analysis of orthopyroxene 

with clinopyroxene rims, as well as of groundmass clinopyroxene micro

lites, from similar glassy basalt from northern Troodos massif are given 

in table 3.1. Clinopyroxene mantled orthopyroxene is not common. Cox 

and Jamieson (1974) describe, but do not explain, glassy lavas with "ja

cketed" orthopyroxene phenocrysts from the African Karroo basalts. 

In attempting to explain its formation in these glassy pillows it should 

be noted that: 

(i) Orthopyroxene has a high MgO content compared to the liquid 

but the PeO content is comparable. Por orthopyroxene to con

tinue crystallizing as if in equilibrium, more MgO than PeO 

must be supplied for a given volume of liquid. 

(ii) During the first stages of crystallization these conditions 

were apparently satisfied as orthopyroxene microphenocrysts 

and then microlites formed. 

(iii) Continued crystallization of orthopyroxene would require ra

pid diffusion of MgO to keep up with the rapid growth of mi

crolites. This was not possible and resulted in an area pe

ripheral to each growing orthopyroxene microlite to become de

pleted in MgO but enriched inCaO and Al203 relative to the 

original liquid composition. 

(iv) further crystallization was therefore of Clinopyroxene which 

had the low Al203 characteristics of low pressure orthopyrox~. 



Table ).1 

1 2 1 4 - -
5i02 53.54 56.68 54.06 47.51 51.) 

Al2O) 11.48 0.89 1.71 9.)6 4.)8 

eaO 8.97 2.16 17.70 19.80 16.65 

MgO 12.85 )1.5) 19.9) 12.62 17.78 

FeO 7.8) 8.)0 6.59 9.9) 7.52 

Na20 1.29 0.15 0.17 0.18 0.17 

Electron microprobe analysis ot a glas8y pillowed basalt trom northern 

Troodos massit. Data supplied by J. Smewing, analyst T.D.W. Padfield. 

1. Whole rock analysis of the basalt (from 

Smewing 1975) 

2. Orthopyroxene phenocryst (average of 2 analyses). 

). Clinopyroxene rim ot above. 

4,& 5 Clinopyroxene groundmass microlites. 



(v) The variable clinopyroxene microlite composition can be ex

plained as depending on the state of liquid depletion and 

enrichment around the point where nucleation started. 
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These features suggest that upon cooling the lava underwent rapid crys

tallization under non-equilibrium conditions (see Appendix 1). 

(ii) Grey pillowed basalts 

Mostly pillows are microporphyritic with microphenocrysts ranging in 

size between O.2-l.0mm. The following microphenocryst assemblages oc

cur: 2!. + .£2!., £e!, ~ + Plal of which ~ + Plal basalts form about 

80%. Occasionally 2! + ~ + Plal varieties were found. 

The predominant texture of this group of pillows is hyalopilitic with 

tiny microlitic plagioclase laths, small augite grains and opaque oxide 

dendritic needles and minute grains set in a glass base (plate 3.4.a). 

With increasing crystallinity this grades into an intersertal texture 

which is well developed in the interior parts of pillows. The extreme 

edge of pillows may be variolitic, the spherulitic plagioclase attaining 

a "bow tie" morphology. All gradations between variolitic and hyalopi

litic textures are present. 

Some grey pillows have an intersertal texture throughout Iplate 3.4.b), 

even near the edges of pillows. Another group of pillows have felted 

texture with only accessory clinopyroxene and abundant oxide (plate 3.5a~ 

Only Cpx + Plal and non-porphyritic basalts form such pillows. 

Olivine microphenocrysts are usually euhedral and always pseudomorphed. 

Cubic chromite inclusions are common but diainish in content with de

creasing olivine so that non-olivine phyric varieties lack chromite. 

Clinopyroxene microphenocrysts, probably augite, are euhedral or sub

hedral and commonly twinned. Twinned crystals often show irregular ex

tinction, patterns similar to hour glass zonin! are sometimes present. 

Plagioclase microphenocrysts occur as tabular euhedral laths and occasio-



Plate 3.4. Axis Sequence Grey pillowed basalts 

(a) Hyalopilitic texture; tiny clinopyroxene crystals and microlitic 

plagioclase set in a glass (dark) base (Xl44). 

(b) Intersertal texture; a vein of hematite cuts across the section 

and the vesicle is lined by clay (X36. cross nicols). 
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nally as prismatic crystals. "Carlsbad" and albite twinning are com-

mon and zoning may be developed. Plagioclase crystals are invariably 

highly turbid. Often small plagioclase and clinopyroxene micropheno-

crysts are intimately associated in glomeroporphyritic clusters. 

Irregular very fine grained dark brown patches up to 0.5cm. long are 

very common within the groundmass, which is variolitic immediately ad-

jacent to them. These patches are formed of brush-like~8pherulitic pla-

gioc1ase, no pyroxene i8 pre8ent although there is a greater concentra
.,~ ~?, 

tion of opaque oxides than in the groundmass. The boundaries with the 

host lava are sharp and very often vesicles are partly or totally in-

filled by this material. These dark patches probably represent the 

"last melt" fraction of the cooling basalt. This would explain the iron 

enrichment, the lack of clinopyroxene, the irregular outlines and flow-

age into vesicles. Similar 8tructure8 are de8cribed by Smith (1967) 

from ba8alts from WalU, New South Wales. He calls them "8egregation 

vesicles" and his conclu8ions on their origin is the same as those rea-

ched here. His calculations show that to achieve a pressure difference 

sufficiently great for segregated melt to infil1 a vesiCle a sloping ma-

rine environment is needed. 

Alteration of the8e grey pillows is universal. It is impossible to find 

specimens which have not been replaced by 8econdary minerals to some ex-

tent and commonly replacement is so intense that original textures are 

obliterated. All gla8s pre8ent has now been altered to:clays and p1a-

gioclase (An40_30) is invariably turbid and is sometimes altered to 

clays. Oxide has often been altered to hematite which has subsequently 

been injected into amall veins. Clinopyroxene is fresh. 

(iii) Massive flows and flow breccias 

Both these flow typea most commonly have an interaertal texture although 

felted varietie8 also occur. In a few cases hyalopilitic texture was 



Plate 3.5. Axis Sequence Grey pillows and massive flows 

(a) Felted texture in grey pillow; mostly plagioclase laths and opaque 

oxides with accessory clinopyroxene (X36, cross nicols). 

(b) Massive Flow; intersertal texture with clinopyroxene and plagioclase 

microphenocrysts (X36, cross nicols). 
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noted but these are not common. These flows are formed by basalts with 

~ + Plag microphenocryst assemblage and also by non-porphyritic types. 

Massive flows are similar to, but more coarsely crystalline than, the 

central parts of grey pillows with intersertal texture (plate 3.5.b). 

Plow breccias contain fragments of only one type of lava set in a ground

mass which has undergone intense hematitization thus imparting the cha

racteristic red colouration of the matrix as seen in the field. It can 

be seen that these flow breccias are a result of fragmentation and grin

ding processes during flow. Plow breccias are very prone to replacement 

by secondary minerals, especially calcite. 

3.2.1.2. Intrusives into the Lavas 

Two types of intrusives occur. These are the doleritic sills, dykes and 

irregular intrusions and secondly the gabbroic bosses. The former have 

invariably developed an intersertal texture and are petrologically si

milar to the extrusives. The bosses range texturally from coarse grained 

intersertal to granular and consist essentially of plagioclase, clino

pyroxene and opaque oxides. In granular types the plagioclase is some

times spherulitic and commonly encloses anhedral to subhedral crystals 

of clinopyroxene. Iron ore can form up to l~ of these gabbros but usu

ally it is much less. Such bosses are the only coarse grained rocks in 

the zeolite facies and thus offer a good opportunity to study the mode of 

alteration of plagioclase which is difficult in the finer grained lavas. 

Plagioclase (An40) is invariably turbid and shows indistinct crystal out

lines and has undoubtedly undergone some albitization. 

A quartz gabbro outcrops west of Layia and in many respects it resembles 

the quartz gabbros of the Plutonic complex (3.1.2.). The plagioclase is 

clear and is strongly zoned from a labradorite core to more ~odic edges. 

Myrmekite has developed peripheral to the plalioclase crystals. The cli

copyroxene is highly altered to clays. That the plagioclase has not ex

perienced albitization ia probably due to the fact that the sadic pla-
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gioclase outer parts of the crystals are stable under the imposed meta

morphic conditions and also that the plagioclase is often enclosed in 

stable quartz and myrmekite. 

1.2.2. The Diabase 

Textures vary from intersertal to intergranular. Pelted types with lit~ 

ferromagnesian content are also common. The porphyritic texture of 

these dykes is apparent in many of the thin sections, especially the fi

ner grained types. All the microphenocryst assemblage" found in the La

vas are present and confirm that these dykes are feeders to the lavas. 

The more basic dykes form strikingly handsome porphyritic rocks with 

phenocrysts of olivine (now serpentinized) and clinopyroxene up to 10m. 

Such dykes occur in sheeted dyke terrain within and just north of the 

APB but are uncommon elsewhere in the massif. 

Originally the dykes were basaltic. Primary quartz has been noted in 

two dykes of the felted variety. The original mineralogy has been mo

dified by metamorphism to the greenschist facies. The transition from 

zeolite to greenschist facies fluctuates around and may coincide with 

the lava-dyke transition. Between these two facies there is a gradual 

mineralogical transition. The incoming of the greenschist facies is 

marked by the development of chlorite in place of the clays character

istic of the zeolite facies, and is manifested in some rocks by the ap

pearance of a "chloritic clay" (see Appendix 2), a light-green, weakly

pleochroic fibrous mineral with low birefringence, as opposed to the 

typical more strongly pleochroic chlorites developed at deeper levels. 

At the top of the greenschist facies clinopyroxene may be fresh and co

exists with chlorite; with increasing grade it first alters to chlorite 

and then to actinolite. Groundmass clinopyroxenes are the first to be 

altered J ,orphyritic types frequently show fresh phenocrysts and al

tered groundmass crystals. Olivine and orthopyroxene phenocrysts are 

invariably pseudomorphed by serpentine, chlorite and other secondary 
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minerals. 

Plagioclase usually occurs as turbid crystals with indistinct outlines 

presumably as a result of the alteration it has undergone. Multiple al

bite twinning is not well developed and irregular extinction is often 

present indicating that crystals are zoned from more calcic cores. Re

fractive indecies and extinction angle readings indicate that the compo

sitions are in the andesine to oligoclase range although albite compo

sitions were noted in a few cases. It would seem that although the pla

gioclase has undergone albitization, this process has been most severe 

around the periphery of the crystals. 

Opaque oxides are commonly altered to blood-red translucent hematite 

which is often mobilized on a small scale (plate 3.6.). In more inten

sely altered dykes opaque oxide may alter peripherally to sphene and 

this indicates that the oxide is titanomagnetite. Chromite crystals re

main unaltered. 

Various combinations of the following minerals, apparently not products 

of in situ llteration of primary phases,_ are also present in these rocks: 

calcite, quartz, epidote, c1inozoisite, hematite, chlorite, zeolites and 

pyrite. These minerals occur replacing the groundmass, as veins and as 

vesicle infillings. Replacement can be so intense that the original 

texture of the rock is totally obliterated. Apparently the metamorphic 

process may be divided into two separate episodes: mineralogical changes 

of primary phases and a later non-selective replacement of both primary 

and the earlier secondary phases (Smewing 1975). 

Adjacent dykes in the sheeted dyke complex may be altered to varying de

grees. In most cases this can be attributed to the texture. Coarse 

grained dykes are more permeable and allow easy access to hydrothermal 

waters. Occasionally a dyke altered to the zeolite facies occurs in a 

terrain that is otherwise exclusively altered to the greenschist facies. 



Plate 3.6. Axis Sequence Diabase 

Chlorite (green), plagioclase (turbid). quartz (colourless) and opaque 

oxide which has altered to blood-red hematite (Xl44). 



This must be the result of injection of dykes over a prolonged period 

such that at the time of injection of the latest dykes the metamorphic 

thermal gradient had been lowered. 

3.3. upper Pillow Lavas 
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Three lava types have been recognized in the field: glassy pillowed ba

salts and hyaloclastites, blue grey pillowed basalts often containing 

orange pseudomorphs after olivine (the olivine basalts) and aphyric grey 

basalts. A limited number of thin sections were cut and short descrip

tions are given below. 

3.3.1. Glassy pillowed basalts and hyaloclastites 

Microphenocrysts of olivine (Po90_80) up to lmm., are set in a glass 

base crowded with smaller olivine crystals and microlitic clinopyro

xenes. Every gradation in size exists between the olivine micropheno

crysts and the groundmass crystals. The clinopyroxene microlites exhi

bit dendritic (plumose), acicular and granular morphologies. The aci

cular crystals may be between l-l.Smm. and are characteristic of these 

UPL glassy basalts. Chromite occurs as inclusions in the olivines and 

as tiny groundmass grains. 

The olivines are usually only partly altered to serpentine and chloro

phaeite which is sometimes replaced by calcite. The clinopyroxene mi

crolites are fresh. The glass base is fresh or altered to chlorophaeite. 

Secondary minerals calcite and chlorophaeite commonly occur in vesicles 

and in tiny veins. 

3.3.2. Blue Irey basalts and olivine basalts 

These lavas have suffered intense replacement by calcite and all glass 

has been altered to clays. The groundmass texture is hyalopilitic and 

is composed of microlitic plagioclase, small granular clinopyroxene 

crystals and minute grains and needles of opaque oxide. The plagioclase 

crystals are clear and may attain spherulitic morphology in less crys-
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talline samples. Olivine phenocrysts when present are up to 1.5mm., but 

are usually less than 1mm. They are mostly pseudomorphed by iddingsite 

which in turn is commonly replaced by calcite. Serpentine is also an 

alteration product of olivine and chromite inclusions are quite common. 

Clinopyroxene phenocrysts, which are fresh, may accompany olivine. 

3.3.3. Aphyric grey lavas 

These lavas are often microporphyritic with clinopyroxene, or plagio

clase and clinopyroxene microphenocrysts set in a hyalopi1itic to inter

sertal groundmass composed of clinopyroxene, p1asiocla~e and opaque ox

ide. All glass is altered to clays but the plagioclase remains clear 

and clinopyroxene is similarly unaltered. calcite, natro1ite and anal

cite occur replacing the groundmass and in vesicles. 

3.3.4. Discussion 

The alteration suffered by the UPt's is to the zeolite facies and in

volves alteration of glass to clays and chlorophaeite and replacement by 

calcite and zeolites. In the glassy lavas olivine often remainsuna1-

tered and glass has altered only to chlorophaeite. This zeolite facies 

alteration differs from that suffered by the Axis Sequence (see 3.6.1.). 

Orthopyroxene was not recorded in any of the examined glassy lavas. This 

is in contrast to Axis Sequence glassy lavas of similar composition (see 

chemical analysis in Chapter 4) which invariably contain orthopyroxene. 

3.4. Microphenocryst assemblages and paragenetic seguence 

There is no petrographic reason why the bulk chemical composition of the 

AS rocks should not be regarded as representing the composition of the 

melts from Which they crystallized. A study of microphenocryst assem

blages will therefore reveal the paragenetic sequence, or the order of 

crystallization of mineral phases. 

In the APB area the AS contains rocks of the follOWing microphenocryst 
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assemblages: 2!, 2! + 2E!., 2! + ~ + ~, 2! + ~, ~ and most com-

mon Cpx + Plag. Rarely the assemblage 2! + ~ + Plag occurs. Chromite 

is present in all olivine bearing rocks, usually as inclusions but also 

occasionally as a phenocryst phase. 

Chromite is the first phase to crystallize and is followed by olivine. 

Olivine may be followed by either clinopyroxene or orthopyroxene thus 

producing two fractionation paths: 

(b) 2!--~2!. + ~ 
'" 

Path (b) is the path commonly developed in the AS,rocks frOm northern 

parts of the massif. The end product of this path is a ~ + Plag basal~ 

It appears that the fractionation path passes smoothly from the olivine-

clinopyroxene cotectic to a clinopyroxene-plagioclase cotectic. The 

exact nature of the olivine-plagioclase boundary is uncertain. No pet-

rographic evidence for an olivine reaction was observed. Exactly the 

same relationship occurs in ocean floor basalts where 2!. + Plag--+Q! + ~ 

(Frey et al., 1974). The occurrence in the APB area of the occasional 

2! + ~ + Plag basalt indicates that sometfmes the fractionation path 

reached the ternary point in the basalt system. 

Path (a) is more complex but also appears to culminate in ~ + Plag ba

salts. Orthopyroxene is certainly followed soon after by clinopyroxene 

to produce 2! + 22! + ~ basalts but the exact nature of the path there-

after is not clear. It is not certain, from petrographic evidence alone, 

which fractionation path ~ basalts belon" althou,h path (a) is like

ly. Similarly it is impossible to differentiate petrographically ~ + 

Plag basalts which have evolved via either path. However, it is possible 

to do this ,eochemically (see 4.1.2.2.). 

The various basalt types probably represent magmas affected by various 

amounts of shallow fractionation. Olivine bearing types can be consi-



ss 

* dered to be primative and ~ + P1ag types to be evolved. The two frac-

tionation paths developed are very probably a result of variations in 

* primary magma compositions. This will be explored in detail later (4.1 •. ? .. 3). 

3.5. Variations in crystallinity of pillow lavas 

Prom fig. 3.2. it is evident that it is the more primative basalts which 

form the least crystalline textures (glassy, vario1itic). and this in-

dicates a dependance of texture on lava composition. In Appendix 1 it 

has been shown that the glassy and variolitic textures have resulted 
.'. 

from rapid crystal growth due to the lavas b.coming supersaturated du-

ring cooling as pillow lavas. As'suggested by Donaldson (1974) a non-

linear liquidus in temperature-composition space is envisaged such that 

liquidus slopes are shallower for melts with, for example, MgO)9wt~ and 

steeper for MgO(9wt'. Thus for a given degree of under cooling the more 

primative lavas. those with high MgO, become more supersaturated than 

evolved low-MgO types and this results in faster crystal growth rates. 

Basaltic komatiites (Brookes and Hart, 1974) with MgO)9wt~. when oc-

curing as pillows frequently exhibit remarkable "quench" or "spinifex" 

textures. Brooks and Hart (op. cit.) suggest that rapid crystallization 

* A "primary magma'is here taken as the initial magma formed at depth 

by partial melting. The term "primative" in the phrase "more prima-

tive than" is used only in a relative sense to indicate that one de-

:rivative magma'is closer than another to the primary composition. 



in such lavas may have resulted from rapid heat loss as a result of ra

pid release of water from the melt. A compositional control, as sug

gested by this study, for the formation of glassy textures seems more 

likely. 

Secondary to the above textural control is a variation in texture and 

crystal morphology across pillows such that the degree of crystallinity 

increases towards the centre. This has resulted from the inwardly de

creasing rate of cooling across pillows. 

3.6. Comparison of APB area Axis Sequence with: 

3.6.1. Troodos AS and UPL 

(i) Petrology of lavas 
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Recent work by Smewing, Simonian and Gass (1975) haa shown that the AS 

extrusives consist of aphyric lavas which are microporphyritic with mi

crophenocrysts of plagioclase and/or clinopyroxene and rarely of olivine. 

60~ of the overlying UPL are similar but the rest are composed of oli

vine, and very rarely of orthopyroxene, phyric types which occur mostly 

in the upper parts of the sequence. Olivine bearing types are considered 

to be primative whereas the rest are evolved. 

In the past UPL and AS lavas have been considered to be genetically dif

ferent (e.g. Gass and Smewing 1973). Recently Smewing et a1 (1975) have 

shown that this is not the case and that the two groups are the products 

of a near continuous eruptive episode at or near a constructive margin. 

The AS lavas are envisaged as erupting at the ridge crest whereas the UPL 

were extruded on the ridge flanks. In this context it is clear that the 

lava pile is reversely zoned. Primative olivine-phyric basalts occur 

only at the top of the sequence. This situation differs fundamentally 

from that in the APB area where primative and evolved basalts are inter

bedded and primative types occur low in the AS statigraphy. There are 

therefore major differences in the eruptive processes between the APB 

and the rest of the maslif. Blsewhere ample time seems to have been 
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nvailable for magma fractionation and only evolved basalts were tapped. 

This in turn can be equated with ridge axis volcanism in a slow spreading 

situation (Smewing et ale 1975) where primative basalts were only tapped 

from later off-axis exits. In the AFB area it was easier for magma to 

reach the surface along' fracture zones and thus primative lavas were 

erupted throughout the volcanic activity. 

(ii) Metamorphism 

The alteration of the AS in the AFB area differs from that of the rest of 

the massif in the following ways: 

(a) clinozoisite is a very common metamorphic mineral in both the 

zeolite and greenschist facies rocks; in the rest of the massif 

it is rare. 

(b) Epidote is very common in the zeolite faciesr outside the AFB 

area it occurs only in greenschist facies rocks. 

(c) Hematite occurs in both facies; it is not found outside the AFB. 

(d) Plagioclase is albitized in the zeolite facies; elsewhere in the 

massif this process does not begin until the greenschist facies. 

To evaluate these differences the nature of the metamorphism affecting the 

mOHsif as a whole must first be considered. Oxygen and strontium isotope 

data on Troodos metabasalts indicates that they have interacted with large 

volumes of sea-water (Smewing 1975). These data refute the previously 

proposed magmatic water model for the metamorphism (Wilson 1959, Carr and 

Bear 1960). The sea-water model (Spooner et ale 1974, Smewing 1975) envis-

ages the water-hot rock interaction taking place at or near the constructive 

margin. At such an environment the thermal gradient would be high (150°C lon-i). 

The sea-water introduced at the ridge crest travels down through fractures 

in the newly formed oceanic plate and subsequently hy permeation along grain 

boundaries. As the water travels downwards it is heated before being dis

charged along confined zones on the ridge flanks. 

The progressively heated waters travelling downwards are responsible 



for establishing the zeolite and greenschist facies metamorphism on the 

AS and the top parts of the Plutonic Complex. Onto this "background" 

metamorphism" has been imposed a second stage metamorphic affect as the 

hot fluid returns to the surface along well defined fault and fracture 

channels furth~r leaching the host rock of many elements (Smewing, 1975 

p. 76-78). 
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The geothermal system is fixed relative to the spreading axis and is op

erative within a finite zone on either side of the constructive margin. 

Lavas erupted outside this zone will not be subjected to the metamorphic 

cycle. The UPL are envisaged as being erupted outside this zone and 

their metamorphism is therefore unrelated to this cycle (Smewing et al 

1975). Their alteration, although to the zeolite facies, is quite dis

tinct from that of the AS (Gass and Smewing, 1973). 

The APB area was metamorphosed under:· a broadly similar system. However, 

the albitization of plagioclase at relatively shallow depths would im

ply a steeper thermal gradient. This in turn would account for the 

widespread presence of clinozoisite-epidote which are known to result 

from hydrothermal alteration of plagioclase. The very common develop

ment of hematite could reflect the greater oxidising potential of the 

hydrothermal waters. The same result could be achieved if greater vo

lumes of sea water were involved in the geothermal cycle (Smewing, pers. 

comm.). Such a situation is likely in highly fractured zones of the 

ocean floor. 

3.6.2. Ocean floor basalts 

Work by Miyashiro et. al. (1969, 1970) has shown that the great majority 

of ocean floor basalts have phenocrysts and microphenocrysts of olivine 

and/or plagioclase. Thus two paragenetic sequences have been inferred: 

2!-------~P1al-------+S2! 

Plal-----~---------+~ 

Similar conclusions are reached by Bougault and Hek!nian (1974) working 



on samples from a limited area of the Mid-Atlantic Ridge rift valley. 

They further identify an aphanitic lava type, called "pyroxene basalts", 

composed of plagioclase, clinopyroxene and ores, and conclude that pos

sibly such lavas are the end products of crystallization along either 

path. Frey et. a1. (1974) identify ~ + P1ag phyric basalts as being 

the end product of fractionation along the Q!---iP1ag path. As only a 

very small percentage of all ocean floor basalts contain clinopyroxene 

phenocrysts the conclusion would be reached that in general ocean floor 

basalts are relatively primative. Very little data is available from 

marginal sea basalts. Such studies indicate that they are petrographi

cally similar to ocean floor basalts but that clinopyroxene phenocrysts 

and microphenocrysts may be very conunon'(e.g. behind the Mariana Island 

Arc - Hart et. a1. 1972). 

The paragenetic sequence of the APB area Axis Sequence lavas, and in 

fact all other Troodos lavas, is clearly different than those conunon1y 

found in the oceans. Furthermore, orthopyroxene phenocrysts have not 

been recorded in ocean floor basalts. 

All Troodos lavas initially plot in the olivine field of the basalt tet

rahedron. This is a reflection of primary magma compositions which de

termine which side of the Q! - P1ag cotectic they plot (Miyashire et. a1 

1969, 1970). The composition of primary basalt will depend on the de

gree of partial melting of the mantle peridotite and the prevailing con

ditions during this me1tin, (e.,. P, PH20). Re,iona1 variations in the 

mantle composition are possible and this too will affect the composition 

of melts produced. Irvin, (1972) has shown that various crystalli

zation paths require only slightly different starting compositions for 

the maIMa, and that the ratio of caO/A1203 and Na20/A1203 are important 

controlling parameters in determining the plotted position of a liquid 

composition. That all Troodos basalts plot initially in the olivine 

field and are ,enera11y followed by clinopyroxene as the next crysta1-
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lizing phase (rather than plagioclase as in ocean floor basalts) can 

be attributed to relatively higher CaO and lower A1203 for parental 

Troodos mantle (C. Allen pers. comm.) as compared to commonly postu

lated mantle compositions. That the Troodos lavas contain a dominant 

amount of evolved ~avas is a reflection of slow spreading rates which 

has allowed time for extensive fractionation (Smewing et. a1.1975). 
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CHAPTER POUR I GBOCHBMISTR Y 

99 Axi. Sequence (AS) ba.alt. and 14 upper Pillow Lavas (uPL) were ana-

1y.ed for the trace element. Zr, Y, Nb, Rb, Sr and Ti02 by XRP using 

compre •• ed powder pellet.. Cr, Ni and CO were determined for .ome of 

these .... ple. (for the AS 65 for Cr and Ni and 46 for Co and for UPL 

10 .ample.). Major elements were determined for 34 AS and 3 OPt .am

plea al.o by XlUI. 11 of tbe AS suples were analy.ed for the rare 

earth element. u.ing neutron activation techniques. Detail. of the ana

lytical method., analysis of standard and inter-laboratory correlation 

are given in Appendix 3. The re.ult. are given in tables 4.1.-4.10 where 

the AS .ample. are li.ted in ,roup. according to their aicropbenocry.t 

a •• emblage. In table 4.11 the .tati.tics of selected trace elements for 

each of the.e AS basalt types i. given. 

Care was taken to exclude fram analy.is .amp1e. which proved under the 

micro. cope to be highly altered and replaced by secondary minerals. In 

the case of samples analysed for major elements extreme care was taken 

to use the least altered sample. available which showed virtually no re

placement by secondary minerals. All samples were taken exclusively from 

the zeolite facies and the uppermoat parts of the greenschist facies. 

In addition to the analysis mentioned above a large number of trace ele

ment analyses were perforaed on s.ples of AS and tpL rocta frca outside 

the area of study and these ate presented alon,side with all other avai

lable trace element analysis for such rocks in Appendix 4. Also in Ap-

pendix 4 are presented miscellaneous analyses fram the AFB area. 

A lar,e number of trace element analyses were also done on baaalt fras

ments from the AS con,lomerates and these are reported and dealt with in 

Chapter 5. 

Abbreviations used are AS (Axis Sequence), UPL (upper Pillow Lavas), REB 

(rare earth elements), MORI (aid ocean rid,e basalts), MSB (mar,inal sea 

basalts). 



Table 4.1. Ara.kapas Fault Belt area: Axis ~ 2! + ~ (+ ~ BIIsalts 

SiOz 
Ti02 
AI

2
0

3 
Fep3 
FeO 

fihO 

MJO 

2:lb I ;. 11~31 ~~ I ~4J ;31r-~ 
51.47 51.97!52.1 52.62 51.49 52.29 50.74 

0.20 0.19 0.2 0.16 0.18 0.19 0.28 

U.48 10.89 U.07 10.37 10.72 11.21 U.59 

3.04 3.67 2.4 3.69 3.55 3.76 4.11 

4.83 4.97 6.48 5.41 4.86 4.78 4.90 

0.14 0.11 0.17 0.16 0.16 0.15 0.18 

11.74 U.67 U.14 14.23 U.72 11.74 11.67 

• 
786 

51.23 

0.26 

U.56 

2.44 

5.78 

0.17 

10.91 
CaO 1 10.31 1 9.62110.011 7.45110.111 10.221 10.54 I 10.93 

~o 

K20 

~O+ 

P20s 

0.44 . 0.99 0.70 1.57 

0.20 O. X> 0.25 0.22 

5.34 4.22 3.49 4.25 

0.04 0.0'3 O.~ 0.0) 

0.67 

0.27 

4.60 

0.04 

0.45 

0.06 

5.63 

0.04 

0.46 

0.16 

5.14 

0.01 

0.78 

0.20 

5.39 

0.0) 

100.23 \99.69Iro.14!IlOJ.6 199.37 \100.52\100.78 boo.68 

\ 
Total 

- • • 24lb B4 

FeO" 7.57 8.27 

FeO" 
MJO 0.64 0.65 

~~ 
~03.f!'eo 0.39 0.42 

TiO:z 0.23 0.20 

~ 3 5 

Y 6 5 

Sr 135 261 

lib 6 0 

Zr 12 14 

Cr 743 960 

Ni 342 4al 
Co 78 100 

• qlassy pillows 
+ green pillows 
865a - centre of pillow 
865b - dlill of pillow 

m3 iM4 89.u, 531 

8.62 8.73 8.~ 8.16 

0.71 0.61 0.63 0.70 

0.27 0.41 0.42 0.44 
0.20 0.17 0.19 0.23 

4 3 2 2 
4 1 1 5 
59 63 70 77 
4 3 3 0 
14 13 9 10 

830 1292 956 872 
)79 511 401 319 
95 86 as 83 

101,3 - dyke 
. a; - ' frClCtialated sill (awrage of 7 ssrples) 

RE • Rare~ el.errents ill'lAlysis available 
FeO* = Total 1zal as FeO 
~ - lIIlalysed en pellet and CI'\ glass bead • 
• bjdr ele!renu - -.eight' 
!o~ elEr.S'lts - ppn 

~ 786 

8.60 7.92 

0.74 0.73 

. 0.46 0.30 

0.28 0.27 

2 1 

6 5 

210 295 

1 2 

8 16 

66) 807 

402 )67 

76 84 

--. 
513 

5U 

0.25 

5 

4 

74 

5 

15 

-~ 

89lb 
+ 

86Sa 
+ 

86Sb I 113,3 
'. 

Mlb . t6Sa 86Sb ~ 

0.20 0.28 0.26 0.24 

2 2 1 4 
) 8 6 8 

4S 39 67 Xl 
0 0 0 0 

13 15 9 6 

+ 
994 

9;' 

0.26 

1 

5 ' 

106 

0 

11 

+ 
lO92 

t002 

0.29 

3 

6 

60 

0 

13 

'+ 
110,3 

~ 

0.23 

4 

4 

17 

0 

10 

101,3 1m 

.. 

101,.) a; 

0.25 0.24 

1 2 

4 5 

38 II 

2 1 

12 13 

706 

338 

80 



Table 4.2 Arakapas Fault Belt area: Axis Sequence oi and.2!. + ~ basalts 

2.,1 (~cpx) basalts .2l + ~ basalts 

Sample 1061 734 894a 131,1 852 SOl 882 534 861 604 B7 492 812b 737 803a 23 832b 512 ~ 

*RE ORE • + ° + XRE + X X • X XRE • • • X 

Si02 
53.03 50.24 54.45 51.49 ~7.16 57.53 

Ti02 0.33 0.29 0.23 0.33 0.26 0.40 

A1 20 3 13.41 12.85 12.55 15.27 2.30 14.18 

1'""2°3 3.46 3.28 3.54 4.92 3.47 3.78 

YeO 4.<'6 4.66 3.61 3.23 3.4R 3.24 

!'fnO 0.15 0.16 0.13 0.12 0.12 0.13 

MgO 10.25 9.54 10.02 8.83 9.39 6.30 

(;&0 11.22 12.52 6. 0 1 7.10 7.51 5.30 

Na 20 1.19 0.75 5.14 4.18 3.46 6.78 

It 20 0.48 0.21 0.20 0.09 0.05 0.06 

H
2
O. 3.13 5.15 3.04 , 4.16 3.27 2.67 

P205 0.04 0.07 0.02 0.01 0.00 0.04 

Total 100.77 99.72 99.84 99.73 ixlo.47 DO. 43 ,--
-- - - _.-

01 (~ cpx) basalts II ~ + ~ basalts 

Sa .. p1e lOSl 734 894a 131,1 852 'SOl 882 5)4 861 604 1~7 ~92 1~12b I ~3~ 1!03a I 23 1!32b 1!12 I ~2 
RE "RE . + • + XRE + X 

I 
7.61 

I 6.60 6.64 FeO" \7.20 5.79 . 7.66 

YeO" 0.70 O.RO 0.68 110.87 0.70 I 1.05 
~ 
"<'::,0) 
Fe203 +FeO 0.46 0.41 0.50 1°·60 0.50 0.54 

i 
ri°2 0.29 0.29 0.27 0.29 0.33 0.38 0.29 \0.36 0.30 0.48 0.42 0.55 0.36 0.56 0.43 0.33 0.35 0.3 0.5 

l'\b 2 2 3 3 2 2 3 ) 2 1 3 2 1 1 2 1 2 3 1 

Y 8 7 3 5 7 7 3 4 7 8 9 8 7 7 9 7 8 6 11 

Sr 236 212 58 38 22 12 54 1196 45 27 133 26 36 57 36 64 ll5 20 22 

Rb 1 2 1 0 ° ° 0 i ° 0 0 7 ° ° 7 ° 8 2 ° 1 
I 

Zr 14 13 21 13 11 12 13 17 IS 15 25 17 22 21 31 12 20 16 23 

Cr 599 601 444 842 442 742 563 27 405 235 352 274 195 355 465 368 ; 516 

Ni 317 288 139 387 229 436 264 168 164 112 146 120 160 160 195 160 1216 
Co 72 81 75 72 I 76 65 78 77 62 73 82 64 78 

-~ 

• glassy pillows + gr""n ·pillows X grey pillows 

S04& - chilled edge of dyke, 23 - 01 and~ porphyritic dyke 

Note: 131,1 shows alt"ration of cpx . • [crelltes to a~phibole 

Ti0
2 

analysed for on hath pellets and glass beads /' 

RE a rare earth elements analy~js availahle 
* -: FeO • total iron as FeO 
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Table 4.3 Arakapas Fau1 t Bel t area Axi s Sequence: ~ basalts 

I 

~;3 834 .1 ~_Ra ~RE X + l X 
X I 1075 43b 751 533 592 514 

5i02 
54.15 52.89 56.81 51.52 I 

I 
Ti02 0.33- 0.30 0.31 0.51 I 

I 
A12<l:3 14.41 14.51 13.90 13.80 

! Fe20 3 
2.46 3.64 4.66 7.48 

FeD 4.35 4.70 2.61 8.70 i I i 
MnO 0.10 0.11 0.10 0.28 , , 
MgO 8.84 8.91 7.64 7.71 

Cao 6.41 5.79 7.51 5.64 i 

Na20 4.50 4.13 4.93 2.40 I 
~o 1.69 0.95 0.04 0.09 I, "20 • 2.60 3.38 1.51 1.67 t 
P205 0.01 0.02 0.07 0.29 I 

Total 99.85 99.33 100.09 00. 091 

I I 
~;~ '®RE X • + X X 
1075 843b 751 523 533 S02 514 834 

I Fe*O 
6.57 7.97 6.79 15.43 

Fe*O 
M90 0.74 0.89 0.89 2.00 

Fe2 0 3 i Fe20 3+FeC 0.36 0.44 0.64 0.46 

I 
TiO:! 

Nb 

! Y 

sr 
Rb 

Zr 

Cr 

Xi 

Co 

0.37 0.34 0.33 (1.56 0.14 0.34 0 . 13 0.63 

0 1 2 7 2 2 1 3 

9 7 20 25 7 8 6 13 

96 169 61 155 30 26 36 199 

11 3 0 0 0 0 0 5 

6 10 20 30 12 11 12 33 

223 186 335 119 153 

122 140 104 127 100 

66 65 63 99 I 
+ green pillows X grey pillows ® dyke/sill 

!!!: 523 - glassy edge of a green pillow 

83~ - flow brecciated lavas; texture is vario1itic 

- Ti02 analysed both on pellet and on glass beads 

- RE Rare earth element analysis available. 

X X X 1~3 ! +RE 
f 8;5a 

@ 
761 624a 806 474 477 

I 

X X X 
13<f,3 

.IUi + ~7 761 624. 806 474 895. 

0.45 0.52 0.42 0.31 0.26 0.26 0.29 

1 1 2 2 3 1 1 

9 11 8 7 6 3 6 

110 62 46 68 18 52 64 

3 1 1 0 1 0 1 

19 23 29 11 8 8 1 

123 227 143 495 

70 92 121 212 

70 67 
I 

806 - flow brecciated pillow lava 

761 - qroundmas8 cpx is altered to amphibole 

- F~O = total iron as FeD 

~ 

9~3 

0.2.7 

2 

5 

56 

0 

7 

115 

110 



Table 4.4 " Araltapes Pault Balt area: Ax1.s Sequence " 9!' + Plaq basalts 

. 

x 
524 

~ 55.81 

T1O.z 0.25 

Al..fJ3 14.01 

~03 -
~ 7.37 

I-tlO 0.15 

ft;JO 7.14 

cao 7.70 

Na.ZO 4.77 

KzO 0.01 

up- -
P2~ 0.04 

Total. -
I 

X 
524 

Ro"O 7.37 

Fe"O 1.03 
MP 
Fe2~ -
Fe2O) 

~ 0.26 

Nb 6 

Y 3 

Sr 19 

lb 0 

Zr 20 

Cr 344 

Hi 162 

Q) 78 

x grey pillOoi lava 

® dyIre/s111 

® x ® 
1221 743 1134 

54.44 57.88 54.08 

0.26 0.38 0.42 

14.62 15.(1; 15.43 

- 4.73 4.43 

7.84 3.91 4.80 

0.15 0.13 0.14 

8.72 4.55 5.63 

7.43 g.64 5.02 

' 2.99 2.18 6.58 

0.74 0.14 0.15 

- 1.43 2.99 
0.03 0.04 0.04 

- 100.06 100.71 

L.-

® X Q9 
1221 74) 1134 

7.84 8.16 8.78 

0.90 1.79 1.56 

- 0.55 0.48 

0.27 0.42 0.43 

1 4 4 

3 9 U 

I 51 50 52 

I 1 1 0 

I 5 16 18 

I: 216 30 

71 67 
I - 89 74 

RE rare earth elements ..w.yais available 

Fe"O ,. total i.tm as FeO 

TiDZ analysed far on both pellets and beads. 

t... I-

RE 
x ® ® x x 
1043 "702 1363 632 822 
56.57 51.67 54.65 52.96 56.49 

0.44 0.47 0.52 0.56 0.58 

14.78 16.00 16.25 16.22 16.84 

- 5.81 4.32 5.64 4.29 

6.06 "4.40 4.22 3.13 2.71 

0.10 0.20 0.13 0.13 0.11 
5.aI 6.27 7.U 6.02 5.30 

9.59 5.7'9 3.21 5.69 4.74 

7.22 5.40 5.58 5.68 7.03 

0.03 0.00 0.17 0.05 0.02 

- 3.71 3.38 3.92 2.61 
0.C1T 0.01 0.01 0.06 0.01 

- 99.7'9 99.56 lOO.ll 100.73 
V I-- l-

lIE 
" X ® " ® X X 
1043 702 1363 632 822 

6.06 9.63 8.11 8.20 6.57 

1.19 1.54 1.14 1.36 1.24 

- 0.57 0.51 0.64 0.61 

0.44 O.SO 0.57 0.62 0.62 

2 4 0 1 1 

8 U 10 13 9 

36 47 97 56 76 

1 0 2 0 0 

23 19 22 18 30 

155 29 27 U7 39 

7J 72" 49 92 61 

- 69 61 72 76 

- > 

~ 
x x x x X 

"842 621 811 BU 901 
52.06 53.18 53.04 54.31 53.a; 

0.59 o.~ 0.73 0.81 0.88 

15.23 17.41 16.06 15.91 16.08 
4.66 - - 6.47 -
2.95 8.03 7.99 2.59 10.03 

0.14 0.12 O.U 0.16 0.15 
6.95 4.31 5.33 4.64 5.74 

7.90 7.56 6.87 6.69 2.78 

5.84 5.52 6.32 6.39 5.03 

0.00 0.01 0.04 0.03 0.09 

3.00 - - 2.73 -
0.01 0.06 0.06 0.07 0.05 

I 
99.33 - - 100.7'9 -

I- • .... t--

RE 
X X X X X 

842 621 871 841 901 

7.14 8.03 7.99 B.41 10.03 

1.03 1.86 1.SO 1.81 1.75 

0.61 - - 0.71 -
0.64 0.72 0.76 0.84 0.99 

1 1 .. 2 2 

14 19 17 16 16 

61 108 104 40 51 

1 0 0 0 0 

27 31 37 36 24 

179 96 31 28 31 

99 106 55 41 42 

77 - 66 56 69 

~ 



Table 4.5 Arakapas Fault Belt area, Axis Sequence ~ + E!!i basalts 

Sample 
Tio2 Nb Y Sr 

number 
Rb Zr Cr Ni Co 

/ x 914 0.31 3 7 22 1 15 

GD 1076 0.31 2 8 73 13 9 120 104 

r x 525 0.37 4 9 36 0 19 2D 57 79 

GD 561 0.)8 ) 8 57 1 20 

-x 765 0.4) 1 9 )6 0 14 80 81 

QD 7610 0.44 2 8 56 5 19 254 105 59 

/x 1)61 0.48 2 7 43 0 22 55 51 

QD 541 0.49 2 11 77 ) 12 

"'x 111,la 0.49 3 10 119 0 14 43 83 77 

® 522 0.50 4 9 69 4 16 59 88 89 

_. x 742 0.51 1 9 23 0 24 102 76 

GD 862 0.52 4 9 76 5 20 

~ x 912~RE) 0.54 1 12 53 0 22 144 108 

/ x 804 0.54 2 9 69 0 31 

-"x 681 0.57 2 1) 44 0 36 256 138 

"x 1011 0.57 2 11 37 0 22 

.... x 1291 0.59 1 14 52 0 33 

,.x 855 0.60 1 12 54 0 17 

,-x 773 0.6) 1 1,) 97 0 29 

... x 641 0.63 0 12 30 0 25 168 129 70 

,.x 768 0.66 1 13 45 0 2D 

, x 102) 0.67 2 14 39 0 35 17 

~ B) 0.67 0 12 38 0 32 

tb 883 0.7) 1 16 87 2 28 

-x 851 0.74 2 1/t 199 2 34 76 79 

tb 1102 0.77 1 14 52 2 33 

GD 542 0.79 5 19 60 4 20 

.-x 741 0.85 2 18 75 1 )3 25 36 67 

tb 14 0.91 2 18 161 1 Ita 

GD 243 0.92 2 18 115 5 It6 

."x 963 0.98 1 14 13J 0 32 57 33 61 

/x 923 0.99 2 18 70 7 33 12 15 64 

No major element analysis available. Tio2 in weight~, remainder in ppm. 

x - grey pillows 
~ - dyke/intrusive 
fb - f low breccia 

RE - Rare-earth elements analysis available 



Table 4:.6 AS Normative CIPW co~ositions (computed on the basis of Fe20) • 0.10) 
FeO 

Axis Sequence £!. + ~ basalts 

Sample 24:1b Bit 1)02 1074: 891t6 5)1 704: 786 

Or 1.18 1.77 1.4:8 1.)0 1.60 0.)6 0.95 1.18 

Ab ).72 8.)8 5.92 1).29 5.67 ).81 ).89 6.60 

An )1.4:9 24:.)8 29.05 20.60 25.4:5 28.)9 )1.82 )0.18 

Ne 

Di 15.63 18.65 16.4:) 1).01 19.69 17.80 16.50 19.27 

Hyp )).81 )5.88 )6.15 4:).26 35.16 )).74: )1,t,.80 30.56 

01 ~ 

Mt 1.00 1.10 1.15 1.16 1.07 1.09 1.15 1.06 

11m 0.)8 0.)6 0.)8 0.)0 0.)4: 0.)6 0.5) 0.4:9 

Ap 0.09 0.07 0.09 0.07 0.09 0.09 0.02 0.07 

Qtz 7.)4: 4:.59 5.80 2.64: 5.4:) 8.95 5.67 5.69 

Water 5.)4: It. 22 ).4:9 4:.25 4:.60 5.6) 5.14: 5.)9 

Axis Seq : £!. basalts ' Axis Sequence.Q! + Axis Sequence : ~ 
~ basalts basalts 

Sample 1081 7)4: 894:a ,,4: 861 604: 1075 BIt)b 751 52) 

Or 2.84: 1.24: 1.18 0.5) 0.)0 0.4:7 9.99 5.61 0.24: 0.5) 

Ab 10.07 6.)5 4:,3.4:9 )5.)7 29.28 57.)7 )8.08 )4:.95 4:1.72 20.)1 

An 29.8) )1.08 10.58 22.64: 17.88 8.02 14:.1) 18.25 15.68 26.09 

Ne . -
Di 20.6) 24:.77 19.01 10.16 15.64: 14:.70 14:.2) 8.4:1 17.15 

Hyp 26.88 2).82 5.97 1)." 26.26 5.)7 2.84 16.1t8 21.29 4:).71 

01 14:.89 11.)4: 9.77 16.29 10.29 

Mt 0.96 1.02 0.90 1.02 0.88 0.88 0.87 1.06 0.90 2.04: 

11m 0.6,3 0.55 0." 0.6, 0.4:9 0.76 0.6) 0.57 0.59 0.97 

Ap 0.09 0.16 0.05 0.02 0.09 0.02 0.05 0.16 0.67 

Qtz 5." 5.)1t 6.19 0.4:) ,.29 

Water ).13 5.15 ,3.04: 4:.16 ,.27 2.67 2.10 3.)8 1.51 1.67 

Corundum - 0.19 



Table 4.7 AS Normative CIPW compositions (computed on basis of Fe203 0.1) 
FeO 

Axis Sequence Cpx + Plag basalts 

Sample 524 1221 743 11134 104) 702 136) 6)2 822 842 621 871 841 901 

Or 0.06 4..37 0.8) 0.87 0.18 1.01 0.30 0.12 0.06 0.24 0.18 0.53 

Ab 40.36 25.)0 18.45 49~17 44.66 45.69 4.7.22 48.06 59.49 40.97 46.71 46.67 50.91 4.2.56 

An 16.79 24.29 30.87 12.12 7.83 19.42 15.86 18.61 14.)) 15.34 22.70 IS.)) 14.69 13.42 

Ne ).53 8.91 4.58 ).69 1.67 

Di 17.27 10.06 1).87 14.45 )2.17 7.64 7.58 7.47 19.38 11.97 15.1) 14.97 

Hyp 21.07 29.28 17.18 2.92 24.30 5.13 0.71 2.38 29.25 

01 15.1" 4.4.5 17.66 4..28 13.66 13.64 .13.56 10.61 12.99 12.26 
.. 

Mt 0.99 1.04 1.09 1.17 0.81 1.28 1.07 1.09 0.87 0.96 1.07 1.06 1.12 1.3) 

11m 0.48 0.45 0.72 0.80 0.84 0.89 0.99 1.06 1.10 1.12 I.)) 1.39 1.54 1.67 

Ap 0.09 0.07 0.09 0.09 0.16 0.02 0.02 0.14 0.02 0.02 0.14 0.14 0.16 0.12 

Qtz 0.2) 2.38 1~.14 2.26 

Water 1.43 2.99 ).71 3.)8 ).97 2.61 3.00 2.73 
CorrundlUD - 1.07 2.77 



(M) (M) (M) 
SIt 1 822 1075 

c. 3.77 ! 0.3 '.17 ! 0.3 1.0It ! 0.1 

Nd 4.17 ! 0.5 ,.08 ! 0.) 1.03 ! 0.1 

S. 1.78 ! 0.5 1.42 ! 0.5 0.70 ! 0.2 

Eu 0.70 ! 0.1 0.56 ! 0.05 0.24 ! 0.05 

GIl 2.81. ! 0.5 2.02 ! 0.5 

Tb 0.52 ! 0.1 0.)6 ! 0.1 0.2) ! 0.1 

-r. 0.)7 ! 0.05 0.26 ! 0.1 0.2) ! 0.1 

Yb 2.25 ! 0.2 1.61 ! 0.2 1.Ia) ! 0.2 

Lu 0.1t) ! 0.05 0.27 ! 0.05 0.2) ! 0.05 

~ 16.8) 12.75 6.1) 

Ta 0.14 ! 0.05 0.12 ! 0.05 0.20 ! 0.05 

111 0.28 ! 0.05 0.)1 ! 0.05 0.18! 0.05 

Hf 1.16 ! 0.2 0.98 ! 0.1 0.)5 ! 0.05 

Sc 1.97 ! ~ 1.)5 ! ~ 1.92 ! ~ 

Table ,*.8 Arakapaa Fault Belt area Axis Sequence REE analysis 

(M) (M) (T) 
1074 SltJb 474 

1.23 ! 0.1 1.08 ! 0.1 1.67 ! 0.1 

0.60 ! 0.1 0.80 ! 0.1 1.07 ! 0.1 

0.25 ! 0.1 0.46 ! 0.1 0.49 ! 0.1 

0.10 ! 0.05 0.19 ! 0.05 0.18 ! 0.05 

0.77 ! 0.2 1.23 ! 0.2 1.01 ! 0.2 

0.10 ! 0.05 0.21 ! 0.05 0.19 ! 0.05 

0.17 ! 0.1 0.22 ! 0.1 0.22 ! 0.1 

0.93 ! 0.2 1.)6 ! 0.2 1.22 :!: 0.2 

0.17 ! 0.05 0.26 ! 0.05 0.24 ! 0.05 

4.32 5.81 6.29 

0.20 ! 0.05 0.15 ! 0.05 0.)9 ! 0.05 

0.28 ! 0.05 0.20 ! 0.05 0.)4 ! 0.05 

0.20 ! 0.05 0.)0 ! 0.05 0.27·! 0.05 

1.05 ! ~ 1.27 ! ~ 1.70 ! ~ 

M - Major and TE analysi. av.ilable 

T - Only TE analysis syailable 

(M) (T) 
1081 912 

1.)2 ! 0.1 ).01 ! 0.) 

1.31 ! 0.1 2.83 ! 0.2 

0.72 ! 0.2 

0.25 ! 0.05 0.60 ! 0.05 

0.98 ! 0.2 1.79 ! 0.2 

0.22 ! O.OS 0.44 ! 0.05 

0.24 ! 0.1 0.)2 ! 0.05 

1.12 ! 0.2 2.0) ! 0.2 

0.20 ! 0.05 0.)5 ! 0.1 

6.)6 12.64-

0.12 ! 0.05 0.25 ! 0.05 

0.15 ! 0.05 0.11 ! 0.05 

0.4) ! 0.05 N.D. 

1.75 ! ~ 1.87 ! ? 

(.) - chondrite composition used in chondrite nor.aliaed plotal 
trom Frey ~. (1«)68) 

• Elements not determined were deduced Ira. the REE chon4rite 
norma1ised pattern and then used in computing 
the total 

(T) 
7)7 

3.29 ! 0.) 

2.0) ! 0.2 

1.)0 ! 0.6 

0.45 ! 0.5 

1.49 ! 0.5 

0.)6 ! 0.05 

0.25 ! 0.05 

1.)8 ! 0.1 

0.24 ! 0.05 

10.79 

0.)0 ! 0.1 

0.1) ! 0.1 

0.94 ! 0.1 

1.17 ! ? 

(M) (M) 

7J4 534 (a) 

1.19 ! 0.1 0.88 ! 0.01 

0.12 ! 0.1 1.87! 0.1 0.60 ! 0.01 

0.57 ! 0.) 0.77 ! 0.2 0.181 ! 0.006 

0.29 ! 0.05 O.JO! 0.05 0.069 ! 0.001 

1.12 ! 0.4 0.249 ! 0.011 

0.25 ! 0.05 0.25 ! 0.05 0.047 ! 0.001 

0.26 ! 0.05 0.22 ! 0.02 0.0)0 ! 0.002 

1.37 ! 0.1 1.30 ! 0.2 0.200 ! 0.007 

0.26 ! 0.05 0.22 ! 0.05 0.oJ4 ! 0.002 

6.28- 7.81" 

0.14 ! 0.1 0.15 ! 0.1 

0.15 ! 0.1 0.17 ! 0.1 

0.45 ! 0.1 0.51 ! 0.1 

2.4 ! ? 1.34 ! ? 



. Table 4.9 ~ Fault Belt ~ ~ Pillow Lavas 

• * • . I * * i" * * ~3'111 114;1 I 4~4 I ~3 1;,2 
+ I 

1181 1142 un Ian 1132 lll1 j ll6,la n,la 3,3 

~ 50.62 51.46 52.48 

~ 0.23 0.23 0.22 

AI,.~ U.83 13.50 U.1O 

~~ 1.SS 2.87 1.n 
Fao 4.&:> 4.95 5.98 

It10 0.15 0.15 0.15 

~ 9.97 9.18 U.J8 

cao 1O.&:> 10.83 10.54 

Nap 0.41 0.71 0.97 

~O . 0.67 0.53 0.31 

~Ot- 5.29 4.44 4.02 

P20s 0.05 0.03 0.01 

Total 99.40 98.88 1100.55 

I j I - II II 
'Jt 

* * • * • • * * • + + + + + 1181 U42 U41 1021 1132 1131 ll6,la 41,la U3,l 431 414 393.: 2,2 . 3,3 
PeO*, 8.U 7.53 7.58 : • • 00 
!'11;"0 0.81 0.82 0.67 

~03 
Fet>3 +!iO 0.43 0.37 0.23 

TIOz 0.22 0.23 0.22 0.27 0.23 0.24 

I 
0.19 0.40 0.25 0.38 0.41 0.75 0.85 0.86 

Nb 2 2 0 1 , 1 4 2 1 2 1 1 2 1 3 I 
Y 6 4 4 6 • 6 6 1 4 8 3 16 7 II 16 17 
Sr 110 161 131 U7 72 790 51 142 110 53 J8 "n 62 35 
III 8 8 7 2 2 9 25 3 27 6 2 8 6 1 
Zr 9 18 13 14 6 16 18 13 15 15 7 X> 35 45 
Cr J.oo; 708 788 898 881 869 623 784 476 29 
Ni 515 325 316 361 398 368 259 317 241 65 
Co 88 81 95 98 83 7S 85 72 72 81 

• Ollvine PlYric ~(9lawy and bill! qr:ey Olivine basalt) ~, ot + ~ 
+ APlYric Lavaa 92!!!, 92!!! + .E!!!Y 
OXides in weight , 

T.E.· in pp!I. 

(~l.T. Ti02 was analyaai for both at pellets and beads.) 

* Feo • total Jxm _ FeO 



Table ~.10 UE~er Pillow Lavas Normative CIPW co~ositions 

(computed on basis of Fe203 = 0.10) 
FeO 

1181 11~2 1141 

Or 3.96 3.1,3 1.8,3 

Ab ,3.47 6.01 8.21 

An 31.19 32.08 29.,38 

Ne 

Di 17.88 17.39 18.,31 

Hyp 26.97 26.45 ,31.61 

01 

Mt 1.07 1.00 1.02 

11m 0.44 0.44 0.,42 

Ap 0.12 0.07 0.07 

Qtz 6.74 7.66 5.58 

Water 5.29 ~.44 4.02 



Table 4:.11 Statistics of selected Trace elements of the various 

AFB area AS basalt tmes 

Mean Standard Standard error Sample Max. Min. Rt'mge Deviation of means size 

1 0.24: 0.03 0.01 18 0.29 0.17 0.12 

2 0.31 0.04: 0.01 7 0.38 0.27 0.11 

Ti02 3 0.4:.1 0.09 0.03 12 0.56 0.30 0.26 

4: 0.38 0.11 0.03 16 0.63 0.26 0.37 

5 0.60 0.19 0.03 4:6 0.99 0.26 0.73 

1 12 3 0.6 18 16 6 10 

2 14: 3 1.2 7 21 12 9 

Zr 3 20 5 1.5 12 31 12 19 

4: 15 9 2.3 16 33 6 27 

5 24: 9 1.3 4:6 4:6 5 4:1 

1 5 2 0.4: 18 .8 1 7 

2 6 2 0.8 7 8 3 5 
y 3 8 2 0.5 12 11 4: 7 

4: 9 6 1.4: 16 25 3 22 

5 12 It 0.6 4:6 19 3 16 

1 890 191 67 8 1292 663 629 

2 605 147 55 7 84:2 '*'*2 4:00 

Cr 3 349 99 31 10 516 195 321 

4 198 126 40 10 495 92 403 

5 102 89 16 )0 344: 12 332 

1 391 58 20 8 511 319 192 

2 294: 99 37 7 4:36 139 297 

Ni 3 160 31 10 10 216 112 104: 

4: 134 ·49 15 10 227 70 157 

5 78 35 6 30 162 15 14:7 

1 93 81 19 18 295 17 278 

2 91 93 35 7 236 12 224 

Sr 3 65 55 16 12 196 20 176 

4 76 54 14 16 199 18 181 

5 66 )6 5 4:6 199 19 180 

Basal t types:- .! .. ~ + .2e. (+£2!.h ! .. 01 (~Cpx) ; 1 .. .2!. + SE.!,; 

i .. ER.!; .2. ~ ER.! + Plag. 
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4.1. Axis Sequence 

4.1.1. Choice and limitations of elements suitable for study 

AS rocks have been affected by low temperature hydrothermal metamor-

phism and subsequently by sub-aerial weathering. Since both of these 

processes involve hydration the affects of the weathering process are 

inconsequential. This is confirmed under the microscope where, with 

the exception of the possible alteration of chlorophaeite to clays, no 

differences are visible between the fresh and weathered part of a sample. 

The mobility of elements during the hydrothermal process must be consi-

dered in order to realise the limitations of the data and the degree of 

confidence with which various elemental abundances can be used in petro-

genetic discussions must be determined. It is now widely accepted that 

Ti02 , Zr, Y, Nb (e.g. Cann 1970) and the rare earths (e.g. Frey et. a1. 

1968) are immobile during such alteration, whereas ~O, Rb, Ba and Sr 

are mobile (e.g. Cann 1970, Kay and Senechal 1975). From thermodynamic 

considerations Pearce (1973) concluded that elements with va1eftcies less 

than three and elements which are compatible with mobile major elements 

are prone to mobility during alteration. On this criteria Pearce (op.c~) 

chose Cr as suitable for study and rejected Ni and Co as being too mo-

bile. Bloxam and Lewis (1972) also considered Cr as stable in their 

geochemical study of British spi1ites. In this atudY both Cr and Ni are 
. 

cbnsidered stable. Cr and Ni behave in a similar fashion during frac-

tionation being removed by early cumulus minerals (Paster et. al.,1974). 

In fig. 4.1. the plot of Cr v's Ni for 65 AS samples is shown. The cor-

relation coefficient is 0.95 suggesting that Ni is just as immobile as C~ 

Many workers have recognized the mobility of major elements during the 

metasomatic processes involved during the hydrothermal alteration of ba-

salts to spilites. Melson and Van Andel (1966) recognized an increase 

in H2O, Na20 and PeO + MgO, with a decrease in Cao and ~O. The bulk of 

Si02 and A1203 had not been greatly altered. Cann (1969) found that 
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this process was accompanied by loss of significant amounts of Cao and 

A1203 and by an increase in H2O. There mayor may not have been'sig

nificant gains in Si02• total PeO and Na20. Montigny et.al.(1973) out

line how hydrothermal metasomatism of basalts to spi1ite within the Pin-

dos Ophiolite could result in increase in Si02 and Na20 and decreases in 

Cao and MgO. 

A similar study was conducted in the Arakapas area based on three samples 

from a single flow collected within five metres of each other. The flow 

is composed of variolitic green pillows which have been spilitized. 

Small pillows within the flow however have developed a glassy texture 

(see Appendix 1) and are much less altered than the vario1itic pillows 

showing alteration of the glass base to chlorophaeite and clays whereas 

the olivines are partly pseudomorphed. If we consider the alteration of 

this glassy pillow to be purely a hydration process with accompanying 

oxidation of iron. then by adjusting the Pe3+jPe2++ Pe3+ and H2O values 

back to the probable original (Pe3+jPe2++ Pe3+ = 0.1 (Cann, 1971. Frey 

et.al., 1974), ~O = 0.1-0.2 wt.' (Hart. 1971) for fresh oceanic ba

salts) a composition close to the original may be obtained. This con-

tention is supported by work on weathering of ocean floor basalts where 

it has been shown that hydrated and oxidised samples with Pe2OJ/PeO + 

pe20
3
(0.4 do not show great changes in composition (Matthews 1971. Cann 

1971). The ratio for this glassy pillow is 0.41. 

In table 4.12 the analysis for the glassy pillow and the two green vario-

litic pillows is given. Comparing the composition of the spilitized va-

riolitic pillows with that of the adjusted glassy pillow it can be seen 

that the spilitization is accompanied by increase in Pe203/PeO + Pe203• 

~O, Na20 and decrease in NcO, CaO. ~O, PeO. Si02 may decrease slight

ly or increase substantially. A1203 is slightly to moderately decreased. 

The variations between the two spilitized samples are a reflection of 

the variable amounts of secondary minerals present. 



Table 4.12 

Difference Difference 
between 73 between 735 
and and 

734 734· 731 734· 735 734·, 

5i02 
50.3() 53.16 51.55 -1.61 57.27 +4.11 

Ti02 
0.29 0.31 0.27 -0.04 0.30 -~.01 

A1 203 
12.89 13.60 13.50 -0.10 12.28 -1.32 

Fe20 3 
3.2Q 0.1'19 4.75 +3.86 4.30 +3.41 

FeO 4.67 7.25 3.27 -3.98 2.41 -4.84 

FeO· 7.61 8.05 7.46 -0.59 6.27 -1.78 

MnO 0.16 0.16 0.13 -0.03 0.09 -0.07 

MgO 9.57 10.10 8.19 -1.91 8.84 -1.25 

cao 12.56 13.25 12.10 -1.15 7.53 -5.72 

l'<a2O 0.75 0.79 3.72 +2.93 4.89 +4.10 

K20 0.21 0.22 0.04 -0.18 0.03 -0.19 

H 0+ 5.17 0.00 2.43 +2.43 2.10 +2.10 
2 

PaOs 0.07 0.07 0.04 -0.03 0.00 -0.07 

Total 100.02 100.06 99.99 - 100.04 -
FeO· O.BO 0.80 0.91 +0.11 0.71 -0.09 
MgO • 
Fe

2
0 3 0.41 0.11 0.59 ofO.48 0.64 +0.53 

,eO+'e20 3 
Z, 13 14 13 

Y 7 5 6 

Nb 2 1 ° 
Rb 2 ° ° 
Sr 212 45 36 

Cr 601 561 416 
. 

Ni 288 348 190 

Co 81 76 65 

Effects of spilitization on pillows from the same flow. Major ele.ent. in 
weight ft, minor elements in p~. FeO·. total iron al FeO. All analy •• s 
recalculated to approximately l~. 734· was calculated on a water-tree basi. 
and with 3+ 
~ 3+. 0.1 (equivalent to F8203 wt.· 0.123). 
Fe + re ~ 

734 _ glassy ri110w. Alteration - all glas. to chlorophaeite, olivine pattly 
psuedolllorphed by calcite. Clinopyroxene tr.sh. 

731 & 735 green pillows. Alteration - olas. to clay., .pherulitic plagicl0'. 
albitized (1), olivine totally psuedomorphed by calcite and clay •• 
Clinopyroxeno tre.h. Secondary mineral. pre.ent include calcit., epidote 
and clinozoisite. 
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Undoubtedly there is some change in the composition of basalts as a 

whole due to passage of hydrothermal waters. However much of the com

positional differences between metamorphosed basalts is due to "meta

morphic differentiation" i.e. enrichment of the rock by secondary mi

nerals, e.g. epidote, chlorite (Melson and Van Andel 1966). In this 

study it was required to have major element analysis in order to study 

crystal fractionation and other processes, and thus samples were chosen 

for analysis which contained as little secondary replacement minerals as 

possible. In such rocks the elements Na20. CaO and '20 would still be 

very mobile because they are held mostly in the invariably altered glass 

phase and are involved in the albitization process. The elements MgO, 

FexO, Si02 and especially A1203 may be usable. 

4.1.2. Petrogenetic Affinities 

In considering the petrogenetic affinities of the Arakapas suite of ba

salts three factors capable of contributing to the observed elemental 

variations have to be examined. These are crystal fractionation, vari

ations in style and degree of partial melting of the parent peridotite 

and the alteration process. 

4.1.2.1. Alteration 

Examining the suite as a whole it is found that ~o+ and Fe203/Pe203 + 

PeO values for the glassy lavas are higher and lower respectively than 

the other basalt types which contain modal plagioclase. The average va

lues for the two basalt types is shown in table 4.13. In fig. 4.2. the 

two basalt types are shown on a CaO vts Na20 plot. The non-glassy ba

salts have higher Na20 and lower Cao and although undoubtedly some of 

this variation is due to crystal fractionation it is predominantly a re

sult of albitization of plagioclase in the non-glassy basalts which re

sults in a loss of Cao and increase in Na20. 

This rather convergent nature of the glassy lava compositions for Na20. 

CaO and K20 indicates that even these very mobile elements have remained 



H 0 + 
2 

Table 4:.1.1 

Glassy basalts 
( 10) 

4:.63 

0.4:0 

Other basalts 
( 17) 

2.88 

Comparing alteration of glassy basalts and other 
basalt types. Values given are averages. Number 
of samples used in brackets. 



stable during alteration in these rocks. 

The albitization process is further reflected when the analyses are 

plotted on a normative 01-Hy-Di triangular diagram (fig. 4.3.) The 

glassy lavas are silica saturated quartz tholeiites (Yoder and Tilley 

1962); the other basalts range widely from quartz tholeiite to olivine 

tholeiite to alkali olivine basalt. The shift towards nepheline nor

mative types is a result of the alteration process which has resulted in 

increase of alkalis. 

4.1.2.2. Crystal Fractionation and Partial Melting 

Although Harker variation diagrams are adequate for demonstrating that 

some sort of relationship exists between the variables, they distort ge

netic trends by changing their slopes and therefore cannot be used rea

dily to discriminate between rival hypothesis (Pearce, 1968). A more 

quantatitive indication of crystal fractionation processes can be a

chieved by plotting against elements not readily accommodated in phases 

involved in crystal fractionation. The abundance of such elements in 

the residual liquid increases in direct proportion to the decreasing 

liquid fraction and thus they are indicators of solid-liquid ratio 

(Anderson and Greenland, 1969). 

For the phenocryst phase assemblages considered here (Cr, 21, ~, ~ 

and Plag) elements such as ee, Nb, Y, Zr are strongly excluded from 

crystallizing phases. However, due to the complexity of Ce analysis 

and the very low concentrations of Nb, Y, Zr (at the limits of XRF de

tection) it was decided to use Ti as the "incompatible" in the vari

ation diagrams. Ti is not really incompatible since clinopyroxene may 

contain up to 2 wt.' Ti02• The maximum amount of clinopyroxene that 

would be formed by fractional crystallization of basaltic magma is about 

20', and thus not more than 0.4' of the whole rock Ti02 would be in the 

fractionated clinopyroxene (Chazen and Vogel, 1974). The incompatible 
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nature of Ti is confirmed by plotting Ti02 v's Zr, Y and total rare 

earth elements (figs. 4.4. & 4.5.), and by considering the correlation 

coefficients (0.81 for Zr and 0.83 for V). These plots show a 1:1 in

crease of Ti02 with increasing incompatible elements. The spread of 

the plots is mainly due to large errors inherent in measuring such low 

concentrations of Zr and Y by XRF methods. Other workers, for exampie 

Schilling (1973) and Chazen and Vogel (1974), have similarly concluded 

that Ti models the behaviour of incompatible elements during basalt li

quid fractionation. 

Incompatible elements are largely held in hydrous phases in the parent 

mantle peridotite from which basalts are derived. These hydrous phases 

will be the first to melt during partial melting processes. This being 

so, early low percentage partial melts will be enriched in the incom

patible elements, but concentrations will be diluted with increasing 

melting due to the increasing contribution made to the melt by melting 

of low Ti02 phases of the peridotite (Smewing et.al., 1975). Therefore 

Ti02 is also a good indicator of degree of partial melting. 

Fractionation 

In figs. 4.6., 4.7., 4.8., Si02, Al203, MgO, PeXO (total iron as FeO), 

Cr and Ni are plotted against Ti02• Si02 has clearly suffered consi

derable mobility during the alteration process. Judging from the low

est Si02 values there probabl~ is a slight increase (about 2 wt.') 

during fractionation. Al203 increases steeply until about 0.5 wt.' Ti02 

where it levels off and remains steady with further increase in Ti02• 

MgO shows a sharp decrease till 0.3-0.4 wt.' Ti02 • At this point the 

decrease is less steep with the plot "fanning out" so that basalts with 

Ti02 between 0.4-0.9 wt.' have similar MgO values. A similar pattern is 

obtained for Cr and Ni where after a very sharp decrease (700 ppm. Cr 

within 0.1 wt.' Ti02>, at 0.3-0.4 wt.' Ti02 the decrease becomes gentler 

and the plot "fane" out. The plot of FeXo is not very clear but an 
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eventual slight iron enrichment is indicated. These'.: trends lead to 

basalts which have petrographically been shown to be evolved basalt 

types such as the Q! + ~, ~ + Plag variety which were produced by 

fractional crystallization processes. Variations between the primatile 

types (e.g. 01, 01 + ~) are more primary. 

The shape of these variation curves should be consistent with subtrac

tion of phenocryst phases. This is indeed the case for the fraction

ation sequence 21--'21 + ~--+~ + Plag. However there is a consi

derable overlap between 2! + Cpx and ~ type basalts. It would seem 

that Cpx basalts are not related to the above fractionation sequence 

but that they are related to the 21--~~ trend possibly in the sequence: 

2! + ~--~ + ~ + ~--+(Qe. + ~)-~Cpx-+~ + Plag. 

The trends noted are broadly compatible with initial fractionation of 

chrome spinel followed by olivine, orthopyroxene and clinopyroxene cau

sing steep drops in MgO, Ni and Or concentrations and increase in Al203-

With the incoming of plagioclase as a phenocryst phase the Al203 increase 

is arrested; decrease in M,o, Ni and Or now becomes more gradual as chro

mite, olivine and orthopyroxene cease to fractionate. The observation 

that Ni behaves in a very similar way to Cr in non-olivine phyric basalt 

types indicates that Ni, like Cr, partitions preferentially into clino

pyroxene in such rocks. Montigney et.al.(l973) observe the same rela

tionship in the Pindos Ophiolite where non-olivine phyric spilites 

show good concentration correlation between Or and Ni. 

The "fanning out" of plots after approximately 0.4 wt.% Ti~ has to be 

considered further. Pig. 4.9., shows a ternary plot of MgO-PeXO-Ti02 _ 

Starting at 60% MgO on the MgO-PeO base line, an overall increase in 

the ratio with increasing Ti~ is evident, although at any particular 

MgO:PeO ratio there is a range of Ti02 values_ This observation is com

patible with a model involving variable MgO depletion rates such that a 
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* a particular MgO-Fe 0 ratio is attained after variable amounts of frac-

tionation. This can be achieved as a result of the two postulated frac-

tionation trends. The 2!--~--~~ trend will deplete the melt in MgO 

at a greater rate than the Ol--~~--~Plas trend. From fig. 9 it is 

clear that S2! + Plag basalts with Ti02(approximately 0.5 wt.% resulted 

via the former trend whilst those with Ti~approximately) 0.5 wt.% re-

suIted via the latter. Furthermore, ~ + 22! primative basalts have 

lower imcompatible element concentrations than the 2! primative basalts 

and the relative increase in incompatibles concentration after a given 

amount of fractionation will be less for the 2!--~--~ trend. For 

example, after SO% fractionation: 

0.2 wt.' -----~.4 wt.' Ti02 

0.3 wt.' -----~0.6 wt.' Ti02 

Probably both factors have contributed in producing the observed frac-

tionation trend summarized in fig. 4.10. 

Partial Meltins 

The above discussion strongly suggests that the observed elemental vari-

ations have resulted from fractionation along the two paths. These two 

paths may result from variations in primary magma compositions. Dif

ferent compositions will plot in different points in the basalt tetra-

hedron and thus follow different fractionation paths (Irving 1972). 

Variations in primary magma compositions can be achieved by either in-

vOking parent peridotite of variable composition, melting under differing 

physical conditions of P, PH20. etc., or variable degrees of partial 

melting. Considering the tectonic environment of Troodos and the smooth 

chemical gradation between the two primative magma types a model invol-

ving variable degrees of partial melting is most probable. This is now 

further examined by considering the chondrite normalized REB patterns 

of the analyzed APB area baaalts, .hown in fig. 4.11., which as well as 

showing very low absolute concentrations indicates three types of profil~ 
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Type A: flat pattern with depletion of light REE. starting between Eu 

and Sm. 

Type B: showing continuous gentle dep1et ion for all the REE with no f~," ~ 

portion present. The depletion is greater for the light rare 

earth elements (LREE) starting at Eu to Sm. 

Type C: continuously very depleted; flat at heaviest REE end. between 

Tm to Lu. 

These profiles can also be characterized in terms of the ratio of the 

enrichment factor (e.f.) of Ce over Tm. (Ce/Tm) e.f. An analysis of the 

three profile types in terms of this ratio as well as Cr. Ti02 MgO and 

total REB is given in table 4.14. Type A have (Ce/Tm) e.f., 0.4-0.5. 
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type B < 0.4-0.5 but') 0.3, type C < 0.3. Type C basalts are composed of 

the primative basalts, 21 and 21 + 0px, with high Cr and low incompatib~ 

and of Cpx basalts which have been shown to be products of the 2! + ~ 

basalts. 

These three different profiles are either inherent from primary melts or 

are related in some fashion through the process of fractional crystalli

zation. Theoretical calculations by Schilling (1971) show that frac

tionation involving extraction of up to SO% olivine or orthopyroxene 

will not affect the REE profile. Lack of Eu anomalies in the Arakapas 

basalts indicates that plagioclase fractionation could not have involved 

greater than 20% plagioclase extraction, and thus the profiles. according 

to Schilling, (op.cit.) could not have changed as a result of plagioclase 

fractionation either. However, clinopyroxene, on account of its greater 

partition coefficients (see table 4.15) is capable of affecting the 

profiles with fractionation and will enrich the LREE relatively more 

than the heavy rare earth elements (HREE) thus causing an increase in 

the (Ce/Tm) e.f. ratio. Clinopyroxene is the most common phenocryst 

phase in the APB area lavas. Greater than 3~ clinopyroxene removal is 

needed before the profile is significantly changed (Schilling, 1971) and 
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Table It.1It 

Profile Sample Basalt r ;:] ef. 
TiO~ Cr fREE 

Type Type wt. ppm ppm 

Type 7J7 .2.!. + Cpx 0.It5 0.56 195 10.79 
A 822 Cpx + Plag 0.It2 0.62 39 12.75 

912 Cpx + Plag 0.32 0.5It lIt It 12.64 
Type 8Itl Plag + Cpx 0.3It 0.82 28 16.83 

B 

531t .Q!. + Cpx 0.36 327 

1075 Cpx 0.15 0.37 223 6.13 

8ItJb Cpx 0.17 0.34 186 5.81 

Type It7It Cpx 0.26 0.26 495 6.29 

C 1081 .Q!. ( .... cpx) 0.19 0.29 599 6.J6 

734 .Q!. (-+ cpx) 0.16 0.29 601 6.28 

107It .Q.!. + ~ 0.25 0.17 1292 It.J2 

AFB area AS basalts - g1v1ng the three profile types in terms of the 

profile parameter [ ~ J e.f., Ti02, Crt MgO and total REE <2REE). 

Wt.% 
MgO 

5.Jo 

4.64 

8.83 

8.84 

B.') 1 

10.25 

<).54 

14.23 
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this will fractionate the LREB from Sm to Ce only whilst the HREE will 

increase equally. This is just a reflection of the REE partition coef

ficients for clinopyroxene. It cannot account for the sort of changes 

involved from Type A-.. B-tC. Purther evidence against a fractionatio;-l 

control causing the change in profiles comes from the observation that 

samples 912 and 822, although they are equally evolved basalts as is 

indicated by their similar microphenocryst assemblage and Ti02 and Cr 

contents, they have different B and A profiles. It seems likely there

fore that the profiles stem from differences in the primary magmas, so 

an analysis of how variations in degree of partial melting may cause 

changes in profile must be considered. 

The,REE chondrite normalized pattern of a basaltic liquid is controlled 

by: (a) the phases in equilibrium with the melt 

(b) the intrinsic REB pattern of the parent peridotite. 

Menzies and Allen (1974) have shown the Troodos parent peridotite to be 

plagioclase lherzolite (21 65%, 22! 15%, ~(diopside) lO%.Plag 8% and 

chrome spinel 2%). With increasing temperature first plagioclase fo1-

lowed successively by ~, ~ and 21 would melt. Thus at various 

stages during partial melting the melt would be in equilibrium with (a) 

2! + 2e. + ~ + Plag, (b) 2!. + 22! + fR!., (c) Q!. + Qe, (d) 21. 

The partial melting process cen be modelled mathematically and can be 

expressed (Pearce 1973, O'nions and Clarke 1972) as: 

cf = ~ / (me + mak: + mbk~ + ••• mnk~) 

~ = distribution coefficient between each phase (n) and 

the liquid melt (see table 4.15 for values) 

cf = concentration of element E in the liquid 

qs = concentration of element E in the rock being melted 

a,b ••• n = phases present in the source rock 

ma,mb ••• mn = mass fractions of these phases present 

me = mas. fraction of liquid produced by melting 
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Furthermore, the proportion in which the phases melt (if the phases oc

cur in the residium) or the rate at which they disappear (if the phases 

are totally melted) must be known. This can only be estimated but som~ 

restraints are possible. The Troodos lavas are thought to have be~n 

generated by approximately 30% partial melting and to have left bejin~ a 

harzburgite residue with a virtually constant 2!:~ ratio of 80±5:20±5 

(Menzies and Allen 1974) and C. Allen (pers. ~.). Cpx and Plag would 

probably have been removed after approximately 20% partial melting (c.f. 

similar assumptions in calculations by Arth and Hanson 1975). According 

to Green (1972) after 60% partial melting a residue of 01 + Spinel re

sults. So, clearly with increasing partial melting ~ is reacted out. 

Estimates of the phases present and their proportions after 10, 15, 25 

and 40% partial melting are given in table 4.16. 

Many workers have concluded that light REB depleted patterns in basalts 

must be inherited from a mantle itself with a LREE depleted pattern, oc

curring possibly in a world wide depleted low velocity zone (Gast 1968, 

Schilling 1971). In the following calculations a REB concentration for 

upper mantle of lherzolite composition from Schilling (1971) and another 

less fractionated hypothetical mantle composition are used. In fig. 4.~ 

the calculated REB patterns of basaltic melt after 10, 15, 25 and 40% 

partial melting are shown. The calculations did not take into account 

spinel since no REB partition coefficients are available for this min

eral. However such omission should not affect significantly the re

sults in as much as the modal abundance of spinel is low and REB abun

dances of two spinels vary within the range of those found in olivine, 

clinopyroxene and orthopyroxene in the Lizard intrusion (Frey 1969). 

Equilibrium conditions are assumed. 

Various significant deductions can be made. Pirstly it is quite clear 

that the parent mantle REB pattern has great influence on that of the 

melt and secondly that with decreasing degrees of partial melting the 



Table ~.15 REE partition coefficients for basaltic and andesitic 

rocks 

Olivine (2) Opx (3) Diopside ( 2) Plagioclase (8) 

Ce 0.0069 o.o~ 0.070 0.12 

Nd 0.0066 0.0)3 0.12 0.081 

Sm 0.0066 0.05~ 0.18 0.067 

Eu 0.0068 0.05~ 0.18 O.)~ 

Dy 0.0096 0.15 0.21 0.055 

Er 0.011 0.2) 0.17 0.063 

Yb 0.014 O.)~ 0.16 0.067 

(2) - average of 2 etc. 

19ite (5) 

0.15 

0.31 

0.50 

0.51 

0.68 

0.65 

0.62 

Data from HIGUCHI & NAGASAWA (1969') t ONUMA ~. (1968) t SCHNETZLER & 

PHILPOTTS (1968; 1970). 
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profile of the melts becomes increasingly depressed i.e. (Ce/Tm) e.f. 

increases. This is basically a reflection of the greater amounts of ~ 

and Cpx in equilibrium with the melt at low percent partial melts, since 

greater amounts of the HREE can be partitioned into these phases. At 

approximately 40% partial melting the pattern closely resembles that of 

the parent mantle, i.e. with increasing degrees of partial melting the 

basalt profile will increasingly resemble that of its mantle source. In 

a recent paper (Schilling 197~)reached identical conclusions. 

Increasing degrees of partial melting, say from 15-30% can account for 

the change in profile from Type A to B. However a change to Type C as a 

result of further increase in partial melting is clearly not possible. 

Such profiles must reflect derivation from mantle peridotite initially 

more depleted in LREE than the mantle which produced basalts with Type A 

and B profiles. Thus two mantle sources with distinct REE patterns have 

provided melts for the AFB area basaltic suite. It is important to note 

at this stage that Type C profiles are limited to the most magnesian ba

salts (see table 4.14) and their fractionation products the ~ basalts, 

i.e. mantle capable of generating Type C basalts always underwent the 

greatest degrees of partial melting. 

4.1.2.3. Discussion 

The petrogenetic scheme outlined above may be tested using the CAMS (CaO 

A1203, ¥gO, Si02) pseudoquaternary system (O'Hara 1968), projected from 

the olivine apex (fig. 4.13). Considering a plagioclase lherzolite of 

bulk composition M undergoing equilibrium partial melting at a pressure 

of 10 Kbars (a reasonable estimate for the depth of melting), with in

creasing partial melting a liquid of composition x is generated with pla

gioclase, clinopyroxene and orthopyroxene entering the melt. When the 

plagioclase is consumed further melting of clinopyroxene, orthopyroxene 

and olivine takes the liquid composition from x to y, at which point 

clinopyroxene disappears and leaves behing 2!-~ residium. Further 
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partial melting will produce liquids lying on the line y-M. Two com

positions which may be produced, 1 and 2, are related by increase in 

percent partial melting (say 25-35%). 
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On ascent of magma from 10 kb. and eruption at 1 atmosphere changes in 

primary phase volumes occur with olivine, plagioclase and clinopyroxene 

expanding and orthopyroxene contracting. Magma 1, generated by lower 

degrees of partial melting will follow a fractionation sequence 2!--~~ 

whereas magma 2, generated by high degrees of partial melting, will 

follow a fractionation sequence ~--i~--~~. In this way the two 

fractionation sequences developed in the AFB area AS can be seen to have 

resulted from variable degrees of partial melting of mantle at the same 

pressure regime. 

The major and trace element chemistry does not indicate two different 

mantle sources which has been postulated from the REB data. This could 

be because the only difference between the two mantle types is purely 

one of relative previous depletion in LREB. 

In fig. 4.14., the above petrogenetic scheme is summarized schematically. 

This can be tested statistically. It seems logical that the chemistry 

of basalt types which are primative should be much more convergent than 

those types which have resulted via fractionation. The greatest com

positional difference should be observed in the ~ + P1ag basalts which 

could have evolved by either fractionation path. Table 4.17., gives the 

statistics for the basalt types for the elements Ti02, Cr, Zr, MgO and 

Al20
3

• It can be seen that the expected deviations are indeed developed. 

One specimen, sample S23, does not fit into the magma generation scheme 

as it contains high PeXO(lS.43 wt.%) and P20S (0.29 wt.%). Either con

tamination has occurred or the lava is unique. The latter hypothesis is 

preferred and it is suggested that this lava resulted from melting of a 

restricted area of mantle rich in apatite. 
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Basalt 
Type 

01 + .QR!. 

01 

.,2!+ ~ 

~ 

S:E!. + Plag 

Ti0
2 

wt.% 

mean S.D. 

0.24 0.0) 

( 18) 

0.)1 0.<>4 

(7) 

0.41 0.09 

( 12) 

0.)8 0.11 

( 16) 

0.60 0.19 

(46) 

Cr. ppm 

mean S.D. 

890 191 

(8) 

605 147 

(7) 

349 99 

(10) 

198 126 

(10) 

102 89 

()O) 

Table 4.17 

Zr ppm MgO wt.% AI
2
0) wt~% 

mean S.D. mean S.D. mean S.D. 

12 ) 12.2 1.0 11.6 0.9 

( 18) (8) (8) 

15 4 9.9 0.4 12.9 0.4 

(7) (3) () 

20 5 8.2 1.6 1).9 1.5 

(12) (3) () 

15 9 8.5 0.7 14.) 0.) 

( 16) (3) () 

24 9 5.9 15.7 

(46) ( 1~) ( 14) 

AFB area AS basalts Statistics for Ti02 , Cr, Zr, MoO and ~O) of the various basalt types 

( ) = number of samples considered. 
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4.1.2.4. Interpretation 

According to the definition of Brooks and Hart (1974) the more prima-

. iomatiitea. . 
tive APB area lavas may be considered to be basalt1c1. Lavas ot basalt1c 

komatiite composition have been reported from the Barberton Mountain 

Land in South African shield (Viljoen and Viljoen 1969), from the Appa-

lachian orogenic belt in north-eastern Newfoundland (Gale 1973), from 

Baffin Island (Canada) (Jamieson and Clarke 1970), from a basalt-dacite-

rhyolite sequence in the Canadian shield (Brooks and Hart 1972) and from 

the Australian shield (Glikson 1971, Williams 1972). In the Newfoundland 

occurrence the basaltic komatiite pillows are associated with ocean floo± 

type tholeiites and chert. In table 4.18., the APB &+ea basaltic koma-

tiites are compared with some of the above mentioned rocks. 

The observation that the APB' area basaltic komatiites carry modal olivine 

but are quartz normative has to be explained. Recent studies of liquidus 

phase relationships in the system MgO-Si02-H20 and related model systems 

have indicated that the primary field of olivine crystallization is ex-

panded by increasing water pressure. Under such conditions olivine may 

crystallize in equilibrium with silica oversaturated liquids (Xushiro 

1969, Nichols and Ringwood 1972). This implies melting of mantle under 

Troodos under hydrous conditions. Both Smewing et. a1.(1975) and Pearce 

(1975) invoke the influx of water into the mantle beneath Troodos in a 

back-arc spreading environment with water being provided from an under-

lying subducted oceanic plate. Such water would further increase the 

degree of partial melting possible by lowering mantle solidus temperatu~ 

Melting experiments by Green (1973) on pyrolite compositions have shown 

that under water saturated conditions magnesian quartz normative (5-7, 

quartz) tholeiites are produced by 32." partial melting at l2000 C and 

10 Xbars. In another paper Green (1972) interprets basaltic komatiites 

as resulting from less than 4~ partial melting of pyrolite. He con-

siders that sudden decompression initiates rapid ascent of peridotite. 



Table 4.18 Com~osition of the AFB area AS basaltic komatii tesz 
; 

with cOmparisons (analyses recalculated on a water free basis) 

1 2 3 4 5 

Si0
2 

54.12 52.83 53.37 53.42 46.23 

Al
2
0

3 
12.46 9.49 9.95 5.54 11.04 

FeO· 8.45 9.64 10.83 9.84 10.47 

MgO 12.30 14.21 10.22 15.52 19.69 

CaO 10.77 10.22 10.11 13.05 9.43 

Na20 0.84 2.00 2.68 1.23 1.20 

K
2

0 0.25 0.12 0.46 0.09 0.07 

Ti02 0.24 0.16 0.86 0.57 0.78 

MnO 0.17 0.17 0.22 0.22 0.18 

P205 0.04 0.07 0.06 0.05 0.09 

Nb 3 <3 

Zr 13 14 55 

y 5 

Sr 170 136 

Rb 2 <3 

Cr 871 1300 

Ni 487 330 

1 - Mean of 10 basaltic komatiites, Arakapas Fault Belt area, (only the 

relatively unaltered glassy basalts have been used in 

the computations). 

2 - Mean of 9 basaltic komatiites, Rombler, Newfoundland (Gale 1973) 

3 - Mean of 3 basaltic komatiites of the Barberton type (Viljoen and Viljoen 

1969) 

4 - Mean of 5 basaltic komatiites of the Barberton type (Viljoen and Viljoen 

1969) 

5 - Mean of 24 Tertiary komatiites from Baffin Island, Canada (Jamison and 

Clark 1970) 



diapirs which undergo extensive melting under essentially adiabatic 

conditions during ascent to shallow crustal levels. Grant, Cawthorn 

and Strong (1974) note that CaO/Al203 ratios of basaltic komatiites 

grade into the ratios of primative oceanic tholeiites. They suggest 
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that basaltic komatiites are a more extreme composition in a spectrum of 

rocks with chemical characteristics imposed by shallow depth and high de

gree of partial melting. Since ocean floor basalts are results of 20-

30% partial melting at sites of plate separation (Gast 1968, Kay et.al. 

1970) possibly basaltic komatiites result from greater degrees of par

tial melting as a consequence of more rapid decompression resulting in 

diapiric upwelling of mantle material and emplacement very close to the 

surface «5 kb. Gale, 1973). 

So it must be concluded that the variations observed in the AFB area AS 

basaltic suite are a result of large, but variable, degrees of partial 

melting (25to <40') of parent plagioclase lherzolite mantle under hy

drous conditions and at shallow depths (approximately 5-10 kb.). Mag

mas were tapped at any time during this process and suffered fractional 

crystallization prior to eruption following a fractionation path de

termined by their primary composition. 

4.2. upper Pillow Lavas 

In figs. 4.15., and 4.16., the analysis of the APB area OPL is presented 

on Ti-Zr, Ti-Y and Ti-Cr plots. It can be seen that they plot within 

the field of the APB area AS and that similar trends are developed. 

Three fresh specimens of the primative glassy basaltic pillows were 

analyzed for major elements (see table 4.9). The analyses are identi

cal to the AS basaltic komatiites, except that ~O concentrations are 

slightly higher (average 0.50 wt.'). If these values can be considered 

as representative of the original concentrations then it is worth noting 

that such K20 is high for mid-ocean ridge basalts (MORB) but comparable 

to island arc tholeiites. 
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Although MgO for these glassy pillows ranges from 9.18-11.38 wt.%, un-

like AS lavas of comparable composition no orthopyroxene is present. It 

would appear that orthopyroxene crystallization has been suppressed. ~--

perimenta1 investigation of the system Q!-~ - ~ - Plag (O~Hara,1968) 

shows that the ~ primary phase volume decreases very rapidly with de-

creasing pressure, while 2! expands quickly. ~thopyroxene crysta1li-

zation may be suppressed by rapid ascent of magmas. This would imply 

that the UPL magmas were erupted more quickly than the AS magmas and 

this in turn would explain the greater proportion of primative types in 

the UPL, especially in the Ayios Mamma. ,- '-Perapedhi area. 

4.3. The tectonic environment of UP yo1canism . 

In the past few years basaltic rocks erupting in several different tec-

tonic environments have been empirically characterized by Pearce and Cann 

(1973), Jakes and Gill (1970), Hart et. al.(1972), Engel et. al.(1965). 

The following table summarizes this. 

Tectonic Environment 

Within Plate 

Constructive margins 

Subduction zones 

Geographical position 

Continental and 
oceanic islands 

Mid-oceanic and mar
ginal sea spreading 
ridges (MORS and MSB) 

Island arcs 

Basalt tYpe 

Tholeiitic 
and alkali 
basalts 

Low K thole
iites 

Island arc 
tholeiite se
r ies and calr 
alkaline se
ries 

On account of low incompatible element concentrations and LREE depleted 

patterns the APB area basalts can be excluded from having a within 

plate origin or of belon,in, to the calc-alkaline series. Thus they ori-

ginated either at a spreadin, axis or at the earliest stages of evo

lution of an island arc. It is very difficult to tell apart tholeiites 

erupting in the three possible environments. 
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In table 4.19 •• the means and ranges of the three possible basalt types 

are compared with the APBarea Axis Sequence basalts. Whereas MORB and 

MSB have restricted 5i02 ranges with average values of 49'. in island 

arcs values range from 45-7~ (Tholeiite---tholeiitic andesite---tholei

itic dacite (Jakes and White. 1972» with a mode of 53'; tholeiites with 

5i02(52' form a minority (Jakes and Gill. 1970). Compared to MORB is

land arc basalts have lower MgO, Cr, Ni, incompatible elements, and to a 

lesser degree lower FeXo. (This is basically a reflection of dominantly 

olivine fractionation during early stages of fractionation and as a con

sequence of a more oxygen rich environment which has resulted in chro

mite precipitation and the lesser iron enrichment chara~teristic of is

land arc basalt series rocks (Jakes and Gill 1970». K20 and OrlNi is 

lower in the arc tholeiites. M5B resemble MORB in their similar 5i02 

ranges, MgO, Cr, Ni and incompatible elements but K20 can be much grea

ter (Rogers et. al.1974) and PeXo contents are somewhat lower. Based 

on the generally relatively high 5i02 for the APB area basalts (even in 

the least altered glassy pillows) and the abundance of ev01ved types, the 

low incompatible element concentrations and low PeXo these basalts are 

more akin to the arc series. Based on the high Cr, Ni and MgO a MORB 

origin is possible. The generally very low P205 favour a MSB origin. 

It is important to note that no basaltic komatiites have been reported 

from recent island arcs but a few have been found in the Atlantic (Frey 

et. a1.1974, Schilling 1975.). Dredges from marginal seas are few so no 

statement can be made concerning these rocks. In table 4.20., the At

lantic basaltic komatiites ar~ compared with those of the APB rock with 

comparable MgO. 

A ctiticism of the above method of comparisons is that the primary com

position3 of basalts are not known nor is it possible to quantify the a

mount of fractionation suffered prior to eruption. We do however know 

that arc basalts have undergone considerable fractionation prior to 
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~ 

Si02 
Al

i
0 3 I 

Feo I 
MgO 

Cao 
Na20 

H2O 

P20 5 

-- -1-_. 

Zr 

Y 

Ti02 
Cr 

Ni 

Table 4.19 comparison of AFB area AS basalts with basalts Era. various 
tectonIc environments. 

Mid-ocean Marginal Basin Island arc tholeiites AFB area AS AFB area AS evolved 
Ridge Basal ts (45-57~ Si02 range) BasaI1s ~ +Plag basalts 
basalts (2) (3) (4) (5) 
(1 ) 

mean Standard mean Range mean Range mean Range Dlean Range 
deviatior 

49.6 0.7 49.1 45.2 -57.6 53.6 50.2 -57.9 54.3 50.2 -57.9 54.3 51. 7 -57.9 

16.0 0.9 16.4 14.5 -17.7 16.7 14.1 -20.6 14.1 10.4 -17.4 15.7 14.0 -17.4 

11.5 1.37 9.1 8.0 -11.2 9.8 6.7 -11.8 7.8 6.6 -10.0 8.0 6.1 -10.0 

7.8 0.9 7.2 4.7 -11.0 4.8 2.3 - 6.7 8.4 4.3 -14.2 5.9 4.6 - 8.7 

11.3 0.6 11.5 10.0 -13.7 9.6 5.9 -11.8 7.8 2.8 -12.5 6.5 2.8 - 9.6 

2.8 0.3 2.8 1.0 - 3.4 2.5 1.2 - 4.2 3.8 0.44-7.22 5.5 2.2 - 7.0 

0.22 0.12 0.4 0.03-0.88 0.5 0.13- 1.2 0.22 0.0 -1.69 0.1 0.0 - 0.7 

0.14 0.07 O.le 0.0 -0.19 0.14 0.04-0.44 0.04 0.01-0.07 0.04 0.01-0.07 

- -- -. -- - -- - -- , . -. 
.. - -- - n· . 

Mid-ocean Marginal Basin Island arc tholeiites AFB area AS 'I AFB are<!. AS evolved 
Ridge Basalts . (45-57" 5i02 range) Basalts ~ + Plag basal ts 
basalts (2) (3 ) (4) (5) -

(1 ) 
mean Range mean Range ~an Range lDean RanC}e mean RanC}e 

83 50-143 6.8 68 -69 44 20 - 68 19 6 -46 24 5 - 46 

28 16-54 2.4 24 -25 18 5 - 27 9 1 -19 12 3 - 19 

1. 28 0.78-2.04 1.3 0.4 -2.1 0.8 0.42 - 1.25 0.45 0.17 -0.99 0.60 0.3-0.99 

280 30-620 231 153 -324 47 o - 305 306 12 -1292 102 12-344 

106 42-201 87 51 -173 29 o - lOS 
I 161 15 -511 78 IS-147 

Ii 
- --

Major elements: (1) - mean of 94 sa~les (C&nn 1971), (2) - aean of 12 sa-pIes (Hart et al 1972; 
Sclater ~ al 1972; Ridley et ~ 1974), (3) - mean of 24 sa.pleS-(BWart . 
and Bryan 1~2, 1973; Gill-r970i Lowder And Carmichael 1970). 
(4) - mean of 32 analyses. (5) - aean ot 14 analyses. 

M.inor elements: (1) from Pearce (1973); nUlllber ot samples Ti02 .. 81. Zr = 77. Y .. 72. Cr = 67. 
Ni z 36 

(2) Same as major elements; number of samples Zr, Y • 2;Cr c 3, N.i - 11. 
(3) 5aMe as Major elements; except Y 2 17 SaMples. 
(4) Ti02 , Zr, Y - mean of 99 analyses I Cr, N.i mean of 6S analyses 
(5) Ti02 , Zr, Y = ~an of 46 analvses, Cr, Ni = mean of 30 analyses 



Table 4.20 Comparison between ~id-Oceanic ridge and AFB area AS 

basaltic Komatiites of comparative MgO content 

(9 - 10 wt.") 

AFB area (2) MORB (1) AS 

Si02 50.0 5).7 

AI2O) 17.0 12.8 

FeO- 8.1 7.1 

MgO 10.0 9.9 

CIi) 1).1 9.5 

Na20 2.1 2.7 

K
2
0 0.02 0.20 

Zr 40 16 

Y 2) 6 

Ti0
2 

0.76 0.29 

Cr 685 512 

Ni 260 227 

['ee] Tm e.f. 
0.29 (type B) 0.18 (type C) 

( 1) Average of 2 samples of glass from leg ) of the DSIP 

(Frey at ale 1974) 

(2) Average of 4 _ampl.. (1081, 7)4, 894., 861). [ ii J e.f. 

average based on 2 samples. 
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eruption; thus a comparison of these rocks with the evolved ~ + Plag 

basalts of the APB area suite is more realistic. This is shown in table 

4.19 •• and it is clear that even so Cr, Ni, incompatibles and to a lesser 

extent PeXO are lower whereas MgO is higher in the APB area rocks. 

Pearce and Cann (1973) have used the incompatible elements Ti-Zr-Y in 

distinguishing basalts from different tectonic environments although 

they did not include MSB. In fig. 4.17a., the field occupied by the 

APB area' AS suite is shown on their Ti-Zr plot. It can be seen that the 

majority of the rocks plot in the field of A (arc low-K tholeiites) where

as the more primative members plot outside any of the designated fields. 

In fig. 4.17b., the field of APB area AS rocks is shown on their Ti-Y-Zr 

triangular plot. They plot mostly in the fields A and B (arc tholeiite 

and MORB) and some outside the designated fields. The same conclusions 

are reached when the main concentration of plots is considered. 

In fig. 4.18., the spectrum of chondrite normalized REB abundances are 

shown for island arc tholeiites and MORB. The five marginal sea basalt 

analyses available (Hart et. al.1972, Ridley et. al.1974) have abundances 

plotting within the MORB field. The APB are& AS basalts fall outside the 

MORB fie1d.but over1ap.Jsomeltha*~.with the uc tholeiite field. 

In considering the REB pattern profiles (perhaps the best petrogenetic 

indicator) arc tholeiites have mostly flat patterns (Jakes and Gill,1970), 

MSB have patterns ranging from LREE depleted to enriched (Hart et. al. 

1972, Ridley et. a1.1974) whilst MORB have generally LREE depleted pat

terns and occasionally flat patterns (e.g. Schilling, 1971). Prom Schi

lling's analysis the average profile parameter (Ce/Tm)e.f. of MORB is 

0.8 with a maximum of 1.0 and a minimum of 0.4. These are all type A 

profiles. The basaltic komatiites from the Atlantic mentioned before 

have ratios between 0.2-0.35; these are shown in fig. 4.19., and can 

clearly be identified as type B profiles. Type C profiles appear to be 

unique in the APB are~ area; no similar patterns have been reported to d~ 
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In summary it can be concluded that the APB area AS suite has similari. 

ties and differences with both spreading axes and arc basalts. In this 

respect and in view of the extremely depleted nature of these rocks and 

unique type C profile, an origin different but in some way related to 

one of the three possible environments has to be considered. Ewart and 

Bryan (P.3294, 1972) argue convincingly that possibly some ophiolites 

originated as the initial tholeiitic stages of island arc formation. 

However, in view of the extensive sheeted dyke complex in Troodos, and 

in agreement with other workers (Gass 1968, Moores and Vine 1971, Gass 

and Smewing 1973, Pearce 1975, Kidd and Cann 1974) an origin at a sprea

ding axis for the Troodos ophiolite is favoured. It is not possible to 

conclude from the APB area data whether it was a mid-ocean or marginal 

sea axis. 

4.4. Comparison with the Troodos Lavas 

A major part of this investigation was to test the hypothesis that the 

Arakapas Pau1t Belt is a fossil transform fault (Moores and Vine. 1971). 

By comparing the petrochemistry of basalts from the APB'area area with 

those from further north (thought to be representative of a spreading 

axis) similarities and differences can be recognized. Such data can be 

compared with present day analogues and can be used in erecting a comp

rehensive transform fault model. 

It has been established (Smewing et. al.1975) that the Troodos Lavas 
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(the AS plus the UPL) are composed of primative to evolved basalts. The 

primative types occur at the top of the pile. comprising 40~ of the UPL's 

whereas the AS is virtually all composed of evolved types. In table 4.21 

the statistics of the AS, UPL and the APB area AS are compared. UPL con

tain basalts with lower A1203• PexO and higher MgO, Cr than Troodos AS, 

reflecting its primative lava content. No basalts are present in the 

Troodos lavas with as low A120 3, incompatible elements and as high Cr. 

Ni as present in the APB area AS. 



Table 4.21 ~arison between the Troodos Axis Sequence and Upper Pillow Lavas and the AFB area AS 

Axis Sequence UPL AFB area AS Majors Elements 

Troodos Axis Seq. - Analysis of basalts 
Mean 53.89 ( 11) 49.48 ( 12) 53.62 (31) 

exclusively from Zeolite Si0
2 Range 49.84 - 61.80 43.38 - 53.54 50.24 - 57.88 facies (from J. Smewing 1975) 

Mean 15.78 ( 11) 14.50 ( 12) 14.09 (31) 
A1

2
0

J Troodos UPL - Analysis taken from Smewing 
Range 14.07 - 17.19 11.48 - 16.90 10.37 - 17.41 

(1975) and Moores & Vine (1971). 
Mean 10.~ ( 11) 8.03 (12) 7.81 (31) Ultrabasic lavas excluded 

FeO· 
Range 7.43 - 11.91 6.51 - 9.21 6.57 - 10.03 from computations. 

Mean 5.50 ( 11) 8.65 (12) 8.40 (31) 
MgO 

Range 2.88 - 9.23 4.66 - 12.85 4.31 - 14.23 Trace Elements 

Mean 0.98 (46) 0.55 (45) 0.45 (99) Troodos Axis Seq. and UPL analyses taken 
Ti0

2 Range 0.26 1.60 0.27 - 1.22 0.17 0.99 from Smewing et ale 1975. 

Mean 61 (46) 31 (44) 19 (99) 
Zr 

Range 5 - 118 11 - 67 6 - 46 

Mean 28 (46) 15 (44) 9 (99) Numbers in ( ) indicate number of samples 
y 

Range 10 - 48 6 - 47 1 - 19 considered. 

Mean 100 (28) 405 ()1) 306 (65) 
Cr 

Range 40 - 380 20 - 980 12 - 1292 
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In fig. 4.20., the fields of Troodos AS and UPL and AFB area AS are 

shown on Ti-Zr and Ti-Y plots. It can be seen that the AFB" area AS ba

salts have absolute concentrations mostly lower than the AS but are com

parable to the UPL. Furthermore for a given value of Zr or Y some of the 

AFB a~ea basalts have higher Ti. This is also reflected in fig. 4.2la., 

where the three groups are plotted on a Ti-Zr-Y triangular plot. In fig. 

4.21b., the Troodos AS and UPL are plotted on a Ti-Cr plot where the 

AFB area AS field is also shown. The Troodos lavas can be seen to have 

developed the same trend and there is also considerable overlap, but for 

a given value of Cr the Troodos lavas may contain basalts with higher Ti 

than the APB area AS. 

In fig. 4.22., and table 4.22., the chondrite normalized REB patterns 

and profile parameters of the Troodos lavas and AFB area AS are compared. 

Considering the enrichment of REB relative to chondrites there is con

siderable overlap but Troodos lavas contain basalts with greater enrich

ment. The lowest enrichment values are comparable for the HRBB but are 

significantly lower for the LREE in the AFB"afea suite. The Troodos la

vas have profiles mostly of type A and some of type B. these latter types 

being UPL occurring in the top parts of the pile. No type C profiles 

are present. In table 4.2J •• the geochemistry of three AFB area' AS pri

mative basalts are compared with UPL sample 6AXT. an Q! + ~ primative 

lava from the NW part of the massif. Based on MgO. A120J • Cr, Ni, 6AXT 

is compositionally within the span of the AFB a~ea', samples, i.e. they 

have resulted from similar degrees of partial melting. Yet 6AXT has 

type B profile whereas the AFB area rocks have type C. This observation 

would support the conclusion reached in earlier sections that a mantle 

with a very depleted pattern which produces type C profile basalts oc

curred only beneath the Aratapas fault belt. 

Discussion 

Smewing et. a1.(1975) have shown that the variations in incompatible 



Wt,", Ti0
2 

2·0 

- .". - - - ~ - --. .. , 
, , I 

/ I 
/ , 

/ ~ 
/ ' " ,.._-_41> 

~ ; , , 
./ / 

1.0 
'tY , 

, , 

L-----------------~2~5-----------------5~0~~yppm 

2·0 

1·0 

L-------------::r:------------:-:~~ Z r RJITl 
50 100 

Figure 4.20 Ti-Y and Ti-Zr diagrams comparing the fields of the 

Troodos 1~ (45 samples) and UPL(44 samples) with the AFB area AS(stipled). 



a) 

Wt% Ti0 2 

2.0 

,·0 

0·5 

b) 

4 
)Q( 

o X 

Ti/100 

Y x3 

L-----4 ..... 0o---7'w::-oo~----::10~0~O---1-3~O~O--+ Cr ppm 
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is the field occupied by the AFB area AS(stipled). 
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Table 1t.22 

Rock type 
and sample 
numbers 

200 x T 

~ 25611t 

~~ 21t3 AL 

'82' 32 P o til 

~t/l CY1 
~ 

~ CY2 

CY1513 

CY16 

fIJ 21t4 AL1 
0 
'O~ 

111943 oQ., 
0::> 

~ 22 PK 

6A x T 

737 

CIl 
822 

u 

~ 
912 

g 841 
til 

534 til 
~ 

~ 734 

1074 
C\1 

Slt3b QJ 

~ 
474 

~ 

~ 1081 

1075 

Comparative analysis of the REE profile parameters 

of the ' Troodos AS and UPL and the AFB area AS 

Profile parameter [~] e.f. 

Type A Type B Type C 
>o.1t - 0.5 <.D.1t - 0.5, >0.3 <0.3 

0.43 (1.31t) 

0.52 (1.25) 

0.46 (0.76) 

0.63 (1.28) 

0.50 ( 1.05) 

0.53 (0.78) 

0.43 (0.78) 

0.65 (0.97) 

0.61t (0.70) 

0.1t7 (0.53) 

0.39 (0.41) 

0.31t (0.32) 

0.45 (0.56) 

0.42 (0.62) 

0.32 (0.54) 

0.34 (0.82) 

- (0.36) 

0.16 (0.29) 

0.25 (0.19) 

0.17 (0.34) 

0.26 (0.26 ) 

0.19 (0.29) 

0.15 (0.37) 

- Troodos AS and UPL analyses from Smewing (1975) and Kay and Senechal 

(in press) - see Appendix 4. 

- Tm values of Kay and Senechal's analyses estimated from the REE 

patterns. 

- Values in brackets are Ti02 wt. %. 



Table 1t.23 

1071t 1081 73 It 6AXT 

Al
2
0

3 
10.37 13.1t 12.85 11.1t8 

MgO llt.23 10.25 9.51t 12.85 

Fe·O 8.73 7.20 7.61 7.83 

Na
2
0 1.57 1.19 0.75 1.29 

K20 0.22 0.1t8 0.21 0.16 

Cao 7.1t5 11.22 12.52 8.97 

Cao 
0.72 0.81t 0.97 0.78 A1

2
0

3 

FeQ· 0.61 0.70 0.80 0.61 
MgO 

Ti02 0.17 0.29 0.29 0.32 

Zr 13 lit 13 23 

Y 1 8 7 7 

Cr 1292 599 601 976 

Ni 511 317 288 386 

REE 
Profile TypeC TypeC Type C TypeB 
type 

Comparing geochemistry of glassy lavas from the AFB 

area AS (1074, 1081, 734) and UPL from northern Troodos 

massif (6AXT). 

6AXT - analysis from Smewing (1975). 



element concentrations in the Troodos lava pile are partly due to crys

tal fractionation but are primarily the result of variations in the pri

mary compositions of successive magma batches which were becoming pro

gressively depleted in incompatible elements. Early low percent partial 

melts would be rich in incompatible elements and with increasing partial 

melting the abundance of such elements in the liquid phase would be di

luted by the increasing contribution made by melting of low Ti, Zr etc., 

phases. At the ridge crest relatively incompatible element-rich melts 

were erupted to form the AS.Magmas erupted in an off-axis environment, 

'(the UPL), would have lower incompatible concentrations as relatively Ti, 

Zr-rich liquids remaining in the lherzolite mantle are mixed with Ti, 

Zr-poor liquids produced by further partial fusion of the mantle which 

itself has been spreading laterally away from the constructive margin 

while still remaining in the zone of fusion (see fig. 4.23.). Apparant

ly higher degrees of partial melting occurred than at present day sprea

ding axes, this being the result of a slower spreading rate such that 

mantle material was able to reside longer within the zone of fusion. 

In the Arakapas fault belt area the AS basalts have lower overall abso

lute concentrations of incompatible elements and a much smaller range 

than the Troodos lavas (0.82 Ti02 v's 1.34 for example). No basalts 

with Ti02)l.O wt.% are present along the whole of this zone. This im

plies that low percent partial melts were never available for removal 

from parent mantle lherzolite but that only high percent partial melts 

were developed. Furthermore the low incompatible element concentrations 

and higher MgO, Cr, Ni contents of the APB area primative basalts (the 

basaltic komatiites) indicate that greater degrees of partial melting 

were achieved in this zone than areas to the north. 

Conclusions 

A petrogenetic system fundamentally different from that in the north 

must have operated in the AFB area. In the north an incremental 
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Fig. 4.23. 

Spreading axis process during the formation of the Troodos massif: a 

schematic model illustrating the relationship of partial melting, mag

matic processes and hydrothermal activity. Zone of partial melting from 

Oxburgh and Turcotte (1968); figures indicate temperatures exceeding the 

olivine tholeiite fusion temperatures by 100oC, 200oC, etc. Although 

shown to terminate at finite distances from the ridge axis, the absolute 

widths of the zones of fractionating basaltic liquids beneath the ridge, 

of hydrothermal activity and of plume injection cannot be evaluated on 

available data (from Smewing et. ale 1975). 
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partial melting process is envisaged which is spatially related to the 

ridge axis so that the products of the greatest degree of partial mel-

ting are erupted furthest from the ridge. In the APB area greatest 

degrees of partial melting were achieved within axial regions and the 

partial melting process itself was faster so that only hig~ percentage 

partial melts were available for eruption. These conclusions are com

patible with a model involving a more rapid decompression in the Araka

pas fault belt region, which in turn initiates diapiric upwelling and 

emplacement or plagioclase lherzolite mantle closer to the surface than 

in the north. The more rapid decompression could result at transform 

rault-spreading axis intersection which would be a loci of greater plate 

separation than at a spreading axis alone. 

4.5. Comparison with present-day Transform Paults 

Many transrorm rault zones have to date been studied (see Chapter 5 ror 

summary) and such work has concentrated mainly on their structure and on 

study of gabbroic and ultramafic rocks commonly dredged from such zones. 

The only study which examined chemical variations in extrusive rocks be

tween ridge axis and adjacent fracture zones was carried out in the 

FAMOUS area by Rhodes et. al.(1974). Basalts from the two median valley 

segments separated by a fracture zone (PZ) B were studied. It was found 

that the median valley basalts were typical MORB whilst limited data 

from the FZ suggested that they were more primative than rocks from the 

rift zones since they had substantially lower trace element (Zr, Y, Sr, 

Nb, Rb) abundances. Rhodes et. al.Cop. cit.) concluded that these FZ 

basalts could not be related to the rift zone basalts by any simple crys

tal fractionation model and they suggested that "rirt and PZ basalts were 

derived independantly by partial melting in the mantle". 
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Alkali basalts have also been reported from PZ's (e.g. Melson et. al.1967l 

Thompson and Melson (1972) su,gest that such volcanism could be related 

to extension of oceanic cruet by opening of fracture zones ("leaky 



transform faults") and that it could be fundamentally different from 

that which occurs along spreading axes. 
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CHAPTER FIVE: THE AXIS SEQUENCE INTER-LAVA SEDIMENTS 

5.1. Introduction 

The sediments described in this chapter have characteristics which shm 

that they are the products of subaqueous mass transport of materials 

previously resting on the ocean floor. Four processes are involved 

in their formation: a) derivation of sediments b) initiation of mass 

transport c) mass transportation d) deposition. 

Examination of the types of materials present in the sediments and other 

circumstantial evidence shows that the fragments in the sediments were 

derived predominantly by erosional processes. Analysis of the sedimen-

tary characteristics can identify a spectrum of mass transport processes, 

ranging from slides and slumps to turbidity flows, by which these sedi-

ments were deposited. 

The present nomenclature for mass transported sediments is confused be-

cause emphasis may be placed on any of the above mentioned four pro-

cesses. So, in 5.2., where the field data is presented, the sediments 

are described as conglomerates, muds etc., terms which have no genetic 

connotations. 

5.2. Field observations 

5.2.1. Distribution and field relations 

The sediments consist of conglomerates, grits, sands, silts and muds. 

* The conglomerates are composed of angular to subangular fragments uau-

ally IO-20cm. and commonly fragments may be up to 40-S0cm. Occasio-

nally fragments up to several metres across are present. The muds are 

*Althou,h these sediments are not strictly con,lomerates in that frag-

ments are commonly ancular, the term has been retained in favour of 

breccia because the sediment has undergone considerable transport. 



invariably laminated due to thin bands and partings of silty materials 

which mayor may not grade up into the overlying mud. According to 
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Piper (1972) laminated mudstones result from turbidity currents and may 

be produced by an alternating cohesive and granular bed conditions. The 

colour of the muds is characteristically red and this has led previous 

workers to call them "hematitic shales" (Bear, 1960b, Pantazis, 1967). 

However they may be a green, grey or yellow and transitions between all 

these colours are present. The colour is seemingly dependant on the oxi

dation state of the mud, a suggestion supported by the presence of red 

muds adjacent to hydrothermal calcite-quartz veins which are now yellow. 

The sediments are well developed as thin inter-lava horizons in the Pera

pedhi-Ayios Mamas area. These horizons are impersistant either because 

of faulting or because they' pinch out along strike. At a locality lkm. 

SSW of Ayios Mamas they attain a greater thickness than usual, 150m., 

and here an angular unconformity is apparent within the sequence, pro

bably as a result of tilting prior to the deposition of the upper beds. 

In the Arakapas-Kato Dhrys area they are very well developed westwards 

from Arakapas and excellent exposures are present north of the dam site 

(plan 36 sheet 48) and in the river lkm. further west of here (eastern 

end of plans 27 and 35, sheet 48). At the latter locality a sediment 

dominated sequence up to 50Om. thick is developed. 

Sediments are also well developed between Vavla and Layia and further 

west towards Akapnou. At Layia a sequence of sediments up to 200m. 

thick blankets a previous irregular topography and is, in turn, overlain 

by later lavas. Half a kilometre north-east of Layia an annular outcrop 

of sediment defines a basin like depression in the underlying sub-hori

zontally disposed lava surface. 3km. west of Layia (plan 33 sheet 45) 

an impressive 75m. thick horizon of interlava sediment occupies the sides 

of a valley but pinches out as it is traced westwards presumably due to 

the basin-like nature of the underlying surface. Another prominent sedi-



86 

-mentary horizon is present lkm. north-northwest of Akapnou. 

It can be seen that the sedimentary horizons are developed at all stati

graphical levels in the AS lavas; sediments from lower levels are morp 

thified. No relationship between the development of sedimentary horizons 

and any particular lava type was noted. The same zeolite minerals are de

veloped in the sediments (especially in the matrix of the conglomerates) 

as the enclosing lavas. 

5.2.2. Sedimentary characteristics 

No identifiable fossils have been found. Usually the sediment horizons 

occur as well-bedded sequences (plate 5.1.) composed of several units, each 

unit showing a grading upwards from coarse to finest components; the fi

nest component is always mud whereas the coarse component may be either 

conglomerate, grit or sand. By far the thickest units are those which c~ 

tain conglomerates and these may be several metres thick (see figs. 5.1., 

5.2., 5.3.). 

When considering units with conglomerates (here called "coarse units") the 

sorting is variable and this enables two main types of graded coarse units 

to be identified (fig. 5.4.) - (1) "norlllally graded" units with differing 

degrees of sortings, (ii) "double graded" units with an unsorted conglom

erate passing upwards abruptly into a relatively thin upper part where gri~ 

grade up into sands and muds. In both these cases the conglomerates con

tain only a small quantity of fine grained interstitial material (plate ~). 

In units whose coarsest component is grit or sand (here called "fine uni~t) 

double grading is seldom developed. 

In contrast to the coarse units described above are unsorted very coarse 

deposits with no grading present. The finer grained fraction in these u

nits is well developed and forms the matrix whi~h supports the large fra~

ments (plate S.3.b.). 



Plate 5.1. Axis Sequence inter-lava sediments 

(a) Well bedded exposure near Layia. 

(b) Well bedded exposure near Kapilio. 
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Plate 5.2. Matrix-poor conglomerates 

(a) Note fragment of gabbro. 

(b) Note green glass fragments and interstitial red mud. 



Plate 5.3. 

(a) Normally graded thin "fine unit". 

(b) Unsorted matrix-supported conglomerate; near Vavla. Note the 

radial pillow fragment. 
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Sometimes a coarse unit may be overlain by a repetative sequence of 

several fine units or its upper laminated mud part contains interca-

lations of one or several thin (e.g. lOcm.) fine units (see fig. 5.1., 

and plate 5.4.a). Sedimentary sequences which are lacking in coarse 

units but are composed only of repetative fine units (units are 45-90cm. 

thick) are also developed. 

The sediments are commonly internally deformed with the result that the 

above described relationships are not always apparent in every section. 

The deformation takes the form of: 

(a) extensive slumping which produces slump folds and a chaotic 
\ 

mixture of sediments of differing coarseness. 

(b) Soft-sediment microfaulting which can be seen not to penetrate 

overlying beds (plate 5.4.b). 

(c) Shearing, which commonly produces slickenside surfaces. 

Another extremely common mechanism which renders many sections incomplete 

is that of "removal". At the contacts of the base of a conglomerate with 

the underlying beds it is often apparent that the conglomerate has re-

moved some of the top finer grained underlying bed. In these cases when 

the contact is followed along strike the ~onglbmerates may re~t on lamin~ 

muds, sands or grits; rarely are grits removed in this way so f-onglom,erate/ 

grit contacts are common. The conglomerate itself contains numerous 

fragments of distorted lami~ mud (plate 5.5.a) and less commonly sand 

and grit fragments. If the underlying sediments were unconsolidated at 

the time of arrival of the conglomerate then instead of containing mud 

fragments the basal part of the conglomerate is richer in red mud matrix. 

At one section (see fig. 5.3.) the initiation of this removal mechanism 

is recorded (plate 5.S.b) and here it is clear that the incoming con-

glomerate came to rest at this point. 

By no means has an incoming conglomerate always ploughed its way into 



Plate 5.4. 

(a) Thin "fine Units" within laminated muds; near Kapilio. 

(b) Soft sediment micro-faulting; near Layia. 



Plate 5.5. 

(a) Conglomerate containing fragment of mud; near Vavla. 

(b) Muds partly removed by the overlying conglomerate (mega flame 

structure); near Layia o 



the underlying sediments. In many instances conglomerates rest on in

tact laminated muds and often in such cases the conglomerate fragments 

at the interface deform the mud in such a way that it is obvious that 

they fell into the mud from above (plate 5.6.a). 
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Flame structures were noted occasionally at the base of fine units over

lying muds. These structures have resulted from drag exerted by turbidi

ty currents acting on the watery mud at its base (Potter and Pettijohn, 

1963). This process ultimately leads to fine units containing small 

pieces and blebs (less than lcm.) of mud within the grit, but as the san

dy part of the unit is reached only flat mud flakes are present and fur

ther up fragments of mudstone are not present. 

Quite commonly within graded units are larger cobble sized clasts set in 

a matrix in sand. Such fragments have by some means avoided the grading 

process and it is important to note that they are not vesicular nor have 

they any particular shape which might have decreased their affective den

sity. 

Ripple cross lamination was occasionally noted in laminated finer parts 

of units (plate 5.6.b). Action by bottom currents is most marked in 

fine grained beds immediately overlying a pillowed lava surface. Here, 

currents have flattened out the thin blanket of sediment resting on the 

uneven surface prior to the influx of later sediments and this has re

sulted in micro-angular unconformities and lenses of sand which pinch 

out over the distance of a metre or so. 

5.2.3. Intrusions into the sediments and other structures 

The bedded and laminated structure of the sediments. makes them very prone 

to intrusion by sills up to 1/2 metres thick but sometimes much thicker 

(see 2.2.3.3.). Most commonly thin sills occur within the laminated 

mud part of the graded units. Sills are not common in the Vavla-Layia 

localities but are abundant elsewhere. 



Plate 5.6. 

(a) Conglomerate resting on undisturbed mud surface; west of Arakapas. 

Note microfault in the right side of the photograph. 

(b) Laminated silts showing ripple cross lamination; Layia. 



A rock type occasionally encountered (e.g. 300 metres north-west of 

Vavla) consists of well-packed angular doleritic fragments which fit to-

gether well and have narrow layers of red mud between. These rocks are 

here called "percolation breccias" and are thought to have resulted 

from mud percolating down into sills, intruded into sedimentary sequen-

ces, which cracked on cooling producing a highly jointed surface. 

At one locality 3km. east-northeast of Akapnou (plan 33 sheet 49) a sill 

is intruded into sediments and has developed a "percolation breccia" 

structure. When traced along its strike it develops into an odd struc-

ture which resembles doleritic pillow shapes with no chills set in a 

silt and mud matrix (fig. S.~.). It would appear that this resulted 

from a magma intruding in a still wet and unconsolidated seoiment. 

Muds and in some cases sands have often percolated down into pillows 

underlying sedimentary horizons and now occur in pillow interstices. 

That a percolation process is operative was confirmed by finding ve-

sicles in such pillows partly infilled by red mud. In other cases pil-

lowed flows immediately overlying a laminated mud layer can be seen to 

have scooped up and incorporated the sediment which now occurs intersti-

tial to the pillows. 

5.3. Composition of sediments 

Due to their large size, fragments from the conglomerates could be iden-

tified in the field. Thin sections were cut of such fragments in order 

to confirm field identification and to determine texture and facies of 
../ 

metamorphism. 24 lava fragments were analysed for the trace el~ments 

Ti02, Zr, Y, Rb, Nb, Sr. 

finer grained sediments were examined petrographically. Some mud ana-

lyses are available. 

5.3.1. frasments from the conslomerates 

The following types of fragments occur in the conglomerates in the 
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fOllowing order of abundance: i) lavas, ii) dolerites, iii) gabbros, 

iv) glass fragments, v) granophyres. Significantly no serpentinite 

fragments were found. 

A variety of lava fragment types were found which include green-grey, 

grey and blue-grey, vesicular but mostly non-vesicular varieties as well 

as flow breccias. Glass fragments are locally quite abundant and are 

very probably derived from pillow edges; they are argillized green, very 

crumbly and non-vesicular and are composed of tiny spherules set in a sh~ 

ny matrix. Vesicles in the lavas in many instances were infilled with 

secondary minerals including the zeolites laumontite and mordenite. In 

a number of cases lava fragments were partly rimmed by a chilled margin 

and some large fragments were composed of several pillows. Textures va-

ried from intersertal through hyalopilitic to variolitic and the followi~ 

microphenocryst/phenocryst assemblages were present: 2!., 2! + .£2!" .92!. 

and Cpx + Plag. 2! + ~ types and glassy textures were seemingly absent. 

The majority of fragments were altered to the zeolite facies and only a 

few to the greenschist facies. Knowing the geochemical difference be-

tween the AFB Axis Sequence and those from further north in the massif 

(see Chapter 4), 24 lava fragments were analysed for trace elements in 

order to prove that they are locally derived from the AS within the AFB. 

The results are presented in table 5.1. and in fig. 5.6. they are plotte~ 
J8.nd 

on a Ti02-Zr graph where the fields of AFBI'J'roodos AS are also shown. 

Most specimens of dolerite fragments belong to the greenschist facies, 

the rest to the zeolite facies. These fragments are interpreted as be-

ing derived from the AS Diabase and intrusives into the Lavas. All ga-

bbro fragments examined were uralitizedj no unmetamorphosed varieties 

were seen. Granophyres are not common but do occur in conglomerates a-

round Layia and Vavia. The proportion of these rock types in the con-

glomerates is variable. Some are dominated by diabase whereas others are 

composed entirely of lavas. 



Table 5.1 

Trace element analysis of zeolite facies lava fragments from 

conglomerates 

Sample No Nb y S Rb Zr 

611 0.1t9 2 15 69 1 18 

612 0.1t8 1 0 101t 6 18 

614 0.36 1 6 68 20 13 

617 0.33 1 8 37 0 13 

10 0.1t3 1 6 70 2 12 

931 0.62 1 11 128 29 34 

935a 0.66 1 11 SIt 1 26 

935b 0.63 3 11 82 2 36 

935c 0.65 3 11 78 2 26 

933b 0.69 2 11 101t 4 32 

K1 t 5b 0.52 1 8 94 0 22 

B10/4 0.52 2 7 104 1 27 

16 0.60 1 12 51 0 30 

17a 0.82 1 16 51 0 "' 17b 0.73 3 15 82 2 43 

594a O.1t9 2 10 33 0 19 

594b 0.67 1 12 68 1 35 

594c 0.1t1t 2 6 62 0 11 

591/2 0.8,3 1 15 62 0 44 

591/5 0.52 2 8 101 1 25 

992 0.55 2 12 llt5 12 39 

l001a 0.53 2 11 21t 1 39 

1062 0.37 2 8 43 6 25 

1061 0.61 2 11 52 4 25 

Locality 

Layia-Vavla area 

" " " 
" " " 
" " " 
" " " 

Arakapas dam site 
locality, 2km 
west of Arakapas 

" 
" 
" 

3 km west of 
Arakapas 

" 
" 

31 km west of 
Arakapas 

" 
" 
" 

Kapilio area 

" 
" 
" 

Samples with the same number (e.g. 594a, b, c) are from the same bed. Tio
2 

in weight %, the remainder in ppm. 
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Figure 5.5 Doleritic "pillow" intrusions into mud/silt sediment. 
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Fi~ure 5.6 Lava fragments from conglomerates plotted on Ti0
2
-Zr 

diagram.Also shoWli are the fields of the Troodos and f..FE area AS . 

Lines "lith numbero denote nUinber of samples plotting in the same 
position. 



5.3.2. Grits, sands, silts and muds 

In many cases, either due to the introduction of secondary minerals or 

due to the well packed nature and small grain size, it was difficult to 

delineate the boundary between the grains. However, the follOWing con

clusions were reached after examination of sixty thin sections (see plate 

5.7. for photomicrographs). 

The grains are angular and in the grits are composed of the same rock 

types as found in the conglomerates i.e. mostly lava and diabase. With 

decreasing grain size there is a corresponding increase in the proportion 

of non-vesicular glass and minerals until in the silts these are the pre

dominant fragments. The mineral grains in order of decreasing abundance 

are clinopyroxene, plagioclase, Quartz, epidote, clinozoisite. Intersti

tial mud in the conglomerates and coarser grits contains crystals of cli

nopyroxene and plagioclase. Examination under the microscope of muds from 

the tops of units showed little other than the presence of abundant minute 

flakes of quartz. 

5.4. Mode of formation of the sediments 

In tracing the history of the sediments two stages, the provenance and 

transportation, must be considered. 

5.4.1. Provenance 

Table 5.2. shows the sources which may contribute to oceanic sediments. 

With materials derived from the various sources a chemically and tex

turally heterogeneous sediment will result. An important factor in Troo

dos sedimentation is that during the ~eous activity the massif was be

low the carbonate compensation depth (Robertson and Hudson 1974) and so 

the sediments are carbonate free. furthermore, no siliceous tests have 

been identified and metal-rich precipitation of significant volume did not 

take place until the latter part of volcanic activity (Robertson and HUd

Ion 1974). the AS muds (see table 5.3.) have low manganese values. 
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Plate 5.7. Photomicrographs of fine-grained sediments 

(a) Coarse sand. Note glass fragments (yellow and dark brown); (X36). 

(b) Silty layer in laminated mud (X36). 
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SOURCE 

Volcanic origin 
(hyaloclastics 
autoclastics) 

Erosional or1g1n 
(scree deposits) 

Submarine weathering of 
basalts 

Biogenous 

_ JTecipitates from hydrothermal 
solutions 

~ind~blown terrigenous materials 

Table 5.2 

COtPOSITION 

Basaltic (includes glass frag.ents) 

Basaltic (may include ultramafics) 

a) Clays, mostly montmorillonites 
(composition is basaltic bat depleted 
in Mg, Ca, Si, Cu, Ni, 00; enriched in 

K, Fe, Na)· 
b) ainerals 

Mostly Caoo, (foraminefera),lesser Si0
2 

(radiolaria),some phospatic organic remains 

Strongly enriched in Fe, Mn and Cu, V 

Clays (mostly Kaolinite, illite) quartz 

Sources contributing to oceanic sediments (assuming isolation 
from terrigenous input). Discussion in text. • data from 
Hart (1970), Bertine (1974). 

GRAIN SIZE 

Sand to cobble 

Sand to boulder 

a) Muds 

b) Sands 

Ooze to sands 

Muds 

Very fine grained 
(dust) 



Vo~canic debris can be produced by either volcanic (pyroclastic, hya

loc1astic, autoc1astic) or erosional processes. Constructive margin 

eruptions are principally of basalts from fissures under hydrostatic 

pressures of at least 0.2 Ebars. These factors oppose the explosive 

disruption of magma (Rittman 1962, McBirney 1963, Scheidegger 1973) and 

and indeed no volcanic vents are present in the AfB area AS lavas. 

Glass rich sediments which are often associated with oceanic ridges 

(Bonatti 1965, Melson et a1 1968, Scheidegger 1973) are thought to be 

deposits produced as a result of the interaction of hot magma and cold 

sea water such that the magma chills and contraction causes the outer 

margin of newly formed basalt pillows to shatter explosively (Bonatti 

1968). Such glass shards are sand sized and are not vesicular (Schei

degger 1973). This process may ulttmately lead to the formation of hya

loclastites, which alongside with flow breccias are common in the AfB 

area. 

The contribution made to oceanic sediments by erosional and weathering 

of volcanic rocks has been doubted (Goldber, and Griffin 1964). However 

Pox and Heezen (1965) have pointed out the common occurrence of mineral 

sands composed of olivine, clinopyroxene, orthopyroxene, amphibole, 

quartz, plagioclase and ,lass on the mid-At1antic rid,e either dissemi

nated in ooze or concentrated in lenses. Such sediments which contain 

crystals clearly of metamorphic origin must have been derived by wea

therin, of ocean floor rocks. Bertine (1974) has shown chemically that 

the non-biogeneous (CaOO3 free) phase of the Lau Basin Rise sediments 

may have been derived mostly from the weatherin, of tholeiitic basalts. 

He 8uI,ests that others of similar composition on other rid,e crests may 

be formed in the same way. Indeed, many workers have noted that upon 

submarine weatherin, volcanic rocks develop red crusts in the order of 

centimetre thick (Matthews 1971, Bertine 1974) which may be friable and 

can be brushed off. It is not therefore inconceivable that those fine 
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grained materials were derived in the fashion outlined above for the 

AS sediments. 

Many scree deposits of the ocean floor are associated with scarps. In 

the APB area scree breccias associated with scarps are present. Based 

on the occurrence in the AS conglomerates of fragments of diabase, gra

nophyre and gabbro and on the presence of lava fragments composed of se

veral pillows or parts of pillows it is very probable that gravity con

trolled erosion, although not as effective as in a sub-aerial regime, 

was a major process on the APB ocean floor. The erosion has reached be

low the top of the Plutonic Complex. The glass shards and mineral grains 

which are abundant in the finer fraction of the AS sediments are here in

terpreted as being derived by hyaloc1astic and weathering processes res

pectively. Analysis of the finest fraction (muds) Is shown in table 5.3 

together with comparisons from oceanic pelagic sediments. These muds 

are quite different from metal-rich muds derived fr~ hydrothermal pre

cipitations and compared to oceanic clays they are enriched in Cr, Zn, V 

and Zr and depleted in Cu, Ti, Mn, Ni and Pb. They are however compo

sitionally quite close to oceanic basalts especially when chemical chan

ges which occur with submarine weathering are taken into account ~Hart 

1970). The higher Cr and lower Ti values probably reflect similar cha

racteristics of the APB lavas (see table 4-19). It is suggested there

fore that most of the muds are derived by submarine weathering of ba

salts and metabasalts. 

5.4.2. Transport of the sediments 

Subaqueous mass transport 

The following information is taken from Dott (1963), Fisher (1971), Hamp

ton (1972) and a review paper by Carter (1975). 

Subaqueous mass transport collectively describes a number of processes 

by which fragmental debris is bodily removed down slope by gravity. A 

continuum of processes is involved ranging from subaqueous slumping and 
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Red laminated 
BlUd (Kapilio) 

Mud, purple grey 
(Layia) 

Mud, red-grey 
(Layia) 

Average of the 
above 3 as .ods. 

Average CypnlS 
1 

Metal rich aud 
(.-ber) 

Average deep 2 

sea clay 

Average Pacific3 

pelagic clay 

4 Average ocean 
floor basalt 

Table 5.2 

Al Ca Fe K Mg Mn Si Ti Ba Co Cr Cu Hi Ph Sr V Zn 

6.9 2.1 6.2 0.1 2.5 0.2 21.8 0.18 15 50 178 6 73 18 66 320 268 

7.3 0.4 7.4 2.2 2.3 0.1 26.3 0.13 55 128 64 88 22 165 158 

6.0 1.3 17.5 1.1 1.9 0.2 22.2 0.11 120 124 13 169 55 10 615 357 

6.7 1.3 10.4 1.1 2.2 0.2 23.4 0.14 75 143 28 110 32 80 364 313 

2.3 1.1 27.9 0.7 0.7 5.8 9.8 0.15 427 101 31 897 212 161 414 755 235 

8.4 2.9 6.5 2.5 2.1 0.7 25.0 0.46 2300 74 90 250 225 80 280 120 165 

5.1 0.5 0.45 101 102 323 211 68 215 215 

8.0 7.9 9.2 0.2 4.7 0.1 24.8 0.77 17 51 280 73 106 4 121 229 

Analysis of AS inter-lava muds, with comparisons. Major elements in weight %, minor elements 
ppm. Analysis of inter-lava muds supplied by A. Robertson. Remaining analysis from - 1, Robert.' 
and Hudson (1973); 2, Turekian and Wedepol (1961); 3, Cronan (1969); 4, Cann (1971) and Pearce (1973). 

Zr 

36 

167 

221 

141 

370 

150 

83 



sliding to subaqueous mass flow (or debris flow) to subaqueous turbidi

ty flow. Dott (op. cit.) also includes the process of submarine rock

fall within this spectrum - the Diabase scree breccias already described 

are analogous to such deposits - (see 2.2.3.2.). A given sediment may 

travel by all three major types of mass transport during its transit .. 

down slope as each type progressively transforms into the next (slide-~ 

mass flow-~turbidity current). 

The physical state of each type of mass transport is well known •• Slum

ping and sliding involves maas movement of either rigid or semi-consoli

dated masses along discrete shear planes with most of the material ex

periencing limited deformation. Original internal structures such as 

bedding, may be distorted but not destroyed. In contrast, movement in 

mass flows occurs along many shear planes within the body of the materi

al and the material flows rather than sliding. Mass flows are quasi

plastic fluids of high density and involve the transport of a dispersed 

solid phase in a continuous fluid phase (e.g. water or a mud-water slur

ry). Thus, two basic types of mass flow may be identifiedr "grain-flow" 

where the dispersive pressure is due to interaction between the granular 

phases, and "slurry-flow" where the dispersive pressure is due to the 

high viscosity of the mud-water fluid phase. Mass flows are typically 

laminar and not turbulent. 

During transport by turbidity currents there is no slippage between the 

fluid and the grains and the current may be treated as a viscous New

tonian liquid. Support of the suspended load is derived mainly from 

turbulence. The current moves downalope due to the presumed small den

sity contrast between the current and surrounding water. 

The transformation process from one type of ma.s transport to another 

ha~ been .tudied. Sediments will remain at re.t on the ocean floor pro

vided the combined forces of .hear reeistance are greater than the shear 
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stress imposed by gravity. failure of the sediment pile will occur if 

for example: 

a) the sediment initially accumulated with metastable grain 

packing, an applied shock may result in collapse of this 

packing and the temporarily produced excess pore-water 

pressures will mobilize the sediment by liquefaction. 

b) An oversteepening of the sediment pile. 

c) More sediment added from above. 
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Once movement has been initiated and if the sediment contains a clay 

component, additional water is incorporated in the sediment due to agi

tation during sliding and break down of the physical structure of the 

debris. The debris will now move by internal shear (i.e. mass flow) 

rather than rigid sliding. Slopes ranging from moderate to only a few 

degrees are sufficient to initiate mass flow. The transition from sub

aqueous mass flow to turbidity current flow takes place b, erosion of 

sediment from the front of the mass flow. Erosion occurs by shearing of 

sediment back along the surface of the front of the flow to a place where 

it is abruptly thrown into turbulent suspension (fig. 5.7.). As the 

sediment is thrown into suspension above the mass flow it mixes with 

water to form a dilute turbidity current. 

Deposition from mass flows is fundamentally distinct from deposition by 

traction and fall-out characteristics of turbidity currents. Little is 

known about the actual mechanism of this but it appears to be one of 

"freezing" in situ, sometimes with accompanying sediment shear. 

In fig. S.B. the characteristics of the various subaqueous mass trans

port proces.es are summarized. Our understanding of these processes is 

still inadequate and more field criterea must be established by which 

deposits of various mass flow proces.es can be differentiated from each 

other and from turbidites. 
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Figure 5.7 Transformation of mass-flow into turbidity current. 

a) illustration of medium-water-content experimental subaqueous mass-flow. 

b) diagrammatic profile ot the tront of an experimental subaqueous mass-flow. 
From Hampton (1972). 
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s.s. Model for the deposition of Axis Sequence sediments 

In Chapter 2 it was shown that during the formation of the AS the AFB 

area had a rugged ocean floor topography, much dissected by fault scarps, 

with ridges and intervening basins. It was shown that scree breccias 

composed of Diabase are developed. Earlier, before the level of erosion 

had reached down to the Diabase, such scree breccias would undoubtably 

have contained a dominant proportion of lava fragments. furthermore, 

relatively flat terrain would be carpeted by considerable volcanic de~ 

bris of hyaloclastic and autoclastic origin as well as very fine grained 

sediments produced by submarine weathering. 

The envisaged model basically involves the mass transport of such loose 

fragmental materials downslope into basins, either directly or in stages 

when considerable mixing of fragmental material derived from the various 

sources would result. The highly slumped nature of the sediments and 

the occurrence of angular sand and grit fragments in the conglomerates 

suggests that after deposition sediments may have been remobilized and 

transported into even deeper basins. The initial mobilization of frag

mental debris could be achieved by any of the processes outlined in the 

previous section (S .4.2 •. ), > in view of the postulated seismically active 

nature of the APB area. 

The unsorted, matrix-rich conglomerates are interpreted as deposits from 

high density mass flows. Double graded "coarse units" are possibly de

posits from mass flows which had begun to develop into turbidity cur

rents. Here it is envisaged that the turbulent current was just forming 

and waa only able to maintain in auapension the finer fraction while the 

coarser materials fell back into the underlying maas flow (c.f. fig.5.7.) 

This would account for the lack of finer grained matrix in such con

glomerates. Alternatively, the control might be the initial water con

tent of the mass flow such that only flows with high water content would 

be able to transform completely into turbidity currents (e.f. the ex-
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periments of Hampton, 1972). Evenly graded "coarse units" and the 

"fine units" are turbidity currents deposits. 

The finer fraction of a turbidity current would be maintained in sus

pension longer and so would be deposited at a greater distance from the 

source of the flow than the coarser fraction. Thus a lateral facies 

variation is developed within deposits from each mass flow (fig. S~.). 

The observation that a "coarse unit" is overlain either by a repetative 

sequence of "fine units" or several "fine units" within its laminated 

mud upper part may be explained as deposits from flows originating from 

a greater distance and, in the former case, probably initiated by the 

same seismic event. The mechanism whereby tops of sedimentary beds are 

removed reflects upon the dense nature of mass flows. 

97 



SOURCE 

loost 
debris 

distance " 
7" 

mass-flow 

turb1l.!lty 
curren! 

a ) Loose debris (erosional,autoclastic and weathering products resting on the sea floor). 

b) Hass-flow.Resulting deposits are the unsorted matrix-supported coarse units (CUs ) • 

. c) J'~ss-flow transforming into a turbidity current.Resulting deposits are the double graded coarse units -(CUd). 

d) Turbidity current.ResultiIl6 deposits are the norma1ly graded coarse units (CU ). 
e 

e) Turbidity current.Resulting deposits are the fine units (FU). 

Figure 5.9 The envisaged types of subaqueous mass-transport,Bhowing t he progression from one type to the next 

a s a function of distance from source.Depending where the transported sediment co~es to rest,the reSUlting 

deposit will vary accordingly in its sedimentary characteristics. 



CHAPTER SIX: STRUCTURAL EVOLtTrION 

6.1. Introduction 
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To fully understand the structural evolution of the Arakapas Fault Belt 

(APB) it must be examined in a regional context and, as far as possibl~, 

the effects of subsequent earth movements removed. So, in 6.2., the 

geotectonics which have affected the Troodos massif since its formation 

are reviewed and in 6.3., a summary of the structure of the southern 

part of the massif is given. Since a major objective of this work is to 

examine the hypothesis that the APB is a fossil transform fault (Moores 

and Vine, 1971) an appraisal of present day ocean fracture zones (FZ) is 

presented in 6.5.2., and in 6.5.3., the structural evolution of southern 

Troodos massif is then investigated within this framework. 

A map at 1:50,000 showing the structure of the AFB and the areas to its 

north and south has been prepared (map 3). The map draws information 

from field studies, aerial photograph interpretation, from maps of the 

Geological Survey and Lapierre and Rocci (1967). 

6.2. Late Cretaceous to Recent geotectonic history of the Troodos massif 

Bvidence of acid volcanism from Maastrichtian sediments from western 

Cyprus indicates subduction of ocean floor and embryonic island arc de

velopment during this period, probably in a marginal sea environment 

(Robertson and Hudson, 1974). This subduction was followed by the em

placement of nappes of continental margin facies rocks along western Cy_ 

prus and the southern flanks of the Troodos massif. At this time the 

south margin of the massif was strongly deformed and down-buckled to the 

south (Robertson, 1975). Palaeomagnetic evidence (Moores and Vine, 1971) 

suggests that the massif has been rotated anti-clockwise through almost 

900 since its formation. This movement may have occurred also during 

the Maastrichtian when Africa moved westwards relative to Burasia giving 

an anti-Clockwise sense of rotation (Dewey et. al., 1973). 

Bvidence about the uplift history of the massif may be obtained from the 
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overy1ying Tertiary sediments (Robertson and Hudson, 1974; Robertson 

1975). and from geomorphological studies (He Vaumas, 1960). These show 

that differential vertical movements started during the early Tertiary 

and that by the early Miocene rapid uplift was occurring. The massif ~

merged above sea level during the Middle Miocene and continued erosi0.J 

led ultimately to almost complete denudation to form the Upper Miocene 

(Pontian) erosion surface, a highly distinctive geomorphological feature 

discovered by de Vaumas (op. cit.). Whereas the Pliocene was a time of 

relative tectonic stability, the onset of the Pleistocene saw a switch 

to catastrophic uplift. centred on the present position of Mt. Olympus, 

which is probably continuing to the present day_, The uplift manifested 

itself as an anticlinal arch with an east-west axis (Wilson, 1959) and 

this may have been caused by the switch from lateral to convergent move

ments between Africa and Eurasia which is thought to have occurred in 

the east Mediterranean at this time (Dewey et. al., 1973) and which re

sulted in Africa underthrusting the massif and parts of the Eurasian 

hinterland (Gass and Masson Smith, 1963). More likely, the uplift may 

have been caused by hydration at depth of the ultrabasic rocks under

lying the massif. The hydrated u1trabasic rocks may then have formed a 

serpentinite diapir which caused differential uplift centred on the Mt. 

Olympus area and resulted in the domal outcrop of the plutonic rocks. 

An idea of the rate of this localized uplift may be gained from the i

dentification of a relict Upper Miocene (Pontian) erosional surface wi

thin the Mt. Olympus area (de Vaumas, 1960) which is now elevated at more 

than zooOm. 

6.3. Structure of the southern Troodos massif 

The southern Troodos massif is a triangular area commonly termed the 

Limasso1 Porest (fig. 6.1.). To the north the area is bounded by the AFB 

which separates it from the main massif to the north and which is here 

called the Troodos block, to the west by the west-northwest running fold 
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and thrust belt, here called the Yerasa fold and thrust belt, stretchin_ 

from Ayios Mamas to south of Pareklisha, and to the east by the north

easterly running contact with the Tertiary sediments overlying the ig-

neous rocks. 

The Troodos block 

As noted before, the generally north-south orientation of the AS Diabase 

dykes in the Troodos block is rotated to approximately east-west upon 

approaching the APB. A five ~. strip running parallel and immediately 

north of the fault belt was studied geolo8ically and this showed that 

generally the faulting follOWS the same trend as the dykes. The age of 

these faults, although clearly post-dating the tectonism which rotated 

the dykes, is difficult to ascertain since they are not seen to cut 

younger formations. Bast of Ayios Mamas however a set of such faults can 

be seen to be cutting east-west faults associated with AFB tectonism in

dicating that they may be relatively young and may be associated with the 

uplift stage of the massif. 

A west-northwest striking fault cuts across the regional dyke trend from 

Ora to past Melini (the Ora-Melini fault). This fault is clearly iden

tifiable on aerial photographs and its plane, exposed on the road east 

of Melini, dips at 700 to the north. Another fault of similar strike 

and dipping to the north at 500 is present north of Ayios Mamas and has 

resulted in Diabase being thrusted up against UPL. 

The AFB in the vicinity of Kalokhorio 

This part of the fault belt lies between the two areas mapped in detail. 

Aerial photograph interpretation confirmed that the east-west faulting is 

continuous across this area. Reconnaissance field work also identified 

the presence of an east-west aligned mineralized fault brecciated Dia

base belt just west of Kalokhorio. It seems that this breccia belt, and 

unbrecciated Diabase to its north, is overlain unconformably by dominant

ly glassy AS lavas and that all these rocks have been cut by later east-
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west fault running along the breccia belt. 

The Yerasa fold and thrust belt 

The northern-most expression of this belt lies within the area mapped 

(see Chapter 2). Further south the belt is marked by several parall.l 

faults which produce a pronounced fault zone resulting in Diabase, gab

bros or serpentinite being thrust up against UPL, Perapedhi formation 

and the overlying allochtonous sediments. West of Phinikaria Upper Cre

taceous sediments have been thrust up against the Tertiary Lefkara chalk s 

(Morel, 1960). At Kapilio UPL have been thrust up against the Lefkara 

beds. Just north of Yerasa lenses of serpentinite have been thrust into 

UPL along a thrust plane which dips at 600 to the north-east (Bear,1960b). 

North-west of Parekklisha serpentinite has been thrust over AS and UPL 

and the thrust plane dips northwards at 10_200 (Morel, 1962). 

In a zone running parallel to the faults the UPL are highly tilted and 

sometimes overturned. The overlying upper Cretaceous and Lefkara sedi

ments have been tightly folded along axes parallel to the faults. Both 

Bear and Morel (OPe cit.) suggested that the folding of these sediments 

and the tilting of the UPL can be attributed to movements along the 

Yerasa fault zone. 

The unconformably overlying Pakhna Middle Miocene sediments are rela

tively undisturbed. dip gently to the south and are in places gently 

folded. This in turn suggests that by Middle Miocene times major earth 

movements had ceased. About 600-700m., above its base the Pakhna sedi

ments contain graded and current bedded gritty bands up to 2 metres thick 

composed of rounded to subangular grains of chert, ferromagnesian sili

cates and occasional chalk pebbles (Morel, 1960) which indicates that ba

sic and ultrabasic igneous rocks, as well as the overlying Lefkara sedi

ments were undergoing sub-aerial erosion during Middle Miocene times. 

Such bands in the Pakhna are absent from other parts of the island and 
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it appears that during the Miocene emergence of the massif the Limassol 

Porest area was the only upland area and that basic and ultrabasic rocks 

were already present near or at the surface. 

The Eastern border 

This area is included in Memoir No. 8 of the Geological Survey (Pantazis 

1967). Reconnaissance field work done during the present study in the 

Kalavasos mines, Asgata areas and~orth of Parakklisha revealed that the 

UPL are resting unconformably on a rugged AS surface. Indeed, many of 

Pantazis' Diabase-UPL contacts which are shown as faults are too sinuous 

to be tectonic. 

North of Parekklisha and Pyrgos the dips in the UPL are to the south and 

diminish in that direction (Morel, 1962). UPL in the Kalavasos mine 

area contain sedimentary (conglomerat~mud) horizons identical to the 

Ayios Mamas occurrences (see 2.5.3.) and these show the lavas to be til

ted at approximately 500 to the north-east. 

In contrast to the western margin the Lefkara sediments overlying the ig

neous rocks are on the whole very gently folded. Near their base, be

tween Asgata and Monagroulli, occur chalk bands containing igneous rock 

fragments (Pantazis, Ope cit. p. 54) indicating that during Paleocene 

times erosion of igneous rocks was taking place in this area. 

The Limassol Forest 

Over half of the rocks occurring within the Limassol Forest are serpen

tinites. The rest are ultrabasic, gabbros and AS rocks. The serpenti

nite has diapirically intruded overlying igneous rocks and is cut by later 

basaltic dykes south-east of Apsiou (Bear. 1960b, p.38). This indicates 

that the serpentinite was intruded during the Troodos volcanic activity, 

and is therefore pre-Campanian in age. 

The internal structure of the area is complex and to date little detailed 
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information is available. Lapierre and Rocci (1967) indicate that nort~ 

of Akrounda there are stacked thrust sheets dipping to the north-east. 

Reconnaissance field work by C. Xenophontos (peri.comm.) in the area 

south of Ke1aki indicates a similar sort of structure and this is ac

cepted in the absence of any other hypotheses. 

6.4. Tectonic history of the APB and southern Troodos massif 

Por the purposes of description the AFB area tectonism may be divided 

into two phases: 

(i) Transcurrent faulting operative during the formation of the AS. 

(ii) Mainly east-west faulting and intrusion of serpentinite. 

During its formation the AS was continuously brecciated along east-west 

zones, strata was tilted and uplifted and a highly rugged topography 

created. The mechanism responsible for this appears to have been wrench 

faulting which distorted the dyke swarm from north-south to east-west 

and culminated in east-west brecciation zones. This activity produced 

an east-west trough feature (fig. 6.2a). Areas of topographic high wi

thin and on the margins of this trough underwent subaqueous erosion and 

the debris thus produced, together with further AS lava flows, were de

posited in topographic depressions and to some extent smoothed out the 

rugged topography (fig. 6.2b). 

Subsequent to the transcurrent faulting there occurred a phase of east

west normal and reverse faulting and intrusion of the serpentinite. The 

gravity map of Cyprus (Gass and Masson Smith, 1963, fig.8) shows no nega

tive anomaly for the Limassol Porest area, in contrast to the Troodos 

area where a circular negative anomaly of 120 mgal. occurs over the ul

trabasic outcrop around Mt. Olympus. This indicates that the serpenti

nite of the Limassol forest is probably rootless. T. Heaton (pers.comm.) 

has shown that this serpentinite very probably resulted from interaction 

of ultramafic rocks with sea-water and it is conceivable that the high-



North 

o SIqn 
...... ' -------', 

a) 

b) 

c) 

South 
.----- ----;--------_ ... _------, 

AFB area 
trough 

~ 

4 

p A 

t ~ A/~ ~ 
fault br (:cciollol1 

p 

Figure 6 .2 ;') chemat1c il1lfStrat1on: the pre- Ul 'L tectu. ~ c evolution 

of the Arakapas Fault Belt and the Limassol Forent. 'rhe verh~ ... l 

Bcale and the width of the Fault Belt are exaggerated. 



104 

ly brecciated nature of the AFB area allowed sea-water to penetrate deep 

into the oceanic crust and serpentinize underlying ultramafic rocks. 

The serpentinite intrusion is envisaged as a wedge-shaped body intrude~ 

southwards along the pre-existing east-west zone of weakness, which up

lifted the Limassol Forest region so that the AS and Plutonic Compl~x 

rocks formed a discontinuous envelope around a core of serpentinite. A 

::thin elongate belt immediately north of the intrusion was effectively 

downfaulted and tilted to the north as a result of this upwards mass 

transfer and the AFB as seen today was created (fig. 6.2c). The style 

of the east-west faulting was influenced by the nature of the serpenti

nite intrusion. The mineralized nature of many of the faults and the 

observation that earth movements occurred prior to UPL times suggests 

that the tectonism began within the zone of AS eruptions and thus pos

sibly overlapped with the transcurrent faulting phase. It seems very 

likely that all the types of tectonism described above are part of one 

overall tectonic story. 

Upon eruption of the UPL this uplifted serpentinite area became an "is

land" within a "sea" of lava. In the east serpentinite intrusion had 

ceased by this time but in the west it persisted longer. Here, prior 

to OPL eruptions, the AS had been tilted to the south-west. This til

ting was continued later, in post-UPL times, and resulted in AS strata 

being overturned, UPL being highly tilted and the overlying chalks being 

folded along a zone running west-northwest, and finally culminating in 

pre-Middle Miocene thrusting - the Yerasa fold and thrust belt. The 

north-west striking thrust faults within the Limassol Forest (see fig.6.1) 

may be the result of these same earth movements. 

The width of the original trough feature is unknown, only its northern 

margins are now discernable as the remainder has been affected by the 

serpentinite emplacement. Westwards of Ayios Mamas and north-east of 

Vavla the northern margins of the trough were not greatly affected by 
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the serpentinite emplacement and related east-west faulting, and here 

the original features of the trough have been p~eserved intact together 

with the UPL lavas and erosional sediments infill. 

6.5. Comparisons between Oceanic Fracture Zones and the southern Troodos 
massif 

6.5.1. Introduction 

The role of transform faults and fracture zones in plate tectonics is 

well established (e.g. Morgan, 1968). Although these purely geometrical 

concepts are auccessful in explaining the role of transform faults in 

the context of large scale plate motions, they fail to describe, in ade-

quate detail, the tectonics of these complex features. The geology and 

structural evolution of transform faults are not well known and few are 

exposed on land to allow detailed studies. 

In this section the salient features of present day oceanic fracture 

zones and hypothesis regarding the evolution are summarized and can be 

seen to be broadly compatible with the tectonic evolution of the AFB and 

Limassol Forest. Consequently it is hoped that information from this 

area will help to elucidate present day fracture zone processes. 

6.5.2. Oceanic Fracture Zones 

Oceanic spreading axes are offset by Fracture Zones(FZ). Transform 

faults were defined by Wilson (1965) in order to explain these offsets 

in the light of the theory of sea floor spreading. The offset distance 

may vary from a few tens to several hundred kilometres and is marked by 

a zone of seismic activity which is absent or markedly decreased outside 

the offset zone since the displaced ocean floor segments are now sprea-

ding in the same direction (Sykes, 1963). 

Bathymetrically Fracture Zones are marked by linear bands of mountainous 

topography which include very long ridges and troughs, and scarps sepa-

rating regions with different depths. All these features are gradational 

along the strike of the fracture Zone and all occur singly or in groups; 



thus a scarp mayor may not be capped by a ridge and have a single 

trough at its base (Menard and Chase 1970). Fracture Zones may have up 

to •. 2 kilometres of relief and may be several kilometres wide. The 

troughs accumulate several hundrea metres of well stratified sediments 
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occurring mostly in the basins. The walls and tops are free of secimen~ 

implying that downslope transport of sediment must be significant (van 

Andel et. a1.,1973; Peden et. a1.,1975). In the East Pacific Rise the 

offsets differ in that they have no topographic expression (Bonatti 1973) 

and they have to be identified by the discovery of offsets in the oceanic 

magnetic anomaly patterns. In figs. 6.3., and 6.4., the morphology and 

structure of typical relatively large and small Atlantic PZ are shown. 

Cores taken of FZ sediments have shown that these are composed mostly of 

calcareous and clay materials, similar to sediments found on ocean rises. 

Continentally derived sediments transported by turbidity currents have 

been found in the Vema FZ (van Andal 1969) and it appears that FZ are 

favoured sites for such sediments on account of their orientation and 

trough morphology. 

An interesting feature about FZ recently discovered in the FAMOUS area 

is that linear features (interpreted as normal faults) parallel to the 

spreading axis swing round upon approaching the FZ (A. S. Laughton pers. 

~.). A similar relationship is observed for magnetic anomaly patterns. 

Upon approaching the Ascension FZ the pattern of magnetic anomalies for

merly parallel to the ridge axis is replaced by a pattern sub-parallel to 

the PZ (van Andel et. al.~973). Indeed the existence of large anomalies 

approximately parallel to PZ is well known (Rea. 1972) and these have 

been explained as due to the emplacement of magma or serpentinite bodies 

parallel to the PZ and also to the tendency for lava flows to accumulate 

in the deep valleys rather than adjacent ridges (Vogt et. al •• 1971). 

fundamental differences exist between the petrology of the normal ridge 

axes and the Atlantic and Indian Ocean PZ. In the ridge axis the rock 
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types dredged are mostly fresh basalts whereas in FZ the most common 

rock types dredged are ultramafics (serpentinite, serpentinized perido

tite). furthermore the abundance of plutonics and greenschists are grea· 

ter in FZ and relatively few basalts dredged are highly weathered (Mp.I[un 

and Thompson, 1971). In the East Pacific Rise u1trabasics are rarely 

dredged. 

Studies of PZ peridotites have indicated that many are unrelated to ba

salts of the volcanic zones i.e. they are not crystal accumulates from 

the overlying basalts, but are derived from upper mantle, in either pris

tine or depleted state (Thompson and Melson, 1972). 

It appears that Atlantic and Indian PZ are zones of relatively little ex

trusiona1 activity, in contrast to the East Pacific Rise PZ which have 

been sites of extensive basalt eruptions and have been termed "leaky 

transforms" by Menard and Atwater (1969), the lavas from these fault 

zones have covered the deeper exposures (Melson and Thompson, 1971). In 

the Atlantic and Indian PZ new oceanic crust has been created along the 

Fracture Zones by the vertical solid intrusion of ultramafic bodies into 

older oceanic crust so that fragments of crustal rocks have been passive

ly uplifted during the vertical intrusion; the ultramafics have at times 

broken through (Thompson and Melson, 1972; Bonatti, 1973). Indeed the 

wide extent of peridotite exposures is difficult to explain by eVOking 

simple rifting of normal oceanic crust or simple faulting and structural 

re-arrangement. 

Por the Vema PZ van Andel et. a1.,(1969) have suggested that components 

of rifting have occurred due to slight change in spreading direction a

long adjacent ridges; uplift parallel to the PZ has occurred to compen

sate for lost hydraulic head (Sleep and Biehler, 1970) and it is possible 

uplift and rifting may well have been accompanied by intrusion of new 

oceanic crust such as serpentinite and serpentinized peridote (Thompson 



and Melson, 1972). 

Bonatti (1973) and Honnorez et. al.,(1975) have shown that transverse 

ridges located at the offsets are older than the adjacent sea floor. 
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Such ridges appear to be composed mainly of ultrabasic rocks which have 

been emplaced by upward solid intrusion and have behaved as non-spreading 

blocks plastered between subplates or have spread at substantially lower 

rates. Such transverse ridges may later become fully incorporated with 

a spreading crustal plate and move with it. 

Transform faults are visualized by van Andel et. al.,(1973) not as a 

single fault plane but as a broad shear zone across which the relative 

motion decreases stepwise to a plane of no motion in the centre. This 

bundle of strike-slip faults should converge downwards to a single trans

form fault in the more ductile part of the lithosphere. This would ex

plain the width and higher than expected age of transform fault zones. 

6.5.3. Evolution of southern Troodos as an Oceanic Fracture Zone 

The similarities between the original topography, structure and rock 

types present of the APB and Limassol Forest and oceanic FZ are remar

kable. Although some differences are apparent an interpretation of sou

thern Troodos massif tectonism description within the framework of a 

transform fault is appropriate. 

Before making such an interpretation it is necessary to assess what ef

fects major tectonic events affecting the massif as a whole, and which are 

clearly unrelated to PZ tectonics but which nevertheless may have had on 

the structure of southern Troodos and APB. Radiometric data (Vine et. &L 

1973) and the Campanian age of the Perapedhi sediments show that the mas

sit was formed during the upper Cretaceous. Thus APB tectonics and the 

Limassol Forest serpentinite intrusion are of similar age and are un

likely to have been the result or have been affected by the subduction 

and rotation events which occurred later during the Maastrichtian. The 
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intrusion of serpentinite in the west of the APB and the Yerasa fold and 

thrusting events persisted however until early Miocene times and it is 

possible that this was at least partly in response to the rotation event 

(see fig. 6.5.). The uplift of the massif is a later mainly Miocene and 

Pleistocene event and probably only caused some reactivation along old 

fault lines. 

Fig. 6.6., shows the envisaged configuration of the postulated Troodos 

fZ. This is in agreement with Xidd and Cann (1974) whose work suggests 

that the spreading axis lay to the west of the massif in its present geo-

graphic orientation. To the tensional environment operative at normal 

spreading axes a transcurrent movement is added so that at a ridge-FZ 

intersect more discordant style of intrusion will result. furthermore, 

the transform fault will truncate the central rift of the ridge thus im-

posing an additional boundary to which the upwelling mantle material will 

tend to adhere. This could cause a topographic depression (Sleep and 

Biehler, 1970) and thus influence the trough morphology of the FZ. 

Within the offset zone plates are moving in opposite directions and a 

regime of transcurrent faulting is established. As the Troodos massif 

spread dykes were rotated and finally decoupled along a broad zone as a 

series of en enchelon east-west faults (see fig. 6.6.). This is best dis-

played along a north-south line through Kalokhorio village (map 3). 

Some east-west lines of displacement may however lie outside the main 

zone of decoupling (e.g. north of Vavatsinias, map 3). This transcur-

rent or wrench faulting would probably be accompanied by vertical move-

ments which would dissect the floor of the trough and create a very 

rough topography. 

Outside the offset zone the plates would be moving in the same direction 

and transcurrent tectonics would terminate provided the two displaced 

axes were spreading at the same rate. In the APB the brecciated base-
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ment is overlain by later AS and UPL deposits which do not contain zones 

of intense brecciation and thus have not been affected by transcurrent 

faulting. This in turn indicates that the Troodos PZ offset was rela

tively small such that areas outside the offset zone were still able to 

receive magmas from axial eruptions. 

Outside the offset zone but while still within the zone of AS volcani

city the PZ was highly faulted and a narrow elongate graben was formed 

(the APB) whilst the crust to its south was intruded by serpentinite and 

uplifted forming a ridge structure within and parallel to the trough, 

composed predominantly of serpentinite. These events could have been in 

response to rifting and uplift which have been postulated to occur in 

oceanic PZ's. 

6.6. Conclusions 

1. The APB represen. the northern margins of a fossil PZ and seems 

to be analogous to a present-day oceanic PZ transverse valley. 

2. The Limassol Forest serpentinite evolved within the PZ and may 

bR analogous to a present-day oceanic PZ transverse ridge. 

3. The Yerasa fold and thrust belt seems to be a consequence of the 

rotation of the mas.if and. if so. is unrelated to PZ processes. 

4. The uplift of the massif and the intrusion of the Troodos (Mt. 

Olympus) serpentinite post-dates the above events. 
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CHAPTER SEVEN I (l)Na.~I<J.lS 

The Arakapas fault Belt area represents the northern margins of a fossil 

Transform fault Zone. In the following features it closely resembles 

present-day eceanic fracture iones in ei the'r observed features or those 

deduced from theoretical considerations. 

(i) During constructive margin processes the APB area formed the nor

thern margins of an east-west trough. 

(ii) As a result of transcurrent faulting the rocks in this trough are 

intensely brecciated. A rugged basement topography composed of 

shattered AS Diabase and occasionally of granophyre and gabbro 

was produced. East-west scarps with associated erosional scree 

deposits were developed. 

(iii) Lava flows, and sediments derived from loose, mostly erosional de

bris resting on surrounding topographically elevated areas, have 

infilled bathymetric depressions and partly smoothed out the ir

regular underlying basement. 

(iv) The evolutionary sequence of (i), (ii), (iii) above is complica

ted by a pre-UPL episode of normal and reverse east-west faulting 

and closely related diapiric serpentinite intrusion which has af

fected the area between Ayios Mamas and Vavia. This tectonism 

further accentuated the topographically irregular nature of this 

zone by producing a narrow east-west graben (the Arakapas fault 

Belt as seen today) and the adjacent uplifted mountainous region 

of the Limassol Porest where gabbros and ultramafics are exposed. 

(v) The metamorphism of the APB area AS differs from the northern 

parts of the massif due to a steeper thermal gradient and the gr~ 

ter volume of sea-water involved in the basalt-water interaction. 

(vi) Easier exit of magmas has resulted in the much greater proportion 
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of primative lava types in the AS than in the northern part of 

the massif. In contrast to the incremental partial melting pro

cess operative in the north, only high percent partial melts weT' 

produced in the APB area. This has resulted in lower incompatible 

element concentrations for the basalts. Furthermore, the maxi

mum degree of partial melting achieved is greater than in the 

north, resulting in the common occurrence of basaltic extrusives 

of komatiite affinities. 

On this evidence it is suggested that both the Arakapas Fault Belt and 

the Limassol Forest are part of a fossil Oceanic Fracture Zone. The 

transcurrent faulting episode may be correlated with tectonism within 

the offset zone (i.e. the transform part of the fracture zone) whereas 

the later normal and reverse faulting and intrusion by serpentinite oc

curred outside the offset. If this were the case then the distance be

tween the two displaced ridge axes on Troodos must have been small. 

The early Miocene reactivation of the serpentinite intrusion which cau

·sed the Yerasa Fold and Thrust Belt is unlikely to have been related to 

Oceanic Fracture Zone tectonics. More likely it occurred as a response 

to the rotation event which has affected the entire massif. 



APPENDIX 1 

Textural considerations 

Experimental and theoretical work relevant to the understanding of the 

kinetics of crystal growth in geological situations is briefly outlined. 

This knowledge is then adapted so as to understand textures found in ba-

sa1tic rocks. Textural variations present in the lavas of the area of 

study are then investigated. 

A1.l. Kinetics of crystal growth 

In the past glassy textures in lavas with incipient crystal forms (skele

tal, dendritic, spherulitic, etc.) have been interpreted as being the 

result of rapid growth which resulted from supersaturation of the liquid. 

This could be achieved by supercooling i.e. rapid cooling such that the 

temperature of the magma dropped below the liquidus without allowing 

time for proper crystallization. 

Kinetics of crystal growth under these conditions were studied by Lofgren 

(1971) who adapted a theory for spheru1itic growth developed for organic 

polymers to geological systems. Basically this theory states that to 

stabilize spherulites during growth. lower temperature components than 

the growing phase (the impurities) accu1umate at the interface of the 

growing crystal. The presence and dimensions of this layer are related 

to the diffusion rates of the impurity and the growth rate of the crysta~ 

The layer gets thicker as the diffusion rate approaches the growth rate 

and thus more crystals approach their equilibrium form. This re1ation-

ship can be expressed ast 

j. 
-f. width of impurity layer 

DIG -------where:D • diffulion rate 

G • ,rowth rate 

In addition, the diameter of the individual crystal fibres of the sphe-

ru1ites are to a first approximation of the same dimensions as the im

purity layer. 
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This theory can be extended to predict progression of crystalline shapes 

for a basaltic melt (Lofgren 1974). Por any given growth condition the 

crystal morphology can be determined by the ratio of the diffusion rate 

of the solute atoms in the liquid (D) to the growth rate (G) of the crys-

ta1s - DIG. If DIG approaches or exceeds unity the equilibrium crystal 

form will result, and as this ratio gets smaller the crystal morphology 

will depart further and further from its equilibrium crystal form. D 

depends on the viscosity of the magma. The viscosity is in turn depen-

dant on the variables (a) temperature of masma (b) composition of magma 

(c) volatile content of the masma. G depends on degree of under cooling 

(or supercooling) (Shaw, 1965). As the degree of supercooling increases 

not only do the number of nuclei increase, but the growth rate increases 

as well. Recent work by Kirkpatrick (1974b), working on the lava lakes 
, 

in Hawaii, has shown that generally both growth and nucleation rate in-

crease as the temperature of the magma decreases. 

Recent experimental work by Gibb (1974) has shown that cooling rate of a 

magma might influence the ability of certain phasee to nucleate. The 

temperature at which plagioclase will nucleate from a basaltic liquid 

varies with cooling rate such that under fast cooling rates (as is likely 

in pillow lavas and chilled margins of dykes) plagioclase, and to a les-

ser extent clinopyroxene, experience a lowering of their crystallization 

temperatures since their nucleation has been suppressed and thus delayed. 

Olivine does not seem to be susceptible to this proces.. Thus, it is 

possible that the sequence in which phases appear in a rapidly cooled 

magma will be quite different from that in a alow1y cooled magma. 

Experiments by Lofgren (1974) have determined a relationship between the 

cryatal morpholo,y of pla,ioclase and the de,ree of aupercoo1ing. A pla

gioclase charge with approximately 10' H2O waa melted at S kbar water 

pressure and then the temperature dropped rapidly to some predetermined 

temperature below the liquidus. The difference between the liquidUS and 
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this crystallization temperature is6T. degree of supercooling. Upon 

quenching the resulting textures of crystallization at this temperature 

were studied. At smallAT tabular twinned crystals were found. With in

creasing~T the crystal morphology changed from skeletal to dendritic to 

spherulitic. A similar progression of textures were obtained,;for runs 

at a lesser water content (approx. 5'), although a greater variety of cr~ 

sta1 forms were present in a single run product. 

Lofgren (op. cit.) found similar results using a natural oceanic ridge 

basalt, with pyroxene showing the same range of crystal morphologies. 

The observation that p1agioc1a8e and clinopyroxene can show different 

crystal morphologies at the s&meAT conditions is not indicative of a 

complex cooling history. This i8 the re8ult of the two phases having 

different liquidus temperatures. 

Lofgren's experiments were done under isothermal conditions which do not 

resemble natural conditions as closely as would controlled cooling rate 

experiments. However, preliminary results using controlled cooling rates 

showed that a similar sequence of crystal morphologies was developed 

with increasing cooling rate as withAT. U used qualitatively Lofgren's 

results can be of use when interpreting textural variations across pillow 

lavas (8ee later). 

Al.2. Texture of Basalts 

The texture attained by a basaltic magma upon solidification can thus be 

explained within the framework of the following inter-related parameters: 

(i) Coolinl Aatel-this will depend upon the ratio of the surface 

area of tije magma to its volume, and the temperature and ther

mal conductivity of the medium into which it is emplaced. (The 

assumption here is that no matter what the magma temperature~ 

heat can be lost obly at a specific (maximum) rate, this being 

deter,ined by the thermal conductivity of the magma). 
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(ii) Nuc1eation:-this will depend on the cooling rate; nucleation 

is suppressed with increasing cooling rate for some minerals. 

(iii) Supercoo1ing:-depends on cooling rate; if cooling rate is slow 

supercooling is not possible since time is available for crys

tallization. The degree of supercooling can be thought of as~T. 

(iv) Supersaturation:-this results from supercooling and increases 

with increasingAT. However. supersaturation does not neces

sarily have to be achieved via supercooling. Other processes 

can elevate liquidus temperatures (e.g. change in PH2o'P~) 

and thereby create a supersaturated melt and lead to rapid 

crystallization (Donaldson, 1974). 

(Note: supersaturation and supercooling are not directly pro

portional if a silicate melt has a non-linear liquidus in tem

perature-composition space (Donaldson, 1974). The amount of 

supercooling necessary to attain a given degree of supersatu

ration varies for different melt compositions as a function of 

their liquidus slope (fig. Al.l». 

(v) Growth Rate (G) I-increases with increaaingAT. 

(vi) Diffusion Rate (D) I-increases with decreasing viscosity. 

Al.3. Textural variations in APB lavas 

In a pillow lava cooling takes place from the glass skin inwards i.e. rate 

of cooling decreases inwards. Thus it is common to find pillows with gla

ssy edges and progressively more crystalline interiors (e.g. Bryan,1972). 

This is also reflected in the crystal morphologies, especially of pla

gioclase and clinopyroxene, which become more crystalline towards the 

centre of pillows. 

The smaller the pillow the larger is the ratio of the surface area to vo

lume of magma, and thus coolin, will be faster across small pillows. 

Therefore small pillows develop less crystalline textures than equivalent 

larger ones. 



ABC 
4--lncreaslng MgO 

Figure AI.I Effect of liquidus slope on relation of supercooling 
I 

to supersaturation.For the same degree of supercooling(Tl-T ,where 
u. 

Tl=liquidus temperature and Tuaundercooling temperature),melt A of 

steep liquidus(I) is mildly eupersaturated(A-B),whereas if it has 

a shallow liquidus(2),the supersaturation is more extreme(A-C). 

From DonaldlOn(I974). . ! 

\ 



In the APB area pillow lavas of similar size show a variable degree of 

crystallinity even when sampling from the same position in similar sized 

pillows (see fig. 3.2.). The more primative basalt types have glassy 

and variolitic textures indicative of rapid crystal growth. More evol-

ved basalts have hyalopilitic to intersertal textures which are indi-

cative of more moderate rates of crystal growth. This variation in 

crystallinity within basaltic pillows erupted in the same fashion and in 

the same environment must be explained in terms of the parameters which 

control the ratio DIG. 

Since the above observations concern pillows of the same size the cooling 

rate is not a relevant factor. Other factors influencing DIG are vari-

able viscosity or variable P02 such that the more primative basalts are 

more viscous or haye a lower PO. Both these possibilities are unlikely 
2 

since we are considering a suite of basalts within which there is little 

or no change in viscosity due to compositional variations (c.f. Bottinga 

and Weill, 1972) and secondly gas phases in extrusive rocks will either 

escape or coalesce to form vesicles thus becoming isolated from the melt. 

A third and most likely possibility is that the more primative basalts 

experience faster ,rowth rates as a result of a greater degree of super-

saturation. This may be achieved if the basaltic suite has a non-linear 

liquidus in temperature-composition space such that the primative mem

bers have a shallower slope (c.f. fig. AI.I). 
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APPENDIX 2 

Petrographic notes 

A2.I. Notes on petrolraphic identification of chlorophaeite, clays, 
"chloritic clay" 

Ch10rophaeite is common alteration product in basic rocks. This minera-

loid was first investigated by Peacock and Puller (1928) who attributed 

its formation to hydrotheraal alteration of the basic mesostasis of the 

lava. The mineraloid also occurs as spherulites, lining or filling ve-

sicles, as irregular patches in the Iroundmass, in veins and as pseudo-

morphs after olivine and pyroxene. 

Chlorophaeite has extremely variable optical properties making its iden-

tification difficult. Stokes (1911) has identified three chlorophaeite 

phases each with characteristic optical propertiesl 

(a) isotropic green (very rare) 

(b) isotropic ye11ow/brown (more common) 

(c) birefringent, microcrystalline, darker yellow (birefringence 

is var iab1e) • 

Also occurring is an aSlociated green sometimes pleochroic ch10ritic 

phase (d). The increasing birefrinlence is apparently due to amorphous 

isotropic ch10rophaeite becoming more crystalline. To identify ch10ro

phaeite both (b) and (c) must be prelent. 

Stokes (op. cit.) aUlgested that chlorophaeite is a multiphase composite 

probably composed mainly of montmorillonite, saponite and nontronite. 
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Matthews (1911) believed it to be a clay mineral chlorite. Probably chl~ 

rophaeite is a low temperature chlorite with strong affinities to mont-

mor illanoids. 

In the. APB area, in extrusive and intrulive rockl altered to the zeo-

lite faciel, interstitial ,lass has been altered to yellow/light yellow-

green non-pleochroic fibrous microcryptocrystalline birefringent a,gre

gates. Such alteration products have been identified al clays (smectites). 
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Such clays also line vesicles, occur in veins etc. However in many 

samples small amounts of phase (b) and (d) were also noted. These 

phases always had transitional contacts with the clays. In the glassy 

pillows the proportion of phase (b), complete with characteristic gel 

cracks. was often significant and in such instances chlorophaeite was 

identified. In rocks from the upper parts of the greenschist facies the 

proportion of phase (d) was dominant. In such rocks the alteration ma-

terial was identified as "chloritic clay". Chlorite proper was only i-

dentified when typical green pleochroic mineral with low birefringence 

was present. 

A2.2. Definitions of Textural and Crystal morphological terms 

Considerable confusion exists about textural terms. Adjectives like va-

riolitic, plumose, spherulitic etc. have been used to describe textures 

without specific understanding of the implications with regard to growth 

conditions. Experimental studies of crystal growth (e.g. Lofgren, 1974) 

have now made it possible to relate crystal morphology to growth condi-

tions. Terms used in this thesis over which confusion might arise are 

therefore defined below. 

Spherulitic: a radially disposed array of acicular crystals in either a 

spherical or irregular, usually bow-tie or fan-shaped, body. 

Different spherulitic forms are the response of the spherulite to a par-

ticular set of growth conditions and do not necessitate a variety of 

names but only modifying adjectives to describe the spherulite morphology~ 

Axiolitic-spherulitic fibres radiate from a line and not a point. ---------
Bow-tie-spherulite fibres radiating in two fan-shaped arrays resembling -------
in three dimensions two cones joined at their apex. 

Fan-spherulite fibres radiating from a point in a fan-shaped array. ---
Microliter small incipient birefringent crystals, but not 80 small as to 



be indeterminate. 

Crystallite: extremely small, spherical, rod and hair-like isotropic in

determinate crystal. 

Acicular: slender crystals, like a needle or bristle. 

Skeletal: incomplete crystal. Often appears hollow in thin section or 

has irregular outlines that form during crystal growth. 

Dendritic: a single crystal with complex crystallographic branching. 

Two forms commonly found in the APB area glassy pillows are plumose (fea

ther-like) and "herring bone" (elongate slender with jagged outline). 

These two forms were commonly noted to merge into each other. 

Vario1itic: (derived from the term variole) can be used in two ways: 

(a) as a field term to describe spherical bodies appearing on wea-

thered surface of diabase. (In the APB area the green pi-

llow. were commonly variolitic. Variolitic dykes were also 

found. Such vario1e. were found to be composed of plagioclase 

spheruli tes). 

(b) as a textural term referring to rocks were all plagioclase is 

of a spheru1itic morphology. 

Some of the above crystal morphologies are illustrated in fig. A2.l. 
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a)Dendritic clinopyroxene microlites. 

spherical ~ boW-tie 

axiolitic 

b)Sphtrulit10 plagioclase. 

Figure A2.1 Clinopyroxtne and plagioolast orystal morphologies. 



APPENDIX 3 

Analytical Methods 

Major and trace element analyses were made by the author using a Phil

lips PW 1212 automatic X-ray fluorescence spectrometer at Bedford Col

lege, London University. 
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Samples were first cleaned of any weathering surfaces and broken up manu

ally into chips. Secondary minerals in veins and vesicles were removed 

as far as possible. Crushing was carried out in a tungsten carbide "ti

nuna", usually for a duration of five to ten minutes. 

A3.1. Major and minor elements (Si02, Ti02 , Pe93' MgO, Cao, K20, A1203, 

MnO, P205 , Na20). 

Samples were prepared for analysis by fusion of rock powder and flux 

(O.400gm. rock to 2.855gm. flux) and moulding into glass beads. The me

thod is similar to that described by Norrish and Hutton (1969) but dif

fers in the fusion method in that the plunger assemblage of Harvey et. aL 

(1973) was used to mould the beads. The U. S. Geological Survey and the 

Prench standard rocks together with wet chemically analyzed Kenya rift 

volcanics were used for calibration. 

Na20 was analyzed for using compressed rock powder pellets. The above 

mentioned calibration however gave unacceptably low results for the APB 

area volcanics. Thus 12 APB lavas were analyzed for Na20 using flame 

emission spectrophotometry by Mr. H. Lloyd of Bedford College. These 

values were used to set up a calibration especially for the APB areavo1-

canics. 

Mass absorption corrections were applied to the results using iterative 

computations. 

Hz0+ and Pee 

These were analyzed for by the author using standard wet chemical pro-

cedures. 
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Mr. Lloyd analyzed four ~FB area volcanics by wet chemical methods (K20 

by flame emission spectrophotometry; CaO, MgO, MnO, Al203 by atomic ab

sorption spectrophotometry, total Fe, P20S' Ti02 by colorimetry and Si02 

by a combined gravimetric photometric method). These are presented in 

table A2.1., where they are compared to analyses obtained by XRF. 

A3.2. Trace Elements Rb, Sr, Y, Zr, Nb, Cr, Ni, Co. (and TiO~ 

Analyses were carried out on compressed rock powder pellets (6.00gm. rock 

to 19m. P.P. resin). Calibration was by normal spiking procedure except 

for Ti02 Which was set up using international standards. Mass absorp

tion corrections were applied to the results. Standard rocks were ana

lyzed in parallel and these are presented in table A3.2. 

Since the analyses were eventually to be compared to other Troodos vol

canics analyzed at Leeds University by J. Smewing, some of his samples 

were also analyzed at Bedford College by the author in order to check 

the interlaboratory correlation. These are shown in table A3.3. 

A3.3. The Rare Earth Elements. 

These were. determined by instrumental neutron activation analysis (INAA) 

by Dr. P. J. Potts of the Open University following the procedure des

cribed by Gordon et. a1.(1968). O.Sgm. of powdered rock was irradiated 

for 30 hours. After one week's ~cooling" the samples are counted. Data 

reduction was carried out by means of the procedure described by Routti 

(1969) by the author and Dr.: Potts and Gibson. Corrections were made 

to resolved peak areas for the count time. half life decay and neutron 

flux variations. 

The standard rocks W088 and JAP were also analyzed and these are shown in 

table A3.4. Sample reproducibility for different irradiations vary from 

t 5-20'. The short half lives of La and Dy prevented these elements be

ing measured. 
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Table A3.1. 

Salpp1e wet 1303XRP wet1363XRF wet 734 XRP wet 861 XRF 

Si02 51.92 52.18 54.30 54.65 49.86 50.24 56.37 57.16 

Ti02 0.23 0.20 0.52 0.57 0.31 0.29 0.28 0.30 

A1203 11.84 12.07 15.99 16.25 12.60 12.85 12.08 12.30 

Pe203 9.42 9.61 8.86 9.01 8.26 8.46 7.32 7.34 

NnO 0.18 0.17 0.13 0.13 0.17 0.16 0.13 . 0.12 

NgO 12.34 12.14 7.57 7.12 9.67 9.54 9.69 9.39 

Cao 9.84 10.01 3.11 3.21 12.07 12.52 7.38 7.51 

Na20 0.64 0.70 6.27 5.58 0.76 0.75 3.45 3.46 

~O 0.21 0.25 0.16 0.17 0.19 0.21 0.03 0.05 

P205 0.01 0.04 0.04 0.01 0.02 0.07 0.02 0.00 

Comparison of wet chemical and XRP major element analysis, in weight ~. 

Table A3.2. Analysis of standards for Trace Elements. 

Standards G2 AGV GSPI sea GA NIM-N NIM-S 

Nb 9(2) 12(3) 15(2) 13(3) 13 1 1 

Y 5(2) 15(3) 16(2) 27(3) 15 3 0 

Sr 489(2) 669(3) 236(2) 326(3) 279 272 59 

Rb 170(2) 67(3) 251(2) 45(3) 160 4 511 

Zr 309(2) 206(3) 550(2) 170(3) 117 23 5 

Ti02 0.49 1.05(2) 0.68 2.29(2) 0.36 0.18 0.04 

Standards G2 AGV WI BCR NIM-S when analysis was 
repeated the aver-

Cr 0 9 119 27(2) 3 age va~ue is taken 
and the nUlllber of 

Ni 4 30 98 28(2) 2 analy.es i. shown 
in brackets. Values 

Co - 63 13 in ppm, except Ti02 
which is in wt. ~. 
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Table A3.3. 

Sample Ti02 Zr Y Si Rb 

* B 0 • .56 32 12 167 6 
160 

L 0.54 33 16 172 6 

*B 0.32 24 6 58 3 
6AXT 

L 0.31 19 8 58 3 

B 0.28 21 9 58 7 
231XT 

L 0.27 16 7 57 7 

B 0.40 27 10 
233XT 

L 0.38 22 16 80 15 

B 0.56 27 12 146 10 
110 

L 0.56 35 13 145 13 

B 0.50 29 12 127 6 
10 

L 0.50 33 9 122 5 

B 0.46 30 8 15.5 8 
19D 

L 0.46 . 29 11 153 8 

Comparison of XRF analysis done at Bedford College. London (8) 
and at Leeds University (L). 

* Average of 2 analyses. 

Table A3.4. 

WOB8(1) WOB8(2) JAP(3) JAP(4) JAP(5) 

Ce 246.4:t20 270%6 61.8 !5 57.3 :6 67 

Nd 122.1:10 125=5 26.5 :3 25.2 =3 (25) 

28.3:t5 25.9:0.5 5.50 :t1 + Sm 5.55 -0.5 4.8 

Eu + 4.90-0.5 4.81±0.07 1.66±0.1 + 1.60-;.0.2 1.52 

Gd + 21.3 -5 6.71:0.7 5.95:0.5 4.80 

Tb 4.10=0.5 4.23!0.1 0.8210.1 0.79:0.1 ' (O;.$) 

Tn! + 2.06.0.3 + 0.38-0.1 + 0.33-0.05 

Yb 13.0:2 13.0 :0.3 + 2.25-0.3 2.16!0.3 2.1 

Lu + 2.29-0.2 + 2.08-0.04 + 0.37-0.1 + 0.36-0.05 O. 1 

REB Ana1xsis of standards 

(1 ) W088 (Bedford College standard) 

(2) WOB8 as analyzed by I. Gibson 

(3) & (4) JAP standard, analysis from two different irradiations 

(5) JAP. as reported by Flannigan (19G9). 
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APPENDIX 4 

Additional Trace Blement analyses. 

A4.1 Troodos Axis Sequence 

The following lists contain all the available trace element analyses of 

Troodos Axis Sequence rocks from the zeolite facies. This data has been 

used to determine the field of the Troodos AS which has been used in 

Chapter ~ in Ti-Zr, Ti-Y, Ti-Cr and Ti-Y-Zr diagrams. 

The analyses are from Smewing (1975) - (JS), Pearce (1973) - (JP), Kay and 

Senechal (in press) - (K/S) , this study - (KOS). Ti02 is in weight ~, the 

remainder in p.p.m. 

Sample Rock Type Ti02 Zr Y Sr Rb Nb Cr Ni Co Number 

JS 22PL centre of dyke, 1.37 88 ,36 113 

JS 243AL pillow lava, 0.76 ~3 20 100 3 379 226 83 

JS 235AL pillow edge, 0.88 42 20 99 8 

JS 25613 pillow centre, 1.49 87 35 127 7 

JS 2561~ massive flow, 1.25 70 29 117 6 

" 12AL pillow centre, 1.08 69 30 105 3 

" 10AL pillow centre, 1.43 85 37 107 1 

" 124PL pillow centre, 1.47 75 32 84 0 

" ~3PL dyke centre. 1.14 78 32 101 0 

" 252XT dyke centre, 0.67 5,3 21 114 ,3 

" 235XT pillow lava, 0.,31 23 10 81 26 

" 7AXT pillow edge, 0.53 34 18 127 2 

• 25696 dyke, 0.62 41 21 109 0 

" 25660 dyke, O.~ 28 13 .77 0 

" 228 AL pillow lava 0.71 45 22 96 5 

" 31 AL pillow centre 1.57 90 ~1 1,30 0 

" 20 AL dyke centre, 1.27 74 31 97 1 

JS 200XT pillow lava, 1.34 99 )8 111 1 

" 27aPL dyke centre, 1.61 91 35 115 6 

" 25659 pillow centre, 0.62 ~ 22 102 9 

" 11L pillow, 0.)8 18 14 867 J 

" lL glaRsy pillow edge, 0.26 5 11 203 2 

" 1860 pillow edge, 0.54 25 15 73 1 

" 183D pillow lava, 0.59 26 17 77 4 

Cont'd ••• 
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Sample 
Number Rock Type Ti02 Zr Y Sr Rb Nb Cr Ni Co 

It )42AL dyke, 1.)9 90 )7 85 1.3 

" )41AL pillow, 1.40 96 41 82 9 

" )4OAL dyke centre, 1.40 87 46 102 4 
It 282 AL pillow, 0.70 30 18 86 11 109 64 107 
.. 2.33 AL pillow, 0.8) 35 18 88 6 

" 195 AL grey pillow centre, 0.62 .32 19 76 0 
It 88 AL pillow centre, 0.68 )9 20 76 .3 
It 57 AL pillow centre, 1.28 90 )9 93 8 

" 52 AL pillow centre, 0.58 47 18 127 8 

" 11 AL pi 110" centre, 1.)0 80 )7 113 6 

lOs PH
3

e grey pillow lava, 0.41 15 10 64 .3 

KPS PH)d grey pillow, 1.01 41 1) 8) 2 

J<PS PH
3

c veaie. grey pillow, 0.42 20 10 46 2 

105 PH)f pillow lava, 0.51 25 16 292 7 

KOS Xl flow brecciated lava, 0.82 43 1.3 160 2 

JP Pl 1.14 80 29 92 11 1 200 

JP P2 1.0) 48 24 9.3 1 0 100 

JP P) 0'.7) )5 19 158 37 1 85 

JP FIt 0.88 41 20 160 )) 1 80 

JP P6 1.)8 118 48 113 1 3 90 

KS )2P pillow lava, 1.28 76 105 4 2 ., 

Rare-earth elem~nt analysis (in ppm) are available for 8 AS rocks, some of which 

are in the greenschist facies(g ).This data, used in figure 4.22, is giv~n below. 

24)AL 25614 )lAL 200XT .32P CYl CY2 CY15B 

Ce 4.45 7.60 7.27 8.67 7.88 5.70 5.26 4.17 

Nd 5.60 7.78 8.41 9.27 7.10 5.54 4.78 4.19 

8m 2.05 .3.48 4.03 4.07 2.6) 2.12 1.81 1.66 

Eu 0.8) 1.21 1 • .33 1.42 0.955 0.810 0.681 0.626 

Gd 1.48 4.07 4.8 4.25 ).92 ) • .30 2.72 2.56 

Dy 4.7) 4.02 3.45 3 • .37 

Er 2.96 2.60 2.24 2.18 

'lb 0.52 0.87 0.6.3 0.98 

TIn 0 • .3) 0.50 0.6) 0.68 .. 
Yb 1.89 ).05 ).80 4.10 2.82 2.58 2.25 2.18 

Lu 0.)6 0.53 0.60 0.75 0.42 0.)8 0.)4 0 • .33 

~.:-., .. : 
(JS) (JS) (JS) (JS) (K/s,g) K/s,g) (K/s,g) (K/s,g) 
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~ Troodos Upper Pillow Lavas 

The following lists contain all the available trace element analyses of 

Troodos Upper Pillow Lavas. This data has been used to determine the 

field of the Troodos UPL as depicted in figuresin chapter ~. 

The analyses are from 8mewing (1975) - (JS), Pearce (1975) - (JP), and 

this study - UroS) • All the Cr, Ni and Co analyses were done during this 

study. Ti02 is in weight ~. The remainder in ppm. • = average of 2 

analyses, + average of 3 analyses (2 by KOS). 

Rock type and Phenocryst/ 
Sample Microphenocryst Ti0

2 Zr 
Number Assemblage wt~ ppm Y Sr Rb Nb Cr Ni Co 

JS 2~3AL lava, - 0.62 3~ 28 9~ 6 

JS 2"AL pillow lava, Cpx + E!.!i 0.70 ~2 19 90 9 - 311 18~ 116 

JS 278AL Feeder dyke, - 0.28 11 8 ~ 2 

JS 281AL massive flow, ~ 0.71 " 21 91 16 116 60 80 

JS 790 pillow centre, aphyric 1.22 60 28 111 20 16 27 59 

JS 12D Ol-phyric blue ) ~0.52 28 15 113 28 - 627 167 67 
grey Pillow'1Ol+(~) 

KOS 110 glassy eage, - (0.56 32 12 1~5 12 4:50 167 72 

KOS 160+ glassy pillows, (Cpx +.Q!> 0.56 32 13 167 6 4:64: 172 73 

JS 5~0 massive flow, aphyric 0.99 ~9 27 95 5 ~ 35 67 

JS 185aO 01 basalt pillow, - 0.46 0.2~ 17 82 12 

JS 8L porphyritic flow, - 0.43 20 15 80 5 

JS 6AXT+ glassy pillow edge, 01 + 0.32 23 7 58 3 976 386 9~ .~ 
JS 11194: pillow centre, - 0.53 26 14: 108 20 

JS 2~2AL pillow centre, Cpx + .2!. 0.56 31 16 87 4: 

JS 25655 buff grey pillow centre, 0.66 3~ 18 61 6 aphyric 

JS 25656 brownish pillow centre, - 0.63 4:1 17 100 4: 

JS 231XT- dyke, .2!. + .Qe 0.27 18 8 58 7 287 119 56 

JS 25608 pillow centre, Be! + R!!.a. 0.79 67 24: 129 19 

JS 25610 pillow centre, ~ 0.63 Itl 17 122 7 

JS 25611 edge of blue grey pillow, 
0.67 4:7 22 14:7 1t3 Cpx 

JS 233XT- pillow lava, ~ + .£E! 0.39 24 13 80 15 

KOS 10- gla.sy rim to Ol-phyric 0.50 32 10 124 6 290 92 90 
pillow, -

KOS' 190- glassy lava, - 0.46 29 9 154: 8 605 202 80 
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Rock type and Phenocryst/ 

Sample Microphenocryst Ti0
2 

Zr 
Number Assemblage wt~ ppm Y Sr Rb Nb Cr Ni Co 

KOS 

K05 

K05 

KOS 

PH
3

a 

PH
3

b 

27972 

2,568J 

KOS 25642 

1<05 10D 

K05 21D 

K05 24D 

KOS 2JJXT 

K05 2,5601 

KOS 2,5640 

K05 85D 

JP U1 

JP 

JP 

JP 

JP 

JP 

JP 

U2 

U3 
U4 

U5 
u6 

U7 
JP u8 

JP U9 

aphyric blue grey lava, - 0.67 

Ol-phyric dyke, - 0.34 

blue grey pillow, ~ + ~ 0.29 

blue grey 01 basalt 
pillow, .2! + .E2!. 0.31 

glassy pillow, ~ + Cpx 0.57 

glassy pillow, ~ 0.48 

glassy pillow, ~ 0.49 

glassy pillow, ~ 0.53 

pillow centre, ~ 0.40 

grey blue aphyric basalt, 8 o. 5 
~ + Cpx 

blue grey 01 basalt 6 
( ) o. 9 

pillow, .2!. +.E2!. +£!!s.. 
blue grey pillow, aphyric 0.77 

0.55 

0.4:7 

0.4:0 

0.64 

0.)3 

0.27 

0.32 

31 

15 

18 

17 

14 

6 

5 

5 

97 13 

48 22 

78 4: 

31 13 

35 10 199 6 

36 10 117 4 

31 12 114: 6 

)5 11 136 11 

27 10 80 16 

53 23 132 14 

)5 15 107 )0 

45 16 77 12 

33 18 201 26 

22 11 

19 12 

)0 4:7 

15 7 

19 9 

14 11 

79 4:8 

151 24 

144 51 

152 20 

89 5 

60 31 

0.32 15 7 54 30 

0.32 13 10 58 31 

4:0 56 
4:28 219 

4: 4:99 ,-,2 

63 

60 

81 

92 

1 378 337 70 

2 759 236 103 

2 914: 279 91 

2 570 147 99 

2 420 198 57 

2 214 72 4:8 

4 203 

2 131 

2 400 

2 530 

1 300 

o 60 

o 
1 750 

1 360 

1 310 

1 360 

58 
81 

Rare-earth element analyses (in ppm) are available for 6 UPL rocks. This data, 

used in fig. 4.22, is given below. 

Ce 

Nd 

8m 

Eu 

Gd 

Dy 

Er 

'lb 

Tm 

Yb 

Lu 

6aXT 

1.76 

1.84 

0.85 

0.31 

1.19 

0.26 

0.24 

1.19 

0.23 

(JS) 

111943 

).41 

).)5 

1.41 

0.5) 

1.64 

0.27 

0.25 

1.70 

0.)) 

(JS) 

22PK 

2.81 

2.19 

1.12 

0.)9 

0.30 

0.25 

1.46 
0.)0 

(JS) 

242AL 

2.72 

4.50 
1.75 

0.69 

1.7) 

0.49 

0.28 

1.89 

0.)7 

(JS) 

5.60 

5.73 

2.28 

0.82 

0.60 

0.)0 

2.08 

0.)8 

(JS) 

CY16 

7.32 

6.25 

2.:33 

0.8) 

4.0 

2.54 

2.55 

0.)9 

(K/S) 
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A4 • .3 - Miscellaneous Axis Sequence, mostly from the AFB area 

The following analyses were not used in any of the plots and computations 

in chapter 4 because (a) they are greenschist facies rocks (~) (b) no 

thin-aection was available (+), (c) they are from outside the AFB area (X). 

Sample no. Description and locality Ti02 Nb Y Sr Rb Zr :Cr Ni Co 

• X.3 N-S striking diabase dyke 
cutting regional E-W dia- 0.19 2 5 47 0 15 base dyke trend, north of 
Arakapas 

• 24 Porphyritic diabase dykes 0.28 1 6 .37 2 13 810 347 84 (.2!. + Cpx) 

• 24(JS) from east of Ora 0.21 7 21 0 9 

• GK6 Porphyritic diabase dyke 
(.2!. + .2!: + ~) northwest 
of Leikara 0.22 2 5 12 0 9 1606 670 108 

• 671 Diabase dyke cutting the 
Layered Unit, near Ara-
kapas dam site 0.62 7 18 75 0 22 

• 1241 Diabase dyke cutting the 
Layered Unit, near Layia 0.45 2 7 .315 0 21 

+ .3 As lava, west of Kalok-
horio 0.54 2 24 44 0 22 

+ 4 As lava, east of Kalok-
horio 0.55 1 10 84 0 34 

+ 5 As lava, north of Louveras 0.45 1 4 135 1 14 

+ 9.36 AS green pillow, Arakapas 0 • .35 2 6 16 0 18 

+ 1175 AS flow brecciated pillow, 
south of Vavla 0.89 2 17 121 7 47 

+ 737 AS porphyritiC pillow 
lava, Ephtingoria 0.8.3 2 17 112 1 38 

+ 621 AS flow breccia, Akapnou 0.66 1 15 126 5 31 

+ 521 AS green pillow, west of 
Arakapas 0 • .34 2 9 21 0 14 

+ 1244 AS lava, south of Layia 0.52 .3 .30 80 22 48 

+ "Akn" AS sill, chilled edge, 
Akapnou 0.31 1 5 103 0 17 

+ 12 AS dyke cutting Porphyry, 
Ora 1.03 2 19 67 2 26 

X 965a AS lava, Melini 0.55 2 10 45 0 30 

X 1.351a fresh massive grey AS 0.31 4 6 .32 1 13 
X 1351b weathered) lava, Mona-

edge ) groulli 0.29 4 5 SO 2 13 

X 1.354 AS pillow (.£!:+.2!.), Mona. 
groulli 0.22 1 4 39 4 15 995 500 87 
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Sample no. Description and locality Ti0
2 

Nb Y Sr Rb Zr Cr Ni (' 
.~ 

X 1356 AS glassy pillow (.2!), 
Monagroulli 0.29 2 9 27 2 6 450 :l2u 65 

1358 AS pillow, Kalavasos 0.56 1 10 120 7 27 
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APPENDIX 5 

Maps used and location of samples 

Cyprus is covered by 8 miles by 12 Cadasral Sheets (1:31,680) which are 

each divided into 64 Cadastral Plans (1:5000). Mapping was done on the 

1:5000 plans and subsequently reduced to a scale of 1:12,000. 

On both the maps produced (maps 1 and 2) the plan and sheet numbers which 

cover the area are shown. Contours at every 20m. were taken from 1:50,000 

maps and then enlarged. 

The following lists contain localities of all samples chemically analysed 

during the present study. As well as giving the plan and sheet numbers 

and distance from the nearest village, the plot numbers are given. Plot 

numbers refer to the hundreds of tiny holdings depicted on each plan and 

this allows the sample locality to be shown exactly on the 1:5000 plans. 

Sample number Plot Plan Sheet Distance from nearest village 

X2 36 48 2km. W. of Araltapas 

B3 27&3.5 48 3m. WNW of Arakapas 

B4 •• , , • • , . 
B7 ' , , , , , , , 

G5 ' . , . , , , . 
14 38 48 0.6k111. SW of Arakapas 

23 379 25 49 1.9km. SE of Ora 

22 427 28 49 O.4k111. SW of Kato Dhrys 

33 . , , , , , , , •• 

241 ' , 34 49 0.1m. N of Layia 

243 13 34 49 O.7k111. NW of Layia 

393 106 3.5 49 1.2m. NE of Vavla 

411 88 36 49 lkm. SW of Kato Dhrys 

414 .5.5 36 49 ' , , , 
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Sample number Plot Plan Sheet Distance from nearest village 

431 405 35 49 2.2km. ENE of Vavla 

474 164 27 48 3.3km. WNW of Arakapas 

477 162 27 48 ' , , , 

492 218 27 48 ' , , , 

501 290 28 48 1.7km. WNW of Arakapas 

502 256 28 48 2.lkm. WNW of Arakapas 

512 58 36 48 2.4km. W of Arakapas 

513 115 36 48 ' , , , 

514 140 36 48 1.5km. WNW of Arakapas 

522 207 36 48 0.7km. NW of Arakapas 

523 ' , , . , , , , •• 

524 . , • • . , . , •• 

525 212 36 48 0.6km. NW of Arakapas 

531 447 37 48 0.5km. E of Arakapas 

533 182 37 48 O.lkm. NE of Arakapas 

534 237 37 48 0.3km. E of Ar akapas 

541 437 37 48 0.7km. E of Arakapas 

542 58 36 48 1.7km. W of Ar akapas 

561 249 27 48 3.2km. WNW of Arakapas 

604 25 33 49 1.5km. W of Layia 

621 150 40 48 0.6km. NNE of Akapno1:l 

624 67 40 46 1.2km. NE of Akapnpu 

632 225 40 46 1.3km. NE of Akapftotl 

641 326 40 48 0.7km. E of Akapnou; 

681 676 39 48 0.9km. N of Akapnpu 

702 680 39 48 0.6km. N of Akapnou 

704 664 39 48 0.8lan. NNW of Akapnou 

731/4/5 537 39 48 1km. W of Akapnou 

737 577 39 48 1.3km. NW of Akapnou 

741 835 32 48 1.4lan. SE of Ora 
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Sample number Plot Plan Sheet Distance from nearest village 

742 963 32 48 1.7km. SE of Ora 

743 370 25 49 1.9km. SE of Ora 

751 183 25 49 2.7km. ESE of Ora 

761 372 25 49 2km. SE of Ora 

765 373 25 49 2.1km. SE of Ora 

768 39 33 49 2.7km. SE of Ora 

7610 11 33 49 ' , , , 

773 226 25 49 2.2km. ESE of Or a 

786 29 33 49 3km. SE of Ora 

803 544 39 48 l.4km. W of Akapnou 

804 759 39 48 0.9km. W of Akapnou 

806 557 39 48 1.5km. WNW of Akapnou 

812 48 33 49 3km. SE of Ora 

822 168 39 48 0.4km. SE of Ephtagonia 

832 245 39 48 0.5km. S of Ephtagonia 

834 611 39 48 0.7km. S of Ephtagonia 

841 599 38 48 1.3km. SSW of Ephtagonia 

842 488 38 48 1.8km. SW of Ephtagonia 

843 586 38 48 ' , , , 

851 359 38 48 0.4km. SW of Ephtagonia 

852 621 38 48 0.8km. SSW of Ephtagonia 

855 124 38 48 0.5km. W of Ephtagonia 

861 S6 38 48 l.5km. W of Ephtagonia 

862 18 38 48 1.1km. W of Ephtagonia 

865 6 38 48 2km. W of Ephtagonia 

871 456 38 48 2.3km. WSW of Ephtagonia 

882 63 38 48 1.2km. W of Ephtagonia 

883 125 38 48 0.6km. W of Ephtagonia 

891 707 37 48 1.8km. ENE of Arakapas 

894 286 37 48 0.6km. ENE of Arakapas 
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Sample number Plot Plan Sheet Distance from nearest village 

895 276 37 48 ' , , , 

8956 293 37 48 ' , , , 

901 317 37 48 llem. E of Arakapas 

912 475 37 48 0.5km. SE of Arakapas 

914 163 37 48 0.3km. NE of Arakapas 

923 128 32 48 0.7km. SW of Ora 

963 351 31 48 1km. SW of Ora 

993 118 39 47 0.4km. N of Kapilio 

994 ' , , , , , , , , , 

1011 39 47 1km. N of Kapilio 

1013 39 47 3.7km. NE bf Kapilio 

1021 277 31 47 2km. NNE of Kapilio 

1023 39 47 1.5km. NE of Kapilio 

1043 12 40 47 2.1km. NE of Kapilio 

1074 144 47 47 0.8km. SE of Kapilio 

1075 ' , , I , , , , I , 

1076 ' , , , , , , I , , 

1081 108 47 47 150m. E of Kapilio 

1092 48 47 1km. N of Kapilio 

1102 140 40 47 1.9km. ENE of Kapilio 

1103 156 40 47 1.7km. ENE of Kapilio 

1111 17 48 47 2.1km. SE of Kapilio 

1131 47 47 1.8km. SSE of Kapilio 

1132 169 47 47 0.6km. SE of Kapilio 

1133 24 39 47 0.8km. SE of Kapilio 

1134 I , , , , , I , , , 

1141 38 47 47 0.2km. W of Kapilio 

1142 647 30 47 0.4km. SW of Ayios Mamas 

1161 583 30 47 0.6km. WSW of Ayios Mamas 

1181 308 29 47 0.4km. E of the P1atres-Aylos Mamas 
road junction 
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Sample number Plot Plan Sheet Distance from nearest village 

1121 47 47 O.3km. SE of Kapilio 

1231 94 29 47 2.4km. ESE of Perapedhi 

1291 282 36 48 1.6km. W of Arakapas 

1303 36 48 1.9km. WNW of Arakapas 

1311 36 48 t , , , 

1313 36 48 t , , , 

1361 340 32 47 2.3km. E of Ayios Mamas 

1362 ' , , , 47 ' , , , 
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