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ABSTRACT 

A combination of palaeomagnetic and structural analyses have been used to constrain 
rotations in the Hatay (ICizildag) ophiolite of southeast Turkey in the eastern 
Mediterranean region and to produce a tectonic model for its evolution. The ophioHte 
comprises part of a prominent chain of southern Neotethyan ophiolites that stretches from 
the Troodos ophiolite of Cyprus eastwards to the Semail ophiolite of Oman. The Hatay 
ophiolite and the related Baer-Bassit ophiolite of Syria comprise the most westerly 
ophiolites emplaced onto the Arabian platform in the Maastrichtian. 

The palaeomagnetic analyses demonstrate that a large coherent anticlockwise rotation was 
experienced by the Hatay ophiolite, with minor variability resulting from differential 
rotations of adjacent tectonic blocks. Positive inclination-only tilt tests indicate that the 
Halay ophiolite preserves a pre-deformational magnetisation. This is supported by rock 
magnetic analyses, consistent with a seafloor origin of magnetisation acquisition, soon 
after genesis at a spreading ridge. Magnetic carriers capable o f preserving a remanence 
stable over geological time are identified. Palaeomagnetic analyses of the sedimentary 
cover sequences of the Hatay and Baer-Bassit ophiolites have been performed to provide 
timing constraints on the rotations in the underlying ophiolites. These illustrate that a large 
component of the rotations occurred pre-emplacement of the Halay/Baer-Bassit sheet. 
Structural analyses performed on all levels of the Hatay ophiolite and its sedimentary cover 
add insight into the phases of deformation that have affected the ophiolite and enable 
rotations to be constrained in relation to the structural development of the ophiolite. The 
structural events recognised can be linked to the regional tectonic evolution of the ophiolite 
and used to critically evaluate previous tectonic interpretations of the Hatay ophiolite. 

Comparison between the large coherent anticlockwise rotations observed in the Troodos, 
Hatay and Baer-Bassit ophiolites imply that a significant component is likely to be linked 
to a common cause, inferred to be of intraoceanic origin as part o f a coherent microplale. 
Thus, existing models for the rotation of the Troodos microplate have been revised to 
incorporate a larger area and also account for the rotations of the Hatay and Baer-Bassit 
ophiolites. Restoration of sheeted dykes to their original orientations implies that a 
primary variation in dyke strike existed within the southern Neotethyan ocean. In 
combination with the implications of the palaeomagnetic results for microplate rotation, 
these characteristics suggest formation of the ophiolites within a complex Neotethyan 
spreading system, analogous in many respects to fast-spreading marginal basin systems of 
the modem oceans. 
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CHAPTER ONE 

1. INTRODUCTION 

1.1 Introduction 

Following the early identification of the Troodos ophiolite of Cyprus as a fragment of 

oceanic crust and upper mantle exposed above sea level (Gass 1968; Moores zmd Vine 

1971), geological, geochemical and geophysical investigations of ophiolites have provided 

key insights into plate tectonic processes operating at constructive plate margins. 

Although it is now recognised that the majority of ophiolites (including Troodos) were 

generated by spreading above subduction zones (Pearce 2003), there is a general consensus 

that the processes of cruslal accretion in this setting are in most respects similar to those 

operating at true mid-ocean ridges. Hence, detailed studies of structures and lithological 

relationships exposed in three dimensions within well-preserved ophiolites can provide 

insights into the nature of spreading systems in modem oceans, or conversely can act as a 

test ground for concepts arising from investigations in the modem oceans. Relatively 

undeformed and unaltered ophiolites like Troodos allow investigation of the rock magnetic 

properties of oceanic crustal lithologies, and hence insights into the sources of the 

magnetic anomalies that lie at the heart of plate tectonic theory. The information provided 

by ancient magnetic remanences preserved in such terranes allow quantification of the role 

of tectonic rotations in the development of seafloor structural architectures and post-

spreading tectonic disruption of oceanic crust (e.g. Moores and Vine 1971; MacLeod et al. 

1990; Allerton and Vine 1991; Morris et al. 1990, 1998). 

In addition to their utility as natural laboratories for the study of crustal accretion 

processes, the interpretation of ophiolites as oceanic lithospheric fragments provides 

invaluable constraints on the palaeogeography and tectonic development of orogenic belts. 

For example, the eastern Mediterranean and Middle Eastem orogenic belt is marked by 
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several discontinuous lines of ophiolites that are believed to have been generated in 

several, relatively narrow (Neolethyan) strands of the Tethys ocean (e.g. Robertson 2004). 

Of these ophiolites, two have been foci of international research campaigns for the last 30 

years: the Semail ophiolite of Oman (interpreted to have formed at a fast-spreading axis) 

and the Troodos ophiolite (interpreted to have formed at a slow-spreading axis). These lie 

at the eastern and westem ends of the 'peri-Arabian ophiolite crescent' of Ricou (1971) 

(Figure l . l ) . Other ophiolites of this lineament have received relatively little attention but 

are critical to understanding the regional tectonic evolution. 

This thesis, therefore, describes a new palaeomagnetic and structural investigation of the 

Hatay ophiolite of SE Turkey that lies to the immediate east of Troodos, It occupies a key 

position in the regional context since, in contrast to the well-known Troodos ophiolite, the 

Hatay terrane was tectonically emplaced onto the Arabian margin in the Late Cretaceous 

during regional convergence. Although the consensus is that both ophiolites formed along 

strike in the same Neotethyan basin, the relationship between the two (and the more highly 

deformed Baer-Bassit ophiolite of NW Syria located immediately south of Hatay) in terms 

of rotational deformation remains unclear. Hence, this investigation represents an ideal 

opportunity to contribute to understanding of the regional development of the eastern 

Mediterranean Neotethyan orogenic belt, and to potentially relate processes involved in 

this development to those inferred in modem orogenic belts. 

There remain many unknowns and debates surrounding the processes of both ophiolite 

evolution and elements of the evolution of the eastern Mediterranean. This thesis enables 

several of these key research questions to be addressed (section 1.6). 
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Figure 1,1: The eastern Mediterranean 'peri-Arabian ophiolite crescent' of Ricou (1971) 
extending eastwards from the Troodos ophiolite of Cyprus to the Semail ophiolite of Oman. 

1.2 The Hatav onhiolitc 

The Halay ophiolite of SE Turkey (Figure 1.2A) covers 950 square kilometres and is 

alternatively known as the Kizildag ophiolite, named after the highest mountain within the 

ophiolite massif, Kizildag (1750m). The major part of the ophiolite outcrops between the 

cities of Iskenderun in the NW and Antakya (formerly Antioch) in the SE (Figure I.2B), 

and forms part of the NNE-SSW trending Amanos mountains. The Gulf of Iskenderun and 

plains of Arsuz and Iskenderun to the NW and the Karasu Valley, the Amik plain and the 

valley of the river Asi (Oronte) to the SE form the boundaries to the mountain range 

(Pi?kin et al. 1986). The Belen pass cuts this range in two with the relief more pronounced 

to the south. In the wider context, the Hatay ophiolite comprises part of a prominent chain 

of ophiolites in the eastem Mediterranean believed to have been generated by 

suprasubduction zone spreading in the southernmost basin of the Mesozoic Neotethys. 

The Halay and Baer-Bassit ophiolites are believed to comprise part of the same ophiolitic 

sheet, with Baer-Bassit comprising the more dismembered leading edge of the sheet and 

Hatay displaying greater coherency. This ophiolitic sheet was emplaced onto the Arabian 

margin in the Maastrichtian. 
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The Hatay region is located at the NW edge of the Arabian plate within the Arabia-Eurasia 

collision zone but has been dominated for large parts of its evolution by 

extensional/translensional structures (Kempler and Garflinkel 1994; Robertson 2000). The 

region lies in an area of active neolectonics in the intersection domain between the 

northern termination of the Dead Sea Fault, the western end of the East Anatolian Fault 

and the Cyprus arc (Perin^ek and (̂ êmen 1990; Robertson 1998; Figure 1.3) and is affected 

both by the complex interaction between the African, Eurasian and Arabian plates and 

potentially by rollback of the Aegean and Cyprus arcs producing extensional stresses in the 

overlying plate. The exact nature and location of the intersection between major structural 

features in this region is debated, with some authors suggesting a location in the Amanos 

mountains in the Hatay region and some suggesting a more northerly location. 
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Figure 1.3: The present plate tectonic setting of the eastern Mediterranean region and the 
location of the Hatay ophiolite in relation to the major fault zones in Turkey. Grey arrows illustrate 
the direction of movement of tectonic plates (as determined from G P S measurements); thinner 
black arrows indicate the direction of movement on the major faults, and thicker black arrows show 
the direction of opening of spreading ridges. NAF = North Anatolian Fault; E A F = East Anatolian 
Fault; D S F = Dead Sea Fault. 



1.3 Oceanic tectonics 

1.3.1 Ophiolites and comparison with oceanic crust 

Ophiolitic terranes are recognised as fragments of oceanic crust which have been 

tectonically emplaced onto land during orogenic activity. The Troodos ophiolite of Cyprus 

was the first ophiolite where the link with oceanic crust was recognised (Gass 1968), v^th 

research by Moores and Vine (1971) establishing the relationship. As the majority of 

oceanic crust is subducted, ophiolites provide an invaluable opportunity to investigate 

processes operating on the ocean floor and to study the structural architecture of oceanic 

crust in three dimensions. However, the fact that ophiolites are only emplaced onto land in 

unusual circumstances indicates that they are not 'typical' of oceanic crust. One of the 

ophiolites generated at a true mid-oceanic ridge is the Macquarie Island ophiolite, 1100 km 

SW of New Zealand, which is on a rise linking New Zealand with the actively spreading 

Indian-Antarctic ridge, and as such represents an anomalously raised segment of oceanic 

crust. The majority of ophiolites are now recognised as having formed by spreading above 

subduction zones (i.e. in suprasubduction zone settings). The most widely studied of such 

ophiolites are the slow-spreading rate Troodos ophiolite and the fast-spreading rate Semail 

ophiolite. Both have been influential in the development of concepts o f seafloor spreading, 

providing the impetus for renewed investigations of spreading structures in the modem 

oceans. 

1.3.2 Geophysical investigations of seafloor fabrics and their interpretation 

Geophysical studies of the oceanic crust include ocean drilling, seismological and gravity 

studies and collection of samples and investigation of the seafloor by submersibles. 

Results from these have provided information on oceanic structure and tectonics with a 



significant increase in the knowledge of the oceanic crust and processes operating within it 

in the last few decades. 

Seismological studies provide information on the layering, structure and porosity of the 

crust and the extent and existence of subaxial magma bodies. The oceanic crust has been 

divided by seismologists into three layers: a surface layer of oceanic sediments on average 

0.4 km thick, and two lower layers, both comprised of igneous units. The middle layer is 

on average 2.1 km thick and is mostly basaltic and the lower level is on average 4.9 km 

thick and is mostly gabbroic (Hall 1996). Gravity studies allow examination of lateral 

crustal thickness variations and density variations within the mantle, and association of 

these with underlying accretionary processes. Submersibles such as Alvin allow 

observations (both visual and instrumental) and samples to be collected from the ocean 

floor. 

Drilling of oceanic crust has provided many insights into its structure, with the 

establishment of the Deep Sea Drilling Program (DSDP), succeeded by the Ocean Drilling 

Program (ODP) and now the Integrated Ocean Drilling Program (lODP) providing much 

of the data. Figure 1.4A shows the depth of DSDP/ODP/IODP holes drilled into in-situ 

basement and Figure 1.4B shows those holes that sample deeper crustal levels. The 

deepest hole drilled into oceanic basement is Hole 504B from the eastem Pacific, 200 km 

south of the Costa Rica Rift, in which 0.3 km of sediments are followed by 0.8 km of lavas 

and 1.1 km of dykes (Alt 1996; Figure 1.3A), consistent with thicknesses of the same 

layers observed in ophiolites. The dykes vary from steeply inclined (50° to 60° dip) to 

vertical and generally display only one chilled margin (Hall 1996). Other holes have 

penetrated deeper into the basement into gabbros or serpentinites where they are exposed 

in tectonic windows (e.g. Hess Deep), in oceanic core complexes by major crustal 

detachment faulting. 
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For example, gabbroic oceanic crust comprising part of a layered sequence and 

serpentinised peridotites was drilled during ODP Leg 153 at the Mid-Atlantic ridge near 

the Kane fracture zone (Karson et al. 1997). The upper plutonic sequence in Hess Deep 

closely resembles that of the Semail ophiolite of Oman (Macleod et al. 1996; Dilek 1998). 

Geophysical studies have identified variations in the spreading rate o f different spreading 

systems within modem oceans, with rates of over 100 mm/yr at fast-spreading ridges to 

less than 50 mm/yr at slow-spreading ridges. Rates below 25 mm/yr are found for super-

slow-spreading ridges (Dick et al. 2003). The Hatay ophiolite has been suggested to have 

formed at a slow-spreading ridge (section 2.8) and so the findings of geophysical 

investigations on slow-spreading ridges are relevant to this project. The details of 

spreading in marginal basins and overlapping spreading systems along fast-spreading 

ridges are also important due to their significance for later discussions on microplate 

rotation mechanisms as fast-spreading systems are the only places in the modem ocean 

where oceanic microplates are known to be forming and rotating. 

Morphological features vary dependent on spreading rate. Ridges spreading at 

intermediate rates display transitional features between slow and fast spreading systems. 

Slow-spreading systems are characterised by spatial and temporal variations in magma 

supply which leads to periods of amagmatic extension. The Mid-Atlantic Ridge (MAR) is 

an example of a slow-spreading system in the modem-day oceans and the Hatay ophiolite 

has been suggested as an analogue to segments of the MAR. Slow-spreading ridges lead to 

the development of more deformed oceanic lithosphere due to lack of continuous magma 

supply resulting in episodes of extension by brittle faulting and cruslal denudation. Some 

normal faults, referred to as detachment faults, appear to rupture to depths of 8 to 10 km 

across the entire thickness of the crust (e.g. Mutter and Karson 1992). Detachment faults 

allow extension to occur during these amagmatic periods and have been recognised in 



ophiolites e.g. the Troodos ophiolite of Cyprus and the Josephine ophiolite of California, 

and have also been suggested as an explanation for structures within the Hatay ophiolite 

(Dilek and Thy 1998). Indeed, Dilek and Thy (1998) interpret various features of the 

Hatay ophiolite, not just a potential detachment surface, in terms of structures associated 

with slow-spreading ridges, for instance suggesting that evidence exists for block faulting. 

Fast-spreading systems are characterised by near-continuous supply o f magma and as such 

generally produce relatively undeformed sequences and lack significant block faulting. 

The East Pacific Rise (EPR) is an example of a fast-spreading ridge in the modem-day 

oceans. Fast-spreading systems frequently occur in backarc basins where the active 

subduction is located near enough to the ridge to be exerting a potential 'pull ' force on the 

oceanic crust. Fast-spreading ridges can display complex spreading features due to the 

effect of rapidly propagating ridges resulting in overlaps between ridges. Complexities in 

these spreading systems may result in areas of oceanic crust rotating as small microplates, 

such as the Easter microplate of the Pacific. These complexities are discussed further in 

Chapter Nine. To date, the majority of seismic investigations and other studies have 

concentrated on faster spreading ridges where seafloor conditions are more favourable for 

seismic imaging. 

Al l of the above methods of investigation provide a restricted view of the oceanic crust and 

processes operating within it. Remote geophysical surveying techniques can lack 

resolution and there may be difficulties in interpreting observations in the appropriate 

geological context. Recovery of drill cores and isolated samples by submersibles only 

sample very limited sections of the oceanic crust and the lack of three dimensional 

geological observations limits interpretation. Drill cores recovered from the ocean 

basement are restricted by limitations of modem drilling equipment and processes. 

Although this technology is continuously improving, the maximum depth currently 
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penetrated into in-situ oceanic basement is less than two kilometres and does not reach 

beyond the sheeted dyke complex into the deeper levels of undeformed oceanic crust. 

Palaeomagnetic studies often suffer from difficulties in constraining the orientation of 

recovered cores, aUhough this can be aided by correlation with formation microresistivily 

(FMS) images. Therefore, although studies on crustal structure and development in the 

modem-day oceans have provided extremely valuable insights, these difficulties in 

analysis result in significant limitations in the information obtained. Ophiolites are the 

only place where oceanic crust can be observed on land and thus have a far higher 

accessibility in comparison with the ocean floor itself, providing an ideal opportunity to 

study crustal processes in three dimensions. 

1.4 Structural development of ophiolitcs 

Ophiolites allow seafloor structures to be observed in three dimensions, although this is 

complicated in the majority of ophiolites due to the overprinting of these primary 

spreading relationships during subsequent structural development. Ophiolites have a 

complex structural history resulting from seafloor tectonics, emplacement and post-

emplacement phases of deformation. The Troodos ophiolite is an exception as it has not 

been thrust emplaced and so primary seafloor spreading relationships may still be 

observed. In order to determine the nature of each process, and so gain valuable insight 

into the many stages in the evolution of an ophiolite, it is necessary to separate out the 

structures resulting from each successive phase. 

Post-emplacement deformation is assessed by the observation and analysis of structures in 

post-emplacement sedimentary cover sequences. Emplacement-related deformation can be 

studied by observation of the kinematic compatibility of structures with the emplacement 

direction inferred from regional considerations, and by studying the signature of 
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emplacement on the basal thrust planes of the ophiolite. This back-stripping has not 

previously been done in Hatay, despite some workers interpreting structures in the context 

of spreading fabrics (e.g. Dilek and Thy 1998). 

1.5 Regional tectonics of eastern Mediterranean Neotethyan orogenic belt 

The eastem Mediterranean (and Middle East) is a critical region for understanding the 

processes of progressive orogenesis and ophiolites play a key role in improving 

understanding of the regional evolution. The common occurrence o f ophiolites and their 

organised distribution throughout the region suggests a complex palaeogeographic 

evolution. The origin of some of these ophiolites remains contentious (Pearce 2003), with, 

for instance, some authors proposing formation of the Semail ophiolite in a mid-ocean 

ridge setting (e.g. Boudier et al. 1985; Nicolas et al. 2000) and others suggesting formation 

in a suprasubduction zone setting (e.g. Pearce et al. 1981; Searle and Cox 1999). The 

establishment of likely tectonic settings for genesis and emplacement of the eastem 

Mediterranean ophiolites places constraints on the development and destruction of 

Neotethyan ocean basins through time. Fundamental to this tectonic evolution is the 

palaeorotation of the Troodos ophiolite- a major event within the southernmost Neotethyan 

ocean. It is essential to understand the relationship between the Troodos ophiolite and the 

more easteriy emplaced ophiolites in the chain i f this rotation is to be understood in the 

regional context. 
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1.6 Significance of new palacomagnctic and structural work in the Hatay onhiolite 

Key research questions remain regarding both the evolution and structural development of 
ophiolites as well as elements of the evolution of the eastern Mediterranean. The precise 
tectonic setting of genesis and mode of emplacement of many ophiolites, including those 
of the eastern Mediterranean are debated. The palaeorotation of the Troodos microplate 
was a significant event in the evolution of the easlem Mediterranean but the precise nature 
and causes of the rotation are not known. Diverse opinions exist on the structural 
framework and on the origin of structures within the Hatay ophiolite, as well as their 
relationship to events in the regional tectonic history. This thesis wil l add significantly to 
current knowledge in these areas. 

The Troodos, Baer-Bassit and Hatay ophiolites are intimately linked with the general 

acceptance that all three formed within the same small Neotethyan oceanic basin above a 

subduction zone. The Troodos ophiolite experienced a large anticlockwise rotation, the 

timing of which is well-constrained from palaeomagnetic analysis of the in-situ 

sedimentary cover. The Baer-Bassit ophiolite also experienced large anticlockwise 

rotations (Morris et al. 2002), the origin of which cannot be determined precisely without 

fiirther knowledge of the timing of the rotations. These constraints can be provided by 

comparison with palaeomagnetic results from the Hatay ophiolite and identification of 

rotations recorded by the post-emplacement sedimentary sequences. No previous 

palaeomagnetic research had been done on either the Hatay ophiolite or the sedimentary 

cover of the Halay/Baer-Bassit sheet prior to this thesis, so the results of this investigation 

add insight into the rotational and tectonic history of these key eastern Mediterranean 

ophiolites. 
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No previous research has attempted to separate out the phases of the structural 

development of the Hatay ophiolite in relation to its seafloor, emplacement and post-

emplacement history. This wil l add to knowledge on the processes operating on ophiolites, 

from the time of their formation, emplacement and post-emplacement, through recognition 

of the signature of these processes from structural analyses. The analysis of structural data 

in conjunction with new palaeomagnetic data will enable a more complete tectonic 

synthesis of the ophiolite to be constructed and wil l also have important implications for 

the evolution of the eastern Mediterranean. The combination of analyses obtained by this 

thesis enables robust interpretations to be made of the significance of the results. 

1.7 Aims and objectives 

The overall aim of this thesis is to use a combination of palaeomagnetic and structural 

analyses of the Hatay ophiolite to provide insights into the tectonic history of the ophiolite 

and the evolution of the eastern Mediterranean. This will be achieved by meeting the 

following objectives: 

(1) To use palaeomagnetic analyses on the main body of the Hatay ophiolite massif to 

establish the age of magnetic remanences in relation to the deformation of the ophiolite and 

the nature and magnitude of rotations to have affected the ophiolite. 

(2) To constrain the timing of these rotations through additional palaeomagnetic analyses 

of the sedimentary cover sequences of both the Hatay and the related Baer-Bassit 

ophiolites. 

(3) To establish the carriers of magnetisation in the ophiolitic units through rock magnetic 

experiments and their relationship to the seafloor history of the ophiolite. 

(4) To compare structures observed in the ophiolite and autochthonous sedimentary cover 

in order to distinguish phases of pre- and post-emplacement structural development. 
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(5) To integrate the rock magnetic, palaeomagnetic and structural results to constrain the 

tectonic history of the Hatay ophiolite. 

(6) To interpret the new results in the context of the tectonic history of the eastem 

Mediterranean region, assessing the applicability of existing models, and i f necessary 

producing a revised model. 

1.8 Layout of thesis 

The thesis is divided into ten chapters, with this introduction providing an overview of the 

research carried out and the reasons to do this research and its implications. Chapters Two 

to Four provide essential background on the evolution of the eastem Mediterranean, the 

geology of the Neotethyan ophiolites, palaeomagnetic methodologies and a review of 

palaeomagnetic research carried out in the eastem Mediterranean of relevance to this 

thesis. The new palaeomagnetic and rock magnetic results are discussed in Chapters Five 

to Seven. Chapter Eight presents a new structural synthesis of the development of the 

Hatay ophiolite and links this to the rotations identified from the palaeomagnetic results. 

Chapter Nine discusses the implications of the results and Chapter Ten presents the major 

conclusions of this thesis and suggestions for future work. 
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CHAPTER TWO 

2. T E C T O N I C AND R E G I O N A L G E O L O G I C A L F R A M E W O R K 

2.1 Introduction to chapter 

This chapter reviews the geological history of the eastem Mediterranean, with particular 

emphasis on the history of the numerous ophiolites preserved in this region. The geology 

of the Hatay ophiolite and its regional tectonic setting are reviewed, as well as a brief 

overview of the geology of the Troodos and Baer-Bassit ophiolites since their tectonic 

evolution is intimately linked to that of the Hatay ophiolite. The regional structural history 

is significant for interpretations of the structural data and the timing of the rotations 

identified by the palaeomagnetic analysis. These reviews identify areas where current 

views contrast or where the existing literature is lacking in relation to the aims of the 

thesis. 

2.2 Present-day niatc tectonic framework and regional structural history 

The Neogene-Recent tectonic evolution of the Mediterranean is the conclusion of a long 

geological history dominated by the opening of the Neotethys ocean in early Mesozoic 

time and its subsequent progressive closure (Robertson and Comas 1998). The major 

present-day tectonic features of the eastern Mediterranean and the Turkey area are 

discussed initially prior to a focussed review of the tectonic framework of the Hatay 

region. Figure 2.1 shows the structures mentioned within the text, including a detailed 

diagram of the structural framework of southeastern Turkey, centred on the Halay region. 
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Figure 2.1 Major structural features of the Turtdsh area Major faults are displayed in red and 
plate motions are shown by black arrows in both diagrams. 
A The main faults in Turkey (adapted from various authors). 
B A more detailed view of southeastern Turkey (adapted from Gursoy et al 2(X)3). Abbreviations: 
NAF= North Anatolian fault. EAF= East Anatolian fault. DSF= Dead Sea fault. BS2= Bitlis suture 
zone. KOF= Karatas-Osmaniye fault. EF= Ecemis fault. MO= Maras overthrust. C G F = Cicek-
Goksun fault zone. EHF= East Hatay fault. KF2= Karasu fault zone 
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2.2.1 Present plate tectonic framework 

The deformation in the eastern Mediterranean area is primarily influenced by the 

interaction between the major African and Eurasian plates, but also by smaller lithospheric 

plates such as the Anatolian plate, and the Adriatic and Arabian promontories (Tapponier 

1977). The major features of the present-day tectonics comprise the northwards 

convergence of the African plate, the differential movement between Africa and Arabia 

facilitated by the Dead Sea fault (DSF), and the westwards extrusion of Anatolia between 

the dextral North Anatolian fault (NAF) and sinistral East Anatolian fault (EAF) away 

from the compressional deformation to the east (Figure 2.1 A) . Although the deformation 

as a whole is related to large-scale compressional movements, due to the complexity of the 

plate-tectonic situation and the influence of rollback processes operating in the trench, the 

Aegean region and much of Turkey is dominated by strike-slip and extensional motions 

(Jackson 1994). Thus, the westward motion of Turkey, the pull from the subducting slabs 

in the Hellenic and Cyprus trenches, resistance to shortening in the northwest and the 

strength of the pre-existing anisotropy of the crust all contribute to the dynamics of the 

region (Jackson 1994). 

The Eurasian and African plates have been converging since the Mesozoic, since around 

90 Ma (§eng6r et al. 1985; Robertson et al. 1991) with initial collision occurring at 16 to 

23 Ma (Allen 2004). The present-day Africa-Eurasia plate boundary is postulated to have 

been in place in the eastern Mediterranean since the Miocene (§engor et al. 1985; 

Robertson et al. 1991). To the east of Turkey, the convergence is taken up by crustal 

thickening with compressional deformation along the Zagros fold and thrust zone, marked 

by the Bitlis suture, which closed in the Eocene (Bozkurt 2001). 
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Northward movement of the African plate is taken up in the eastern Mediterranean by a 

subduction zone along both the Hellenic and Cyprus arcs (McKenzie 1972), with the 

African plate being subducted beneath Anatolia in a N-NE direction (McKenzie 1978). 

Progressive subduction along this zone is thought to have resulted in the destruction of 

several hundred kilometres of Neotethyan oceanic crust (Le Pichon and Angelier 1979). 

Seismicity to the east of Cyprus shows the existence of a Benioff zone dipping roughly 

northwards beneath Anatolia (Rotsein and Kafka 1982). The crust to the south of Cyprus 

may be either oceanic crust with a thick deposition of sediments or attenuated continental 

crust of the African continental margin (Makris et al. 1983). The Cyprean arc is 

considered to be the presently active plate boundary (McKenzie 1970, 1972) and in detail 

is characterised by NE subduction to the west of Cyprus (e.g. Oral et al. 1995), collision-

influenced subduction due to the Eratosthenes seamount to the south of Cyprus (Robertson 

et al. 1995; Robertson 1998) and strike-slip deformation to the east of Cyprus with no 

subduction (e.g. McKenzie 1972). Rollback processes are accepted to be occurring along 

the Aegean arc, producing slab-pull forces in the overriding plate (Robertson et aL 1991) 

resulting in the extensional regime observed in western Turkey (Le Pichon and Angelier 

1979). Slab retreat is also thought to be occurring above the subduction zone along the 

Cyprus arc (Robertson 1990). 

The Anatolian block is undergoing westwards extrusion, away from the Zagros fold and 

thrust zone of crustal thickening. The timing of initiation of this extrusion is coincident 

with the commencement of seafloor spreading in the southern Red Sea and eastern Gulf of 

Aden (Hempton 1987). The present-day rate of westwards tectonic escape in the region of 

the Marmara Sea is around 20 mm/yr (e.g. Reilinger el al. 1997). GPS measurements (e.g. 

McClusky 2000) and some palaeomagnetic studies (e.g. Kissel et al. 2003) indicate that 

Anatolia is rotating anticlockwise. Detailed palaeomagnetic studies (e.g. Gursoy et al. 

2003; section 4.2) show that this rotation is distributed across Anatolia and occurring in 
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small blocks. The extent to which the westwards extrusion of the Anatolian plate is driven 

by the energy difference between the thick crust in eastern Turkey and the Caucasus and 

the low elevations of the Aegean and western Mediterranean (push forces) and the extent 

to which the subduction zone is exerting a southwards force (pull force) is uncertain 

(Jackson 1994). The thickened crust in the continent-continent collision bell between 

Greece and the Apulian platform in the west acts to resist the westwards motion of Turkey 

(Jackson 1994). 

The left-lateral EAF and right-lateral NAF facilitate the westwards extrusion of Anatolia 

(McKenzie 1972) and meet in the region of Karliova in eastern Turkey (§engor et al. 

1985). The NAF is an approximately 1500 km long strike-slip fault that extends from 

eastern Turkey westwards to Greece, predominantly as a single zone of a few hundred 

metres to 40 km wide, running sub-parallel to the Black Sea coast (Bozkurt 2001). The 

character of the NAF is not in doubt as it has ruptured along virtually its entire length in a 

series of large earthquakes over the last hundred years (Jackson 1994). The EAF is a 

roughly NE trending sinistral strike-slip zone around 550 km long that comprises a series 

of faults that lie parallel or sub-parallel to the main trend (§eng6r et al. 1985; Hempton 

1987; Lyberis et al. 1992). It runs from Karliova in eastern Turkey to the Kahramanmara? 

area in southwest Turkey (§engor et al. 1985; McKenzie 1970; Lyberis 1992). The 

magnitude of displacement along both the EAF and NAF is significant, with for example a 

minimum estimate of around 25 km of dextral movement postulated to have taken place on 

the NAF since the Late Miocene by Barka and Hancock (1984), ranging up to estimates of 

around 85 km (Sengor 1979). The EAF and NAF are both generally considered to have 

initiated more recently than the DSF (e.g. less than 6 Ma; Allen et al. 2004) with slip rates 

in the region of 26 ± 3 mm/yr and 11 ± 2 mm/yr respectively (Reilinger 1997), varying on 

the EAF from below 10 mm/yr (Westaway and Arger 1996; Yuriir and Chorowicz 1998) to 

29 mm/yr (Taymaz et al, 1991). However, there is considerable debate over the precise 
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ages of initiation of these faults and their slip rates. Estimates of the age of initiation of the 

NAF vary from Middle Miocene (McKenzie 1970; Sengor 1979) to the latest 

Miocene/early Pliocene (e.g. Arpat and §aroglu 1972; Barka et al. 2000) and estimates for 

the age of initiation of the EAF vary from Late Miocene/Early Pliocene (Arpat and §aroglu 

1972; Sengor 1985; Hempton 1987; Peringek and Qemen 1990; Lyberis et al. 1992) to Late 

Pliocene (§aroglu et al. 1992) to younger (e.g. 1.8 Ma; Yurur and (^horowicz 1998). 

GPS rates are invaluable for giving an 'instant image' of the contemporary tectonics of the 

eastern Mediterranean. These indicate that the Arabian plate is currently moving 

northwards faster than the African plate, with rates of 25 and 10 mm/yr respectively (Oral 

et al. 1995; Barka and Reilinger 1997). GPS rates can conflict with the longer term image 

of distributed crustal deformation derived from palaeomagnetism and other Neotectonic 

parameters; for instance geologically determined rates of movement on the DSF are lower 

(e.g. Westaway 1994) than GPS derived rates (e.g. 18 ± 2 mm/yr; Garfunkel 1981). The 

DSF system takes up the differential motion between the African and Arabian plates, and 

consists of several overlapping en echelon left-lateral strike-slip fault segments that run 

roughly N-S connecting the active oceanic spreading centres in the Red Sea to the 

collisional zones in southeast Anatolia and the Zagros (Garfunkel 1981), The total length 

of the zone is around 1000 km with around 105 km of total displacement (Allen 2004), 

decreasing in the north to around 20 km (Freund 1970; Garfunkel 1981) and with a 

present-day slip of between 2-8 mm/yr (Allen el al. 2004). Several authors suggest that the 

DSF fault zone has been active since the Middle Miocene, possibly coincident with the 

breakaway of Arabia from Africa at around 18 Ma (Hempton 1987; Garfunkel and Ben-

Avraham 1996). An older age is suggested by Tinkler et al. (1981) who attribute pre-

Cenomanian age faults from a locality in Syria to the DSF, but this age is not supported by 

most authors and would suggest that by the time of emplacement of the Hatay ophiolite, 

faulting had already occurred along al least some segments of the DSF. It has also been 
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suggested that displacement along the zone occurred in two stages, with a 60-65 km offset 

occurring in the Miocene and 40-45 km in the last 4.5 Ma (Freund et al. 1968). The DSF 

zone is accompanied in places by regional uplift (up to 1 km) and widespread igneous 

activity from the Gulf of Aquaba in the south to the Amik Basin in the north (e.g. Qapan et 

al. 1987; Parlak et al. 1998), and remains active today as evidenced by the displacement of 

Upper Quaternary sediments (Zack and Freund 1981) and seismic activity (Mart and 

Rabiowiiz 1986). 

2.2.2 Nature and location of fault intersections in $E Turkey 

The precise location where the subduction zone to the east of Cyprus, the EAF and the 

DSF meet each other in SE Turkey is much debated and little consensus has been reached. 

The fault network in the intersection region is complex (Figure 2.IB), with the Hatay 

region interpreted by various authors to form the intersection domain between some or ail 

of these major structural lineaments. 

The EAF is commonly believed to meet the DSF in a triple junction between the 

African/Arabian, Eurasian and Anatolian plates in the region of Kahramanmara? (e.g. 

McKenzie 1972; Arpat and §aroglu 1972; ?engor et al. 1985; Lyberis et al. 1992; 

Westaway 1994). Another suggestion is that the EAF and DSF zones are not connected 

and that the EAF continues in a southwest direction through Osmaniye, Yumurtalik and the 

Gulf of Iskenderen to Cyprus (e.g. Hempton 1987; Taymaz et al. 1991; Westaway 1994; 

Yurlmen 2000). Other authors claim that although faulting runs through these places that 

it is not part of the EAF zone, merely the boundary between the African and Eurasian 

plates, which meet the EAF further east at the triple junction (see review by Bozkurl 2001). 

The faults to the SW of Kahramanmara? are represented by left-lateral strike-slip faults and 

constitute the Karata?-Osmaniye and Yumurtalik fault zones that bound the northwest 
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margin of the Gulf of Iskenderun (Bozkurt 2001). Triple junctions are inherently instable 

(McKenzie and Morgan 1969) and evolve and change location over time. This may 

explain a large degree of the diverse opinions on the precise location triple junctions. For 

instance, Perin^ek and ([̂ emen (1990) note triple junction points in Antakya, 

Kahramanmara? and near Hazar Lake, further to the NE, with the Antakya triple Junction 

defined by the DSF and the Amanos fault (as part of the EAF). Saroglu et al. (1992) define 

a triple junction in the region of Antakya between the DSF, the EAF and a third smaller 

local NNW-SSE trending non-plale-bounding Reyhanli fault and Yiirtir and Chorowicz 

(1998) suggest the triple junction jumped from the Kahramanmara§ region to the vicinity 

of Antakya around 2 Ma. Over et al. (2004b) suggest the Amik basin as the most obvious 

tectonic feature for the location of a triple junction in the Antakya region. 

The Hatay region contains a graben that runs from the Mediterranean coast NE to Antakya, 

then northwards through the Amik plain, potentially linking the DSF to the EAF and as 

such provides a key area in which to collect data to aid the determination of fault 

intersection locations. The terminology of this graben is variously defined in the literature 

as the Haiay graben (Peringek and Qemen 1990), the Amanos fault zone (Lyberis et al. 

1992) or the Karasu rift (Westaway 1994; Rojay et al. 2001; Over et al. 2004c). The 

graben developed subsequently to the emplacement of the Hatay and Baer-Bassit 

ophiolties onto the Arabian platform (Delaloye 1980; Tinkler et al. 1981; Parlak el al. 

1998). There are different interpretations for the link between this graben and the major 

EAF and DSF zones. For example, the graben is sometimes considered to be the 

northward continuation of the DSF zone (Tinkler et al. 1981; Parlak et al. 1998), the 

southward continuation of the EAF zone (§engor et al. 1985; Lyberis et al. 1992), or that 

the graben is separate from both the EAF and the DSF (Yiirur and (j^horowicz 1998). 

Within this thesis, the Hatay graben will be used to refer to the section between the 

Mediterranean coast to the SW and Antakya. The displacement in this SW section is 
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believed to comprise several hundred metres of vertical displacement (Tinkler et al. 1981; 

Lyberis etal. 1992). 

The northern end of the DSF appears to splay into separate faults (e.g. Nur and Ben-

Avraham 1978; Walley 1988), with the Amanos (Perin9ek and gemen 1990) or Karasu 

fault (Chorowicz et al. 1994) to the west and the East Hatay fault and the Afrin fault to the 

east suggested to be the continuation of the DSF (Tatar 2004). The Amanos fault is around 

145 km long and runs NNE-SSW from the Kahramanmara? region to Antakya with a 

present-day slip rate 10-20% of that on the EAF (Over et al. 2004b). The combined slip 

rate on the Amanos-Afrin-East Hatay fault array is estimated to be a minimum of 4.6 

mm/yr (Tatar et al. 2004) and on the Karasu fault zone itself varies from lower estimates 

(1.3 mm/yr; Yurtmen et al. 2002) to considerably larger slip rates (4.1 mm/yr; Rojay et al. 

2001). The cumulative slip across the Amanos and East Hatay fault is around 70-80 km 

from offset of the Hatay ophiolite (Freund et al. 1970; Dewey et al. 1986; Lyberis et al. 

1992). The Amanos fault zone is believed to have comprised the main strand of the 

African-Arabian plate boundary from mid-Miocene to late Pliocene times (Westaway and 

Arger 1996; Yurtmen et al. 2002). The Amanos fault bounds the western edge of the 30 

km wide Amik basin which contains Plio-Quatemary sediments (Lyberis et al. 1992). 

Quaternary age basalts have been erupted along the central parts of the Karasu valley 

(Capan et al. 1987; Yuriir and Chorowicz 1998; Rojay et al. 2001). Clockwise rotations (< 

10°) are observed in the Karasu valley, facilitated by NW-SE cross-faults between the 

NNE-SSW trending major faults as the Arabian plate has moved N W (Tatar et al. 2004). 

Many of the studies focussed within the Karasu valley have concentrated on dating young 

basaltic lava flows by K-Ar methods to determine slip on the Amanos fault and establish 

its importance in the EAF-DSF system (Parlak et al. 1998; Rojay et al. 2001; Yurtmen et 

al. 2002). Palaeomagnetic studies can provide additional timing constraints as well as add 
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insight into block rotations resulting from the strike-slip deformation (e.g. Tartar et al. 

2004; section 4.2). 

Over el al. (2004b) interpret the eastwards extension of the Cyprus arc as linking to 

Antakya and describe it as the Cyprus-Antakya transform (CAT). The ICizildag mountain 

is interpreted to comprise the northern block of the CAT and indicates an active tectonic 

regime due to the top of the mountain being 1750 m and located only 30 km from the sea 

(Over et al. 2004). From SPOT image analysis a general pattern o f NE-SW trending 

lineaments is observed, dying out in the Amik basin to the east and interpreted to continue 

southwestwards, linking with the Cyprus arc in the west (Over et al. 2004b). Lineament 

analysis of three areas- located (from north to south) south of Iskenderun, around the 

central part of the Hatay ophiolite, and to the SE of Antakya- show in all cases numerous 

NE-SW oriented lineaments, with an ENE-WSW trend also picked out in the central area 

and interpreted to relate to the CAT. The triple junction located in the Amik basin by Over 

et al. (2004b) is interpreted to result in NE-SW transtension within the surrounding region 

in the Quaternary. An alternative view of the location of the plate boundary between 

Africa and Eurasia is that the Gulf of Iskenderun is a flexural basin developed on African 

crust ahead of the Anatolian thrust front, linking the Kyrenia range on Cyprus, and the 

Misis and Amanos ranges, and representing the African-Eurasian plate boundary (Lyberis 

etal. 1992). 

Further south strike-slip faults trending ENE-WSW and dominantly sinistral are observed 

in the Baer-Bassit region of Syria and have been interpreted to represent part of the 

present-day plate boundary zone between the African plate and Turkish microplate, 

running eastwards from Cyprus as a zone of distributed deformation (Kempler and 

Garfunkel 1994; Ben-Avraham et al. 1995) and continuing onshore, linking with the DSF 

to the east (Robertson 1998; Al-Riyami et al. 2000). 
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2.2.3 Fault kinematics and stress evolution in the Hatay region 

Most palaeostress studies carried out in the Turkish area have concentrated on western 

Anatolia or the NAF (e.g. Angelier et al. 1987; Hancock and Barka 1987; Zanchi and 

Angelier 1993; Bellier et al. 1997) but a few studies have focussed on southeastern 

Anatolia, including some studies to the south of Hatay on the DSF (e.g. Hatzor and Reches 

1990; Zanchi et al. 2002; Diabat et al. 2004) and ftirther to the north (Over et al. 2004a, 

2004c-d). Palaeostress analysis focussed on the Hatay region (e.g. Over et al. 2002) is 

limited and restricted to fault kinematic analysis of faults within localised areas; Table 2.1 

summarises the results from analyses of relevance for the Hatay region. As a general rule, 

a change from an earlier compressive/transpressive regime to a younger 

extensional/translensional regime that continues to the present-day is recognised. The 

liming of this switch is poorly constrained, although most studies suggest it is recent 

(within the Neogene or Quaternary). Many studies highlight rapid changes from one 

regime to another spatially, either away from the vicinity of the major faults or due to 

along-strike variations (e.g. Kempler and Garfunkel 1994; Over et al. 2004a). For 

instance, a difference in palaeostress orientation is apparent between the Amanos and 

Misis ranges (Over et al. 2004a). The younger NE-SW extensional/transtensional regime 

widely recognised produces a sinistral component of movement on major faults, with 

variations in the slab-pull force caused by rollback along the Cyprus arc suggested as a 

major influence on the change from transpression to transtension (Over et ai. 2004a). An 

additional extensional event is recognised in the Hatay regime by Over et al. (2002), 

suggested to be later than the regionally significant transtensional regime and only of local 

significance, although GPS results may support the existence of this direction (Barka and 

Reilinger 1997). 
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Reference Area covered/Age Older regime Younger regime (s) 

Over et al. 2004a 
(Synthesis of 
Over etal. 2002; 
Over et al. 2004 
b-d.) 

N E comer of Mediterranean, 
(area extends S of Antakya, to 
Wof Adana),N to 
Kahramanmara§ / 
Late Cenozoic 

Transpression; 
Stress ratio 0.25° 

Transtension; 
Stress ratio 0.81 

Over et al. 2002 Hatay/ 
Quaternary 

Strike-slip regime; 
Stress ratio 0.7; 
NE-trending o3 axis 

(i) NE-SW Extension; 
Stress ratio 0.37 ; 
NE-trending a3 axis 
(ii) E-W Extension; E S E -
trending o3 axis 

Over et al. 2004c Karasu valley/ 
Mio-Pliocene 

Transpression; 
NW-trending ol axis 

Transtension; 
NW-trending a3 axis 

Over et al. 2004d Misis range NNW- trending a l axis NNW- trending o3 axis 
YUrUr and 
Chorowicz 1998 

Karasu graben Transpression; 
Analysis of striations 
indicates NW-SE 
compression 

Karasu Rift volcanism 
resulted from switch to 
transtension; NW-SE 
trending coastline is 
normal fault 

Westaway 1994 Karasu graben N-S compression E-W extension 
Karig and Kozlu 
1990; Chorowicz 
etal. 1994 

Misis and Amanos ranges Transpression; Reverse 
faults and folds 

Qoskun and 
Coskun 2000 

EAF to DSF Transpression; Positive 
flower structures on 
seismic profiles 

Reference Area covered/Age Older regime Younger regime (s) 
Capaneta l . 1987 South of Iskenderun Transpression indicated 

from reverse faulting in 
Miocene formations 

Lyberis et al. 
1992 

Amik Basin (north of 
Antakya) 

Strike-slip'^ NE-SW Extensional 
regime (including NW-
SW trending coastline)'* 

Rojay et al.2001 Western border of Karasu rift NNE-SSW/NE-SW 
normal faults; parallel to 
rift margins; Normal 
component increases N to 
S. 

Rojay etal. 2001 Hatay graben (Aniakya to 
Cevlik) 

Strike-slip faults; 
dextral striking 10-
20°N^ 

Normal faults striking 30-
60" NE rake 34-76° 
sinistral slip component** 

Peringek and 
Cemen 1990 

Antakya to Kirikhan NE-SW extension; NW 
trending normal faults; 
well-developed graben 
under Iskenderun Bay; 
Formation of Amik 
graben 

Zanchi et al. 2002 Extensive area focussed 
around DSF; W region closest 
to Hatay concentrated on in 
this table 

Transpression NW-SE 
compression; folds and 
thrusts; related to 
rotation of the Arabian 
plate*̂  

NE-SW extension; Large 
N-S sinistral and WNW-
E S E dextral strike-slip 
faults, accompanied by 
NW-SE normal faults^ 

Table 2.1: Summary of kinematics in the Hatay region. 
^ These two regimes are suggested to be coeval but spatially discrete. 
^ The normal faults are dominant but relative timing of the normal and strike-slip faults is not given. 
^ At least four major tectonic regimes are recognised with the NE-SW extension the most recent. Generally 
older palaeostress regimes are iranspressive around the DSF succeeded by younger extensional/transiensional 
regimes. 
° Stress ratio = (02- a3)/( a,- O j ) , after Angelier (1994). 
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2.3 Relative motion history of major plates 

The relative motion history of the African and Eurasian plates provides the first-order 
control on the tectonic history of the Hatay ophiolite and wider eastern Mediterranean 
region. Figure 2.2 shows relative motion paths with for the African continent fixed with 
respect to Eurasia. The opening of the North Atlantic ocean gave rise in the eastern 
Mediterranean to complex relative movements that can be partly resolved into a west to the 
east shear between the Triassic and middle Cretaceous and a subsequent SW-NE 
contraction (Delaloye and Wagner 1984), with the change in motion occurring in the Late 
Cretaceous (Livermore and Smith 1983; Savostin et al. 1986; Dewey et al. 1989). A 
smooth sinistral strike-slip motion from the Late Triassic to the Cretaceous was thus 
succeeded by convergence from the Cretaceous to the Recent. Figure 2.3 shows the 
position of Africa and Eurasia at three selected times in the history of the eastern 
Mediterranean, clearly illustrating the strike-slip and closure phases of the relative motion 
path and the progressive destruction of the Tethyan ocean. Major events in the 
geodynamic evolution of the Mediterranean Tethys can be linked to this kinematic 
framework. For instance, the shear is responsible for rifting and volcanism in Syria as well 
as the formation of a basin capable of producing the Hatay and Baer-Bassit ophiolites 
(Delaloye and Wagner 1984). Compression and ophiolite emplacement in the Late 
Cretaceous in Turkey (Delaloye and Wagner 1984) and Early to Mid-Tertiary in the central 
Mediterranean are linked to the Late Cretaceous and Tertiary convergent phase (Robertson 
and Grasso 1995). 
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Figure 2.2: Two different reconstructions of the relative motion between the African and Eurasian 
plates from 190 Ma to the present-day: 
A. After Livermore and Smith (1984); B. After Savostin et al. (1986). 
The continuous black lines on both diagrams illustrate the position over time of various points of the 
African continent with respect to Eurasia with the time in Ma shown alongside (the top diagram only 
displays the time on the lower curve). The lower diagram also displays the position of the pole 
(open circles connected by dashed lines) showing the motion of Africa with respect to Eurasia over 
time. In both reconstructions a change from sinistral shear to north-south convergence is apparent 
around 80 to 90 Ma, although the nature of this change (smooth or rapid) varies slightly depending 
on both the reconstruction and the geographical position of the point of interest. 
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Figure 2.3: The relative positions of Africa and Eurasia at three selected times: firstly prior to the 
formation of the ophiolites, secondly around the time of their fomnation and lastly significantly post-
emplacement and not dissimilar to the present-day setting (reconstnjctions from Savostin et al. 
1986 with superimposed palaeolatltudes calculated from APWPs of Westphal et al. 1986 by Morris 
and Tarling 1996). 
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2.4 Ophiolitcs of the eastern Mediterranean 

2.4.1 Origin and distribution 

Ophiolites represent fragments of oceanic crust and lithospheric mantle exposed on land by 

tectonic processes (Anonymous 1972). There is a greater density of ophioliles by area in 

the Mediterranean and Middle East than perhaps anywhere else in the world (Robertson 

2004). The region is marked by numerous ophiolite chains that occur mostly along linear 

belts (Figure 2.4) and represent the remnants of Mesozoic oceanic crust from basins that 

have since been consumed by subduction processes. Eastern Mediterranean ophiolites 

occur in variable states of preservation and can be divided into three main ages (Triassic, 

Mid-Late Jurassic and Late Cretaceous), each group being restricted to well-defined and 

relatively brief time intervals (Robertson 2004). The Cretaceous ophiolites of Turkey and 

adjacent regions occur in three main belts, with one belt comprising the Pontide ophiolites, 

one comprising the ophiolites of the Anatolides and Taurides and a southern belt 

comprising the Troodos ophiolite of Cyprus and ophioliles of SE Turkey and Syria. 

Petrologic and geochemical evidence (e.g. Bagci et al. 2005) shows a subduction-influence 

in these ophiolites and therefore formation in a suprasubduction zone (SSZ) setting (Figure 

2.5). This is now recognised as the most common petrogenetic setting for the genesis of 

ophiolites, although the interpretation of the geochemical evidence is not universally 

accepted (see Pearce 2003 for a full account). The Tauride ophiolites are thought to have 

formed in a northern Neotethyan ocean around 78-110 Ma, based on a compilation of 

radiometric dates from the metamorphic soles (and assuming that these do not significantly 

post-date ophiolite genesis), and were emplaced southwards over the Anatolide margin 

onto the Tauride/Bolkar carbonate platforms in Campanian-Maastrichlian time (Robertson 

2002). 
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F igu re 2.4 The location of major ophiolites of the eastern Mediterranean, The southerly belt 
including the Hatay ophiolite can be seen to comprise a prominent belt within the eastern 
Mediterranean (Robertson etal 1996) 
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A Fast and slow spreading ridges 

Fast spreading ridge Rifted slow spreading ridge 

Harzburgite ophiolite type 
e.g. Semail ophiolite, Oman 

Lherzolite ophiolite type 
e.g. Trinity ophiolite, California 
(Nicolas 1989) 

B Spreading ridges between microcontinents (very narrow basins) 

S S Z chemistry from 'continental contamination' 
or from anomolous asthenosphere beneath 

C Rollback 

Pre ophiolite intraoceanic 
S S Z ophiolite formed above 
new subduction zone-
'SW Pacific model' 

A fracture zone is converted 
into a subduction zone 

D Asymmetrical spreading ridge collapse 
Ophiolite potentially 
cut by basic dykes 

Figure 2.5: Tectonic models of various methods of ophiolite genesis (Robertson 2004; Fig. 2). 
Model A shows 'normal' ophiolite genesis at mid ocean ridges. There are both compositional and 
stnjctural differences between ophiolites that fonri at spreading ridges with different spreading 
rates, with genesis at fast and slow-spreading ridges schematically Illustrated above. Models 
invoke different degrees of partial melting of a homogenous Iherzolitic source and a heterogenous 
deep mantle source. Fast-spreading results in a more continuous ophiolite sequence than rifted 
slow-spreading ridges. Model B shows genesis by spreading between continental fragments. 
Model C illustrates a fracture zone that converts to a subduction zone and is followed by 
suprasubduction zone spreading above. Model C is believed to be applicable to many of the 
Jurassic Balkan ophiolites, the eastern Mediterranean Late Cretaceous ophiolites and the Oman 
ophiolite (although intitiation of spreading along a fracture is difficult to prove). Model D may also 
be relevant if a buoyant spreading axis could collapse, initiating subduction despite the buoyancy 
constraints 
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The southerly chain of ophiolites of which the Hatay ophiolite comprises part is one of the 

most prominent ophiolite belts in the eastern Mediterranean area. The ophioHtes in this 

chain are generally accepted to be Late Cretaceous in age and are believed to have formed 

by SSZ spreading in a small southerly Neotethyan ocean basin. Emplacement occurred as 

a vast laterally continuous sheet, with the Kocali, Amanos and Hatay ophiolites of Turkey 

and Baer-Bassit ophiolite of Syria (Figure 2.4) remaining subsequent to tectonic disruption 

and differential erosion in the Tertiary (e.g. §engor and Yilmaz 1981; Yilmaz 1993). 

Although many ophiolites are now believed to have formed by SSZ spreading, modem 

analogues (e.g. SW Pacific region) displaying both ridge geology and subduction 

geochemistr>' are not common and do not provide exact analogues. The vast scale of the 

inferred Late Cretaceous SSZ spreading stretching for thousands of kilometres from 

Greece to Oman appears to have no modem analogue (Robertson 2004). I f a mulli basin 

palaeogeography is accepted (section 2.5), SSZ spreading must have taken place more or 

less synchronously in several adjacent ocean basins, and again there is no known modem 

analogue. SSZ ophiolites are thought to typically form during short-lived periods (< 5 Ma) 

of regional plate re-organisation (Robertson 2002) but there is no general consensus on 

their origin. Drastic reorganisation of plate boundaries may provide the specific conditions 

necessary for ophiolite genesis and later emplacement, which may include convergence 

along former transform faults or the collapse of a small spreading ridge related to a pulse 

of regional convergence (Robertson 2004). The times of major SSZ-type genesis include 

the Early Ordovician (lapetus ocean), Mid-Jurassic (Tethys and beyond). Late Cretaceous 

(Tethys) and the Eocene (SW Pacific). 

The SSZ model allows a mechanism of both formation and emplacement of ophiolites, 

with both backarc and forearc settings as possible settings for genesis. Examples from 

both oceanic and intra-continental backarc are basins known, Ophiolitic metamorphic 

34 



soles commonly overlap in age with the overlying lithologies which is consistent with 

simultaneous underplating of subducted material with SSZ-spreading above. 

2.4.2 Ophiolite emplacement mechanisms 

The precise mode of ophiolite emplacement is debated, although almost all workers 

suggest some sort of thrust emplacement. A series of alternative tectonic scenarios for the 

emplacement of ophiolites was initially suggested by Dewey (1976) and Casey and Dewey 

(1984). Various tectonic scenarios are shown in Figure 2.6, after Robertson (2004). 

Evidence for thrusting is present in most of the major ophiolite complexes, and in several, 

such as in the Oman ophiolite, individual outcrops can be interpreted as thrust slices 

(references within Hall 1996). It is very common for regions showing metamorphism of 

the high pressure type (glaucophane-schist facies) to also contain ophiolites. These facies 

require a low geothermal gradient i.e. a combination of high pressure and low temperature; 

conditions characteristic of subduction zones (Hall 1996). In subduction zones, 

convergence of continental and oceanic crust (or oceanic crust only) is continually 

occurring. Robust explanations for the observation that only small areas of oceanic crust 

are obducted whilst the majority is subducted are yet to be agreed upon. Most MOR-type 

oceanic crust is subducted, or is preserved as dismembered thrust sheets, or as blocks in an 

ophiolitic melange, and is commonly metamorphosed under high-pressure/low-temperature 

(HP/LT) conditions (Robertson 2002). Generally, seamounts, oceanic plateaus, transform 

faults, forearc and rift-related units appear to have a higher chance of preservation on land 

than MOR-type crust (Robertson 2002). 
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A Trench-margin collision 

B Ridge collapse 

C Micro-continent (or seamount) collision 

D Transpression (reactivated transform) 

Figure 2.6; Various models of ophiolite emplacement (Robertson 2004; Fig. 19). Model A 
invokes trench-collision with the oceanic lithosphere and mantle detached and emptaced as 
several intact thnjst sheets. The same subduction zone is responsible for both creating the 
ophiolites and for emplacement several Ma later. Model A is applicable to Oman and many of the 
Cretaceous and Jurassic ophiolites of the eastern Mediterranean. Model B involves collapse of an 
active oceanic ridge, with thrusting initiated at/near the spreading ridge which remains active during 
emplacement. This model is problematic due to ridge buoyancy. It has also been suggested as 
applicable for the Oman ophiolite. C involves emplacement/docking along an active continental 
margin and D involves emplacement along strike-slip (transpressional) margins. Model D occurs 
where the continental margin edge is oriented at an oblique angle to the direction of ophiolite 
emplacement e.g. in the case of the Tekirova ophiolite. Models A, C and D are generally accepted 
whereas B is more controversial. 
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The normal thickness of mature oceanic plates is 60 to 100 km whereas the largest exposed 

ophiolile complexes are significantly less than this, around 10 km thick (Hall 1996). This 

suggests that either only a small part of the oceanic plate has been obducted, that the 

obducted crust was anomalously thin, or alternatively, that the obducted material is derived 

from the region of a spreading ridge, where the oceanic crust is thin and mechanically 

weak (Christensen and Salisbury 1975). This theory is generally accepted at the present 

time and explains the existence of contact metamorphic aureoles beneath a number of 

ophiolites (e.g. Karamata 1980). 

Ophiolite emplacement, particularly in the eastern Mediterranean, appears to commonly be 

the result of trench-margin collision. It tends to correlate to discrete periods of regional to 

global plate re-organisation with emplacement of the large ophiolites occurring when the 

leading edges of SSZ slabs collided with Tethyan continental margins (Robertson 2002). 

Strike-slip (due to transpression) and large-scale accretion along subducting margins 

played a role in certain cases in eastern Mediterranean ophioliles (Robertson, 2004). For 

example, the Tekirova ophiolile of the Antalya area of Turkey is believed to have been 

emplaced by strike-slip (transform) mechanisms which appear to have influenced both its 

genesis and emplacement (Robertson 2002). 

There are few modern analogues of ophiolile emplacement with possible examples 

including the Bismarck arc, located to the north of the Papucin ultramafic belt and the 

Ocussi ophiolite in Timor (Robertson 2004). The Plio-Quaternary uplift and relative 

southward displacement of the Troodos ophiolile may also be considered as a current 

example of ongoing ophiolile emplacement, although significantly post-dating initial Late 

Cretaceous genesis at a spreading centre (Robertson 2002). 
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2.5 Implications of onhiolitcs for the evolution of the eastern Mediterranean 

2.5.1 The palaeogeography of the Tethys ocean in the eastern Mediterranean 

The existence of an ocean between Africa and Eurasia was first proposed early in the last 

century. Geological evidence favours the existence of a long-lived Tethyan ocean in the 

Mediterranean region, between the African (Gondwanan) and Eurasian plates and 

extending at least as far as the Oman region (Robertson 2004). There have been various 

different terminologies used to describe this ocean with the precise meanings of terms 

varying from worker to worker. Palaeotethys is generally used to describe the wide ocean 

that existed between the two continental masses, although the timing of its closure and the 

location of the suture vary (Robertson, 2004). More specifically, Ustaomer and Robertson 

(1994) use the term Palaeotethys to refer to oceanic crust of Late-Palaeozoic to early 

Mesozoic age in the eastern Mediterranean region regardless of its exact location. 

Neotethys generally refers to oceanic crust located adjacent to Gondwana in the south, 

although again there are variations in the interpretation of the timing of rifting and width of 

the ocean. Palaeolethys is generally accepted to be an older ocean than Neotethys, 

although may not be either entirely temporally or spatially discrete. Tethys in the eastern 

Mediterranean as a whole was generally closed by the Early Tertiary (Eocene-Oligocene) 

although oceanic remnants in the eastern Mediterranean Sea and Black Sea still survive 

(Robertson 2002). Figure 2.7 illustrates the major suture zones in Turkey. 
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Figure 2.7: Suture zones in the eastern Mediterranean. 

Some Tethyan reconstructions assumed a single Tcthyan ocean was located between the 

Gondwanan passive margin to the south and the active Eurasian margin to the north (e.g. 

Dercourt et al. 1986), whereas others used the increasing body o f evidence for the 

existence of multiple ophiolite root zones (section 2.5.3) to incorporate the concept of a 

flexible collage of microplates rifted from the Gondwanan margin. In this type of model, 

the ophiolites were generated in convergent settings rather than at normal mid-ocean ridges 

(e.g. §eng6r and Yilmaz 1981; Robertson and Dixon 1984). A comprehensive review of 

the various models can be found in Robertson et al. (1996) and Robertson (2004). The 

three main types of model were proposed by Robertson and Dixon (1984), Dercourt et al. 

(1986; 1992) and $engor el al. (1984). Figure 2.8 illustrates significant features o f the 

Robertson and Dixon (1984) and Dercourt et al. (1986; 1992) models. 
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Figure 2.8: Alternative tectonic reconstructions of the eastern Mediterranean Neotelhys for 
Early-Mid Cretaceous time (from Robertson et al. 1996). 
The LHS diagrams (A and C ) show two reconstructions at different times from the Robertson and 
Dixon (1984) model, and the RHS diagrams (B and D) show two reconstructions from the Dercourt 
et al. (1992) model. In both cases, the upper diagrams (A and B) show the tectonic setting at an 
earlier time with the lower diagrams illustrating the tectonic setting closer to the time of ophiolite 
emplacement. The main difference between these is that the LHS model suggests ophiolite 
emplacement from multiple smaller oceanic basins within Neotethys whereas the RHS model 
suggests emplacement from a single northerly Neotethys. 
A. Early Cretaceous: Pindos ocean in west is partly closed while opening continues in the east. C. 
Upper Cretaceous: Suprasubduclion zone ophiolite emplacement from several strands of the 
Neotethys in the Turkish area. 
B. Early Aptian: With a new rifted Cretaceous oceanic basin. D. Late Cretaceous: Ophiolite 
obduction from a single northerly Neotethys. 
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In the first model (Robertson and Dixon 1984; Figure 2.8A and C) a continuous Tethyan 

ocean continuously existed in the eastem Mediterranean region, at least from the Late 

Palaeozoic onwards, with episodic northward subduction of Tethyan oceanic crust beneath 

Eurasia and the northwards drift of Gondwanan continental fragments towards Eurasia, In 

the Mesozoic, the south Tethyan area was interspersed with rifted continental fragments 

and small ocean basins with ophiolites mainly forming by SSZ spreading during times of 

regional plate convergence and emplaced as a result of trench-passive margin collisions. 

In a related model, Stampfli et al. (1991) argued for spreading along the North African 

margin in the Late Permian. In the second model (Dercourt et al. 1986) only one evolving 

Tethys existed. Triassic-Jurassic crust (Neotelhys) formed in a single Tethyan ocean basin 

located north of the Gondwana related units. Spreading subsequently formed a small 

ocean basin in the eastern Mediterranean sea during the Cretaceous with Jurassic and 

Cretaceous ophiolites forming during times of regional divergence and Mesozoic 

ophiolites are viewed as being far-travelled. The last model (§engor et al. 1984; Figure 

2.8B and D) invokes southward subduction beneath the northern margin of Gondwana, 

leading to the opening of Triassic backarc basins and a rifted continental fragment drifting 

across a pre-existing Tethys to collide with the passive Eurasian margin. Mesozoic 

ophiolites mainly formed above subduction zones and were seen as far-travelled in the 

Greek area and more locally rooted in the Turkish region. Robertson et al. (1996) describe 

difficulties with all of these models, although suggest that the first meets four key lines of 

evidence: northward subduction in the north; multiple ocean basins from the Triassic 

onwards in the south; SSZ spreading of the major ophiolites; and emplacement from both 

northerly and southerly Mesozoic ocean basins. 

Most models have certain features in common, such as a widening from the Late 

Palaeozoic onwards of the Telhys ocean eastwards from an oceanic gulf into a wider ocean 

(Robertson 2002). The Izmir-Ankara-Erzincan suture may be viewed as the 'main' 
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Tethyan suture and the site of formation and consumption of oceanic crust of both Late 

Palaeozoic-Early Tertiary (Palaeotethys) and Mesozoic (Neotethys) age (Robertson 2004). 

Although various later reconstructions have been produced (e.g. Garfiinkel 1998; 

Robertson et al. 1999; Dercourt et al. 2000; Ziegler et al. 2001; Stampfil et al. 2001; 

Stampfli and Borel 2002), a near consensus has now emerged in favour of a Tethyan 

palaeogeography involving microcontinents and oceanic strands, akin to the SW Pacific 

area of today (Robertson 2004). The palaeogeographic model adopted in this thesis is that 

of Robertson (2002), which is based on that proposed by Robertson et al. (1996) and 

Robertson and Dixon (1984). 

2.5.2 Ophiolite root zones in the eastern Mediterranean 

A controversial question in Tethyan geology has concerned the nature and number of the 

root zones for the eastern Mediterranean ophiolites. For instance, Ricou et al. (1984) and 

Stampfli et al. (1991) suggest formation of all eastern Mediterranean ophioliles (including 

Troodos, Hatay and Baer-Bassit) within a single basin in north Anatolia whereas §engor et 

al. (1984) and Robertson and Dixon (1984) suggest instead that almost every ophiolite 

could have been rooted in a separate basin with little movement during emplacement into 

their present day position. As a variation, Dilek and Thy (1999) suggest that the Troodos 

ophiolite is unique in being southerly derived. 

The Ricou et al. (1984) model contradicts reconstructions of the eastern Mediterranean that 

involve the existence of at least a separate southern strand of the Neotethys (e.g. Robertson 

and Woodcock 1980) and those that involve a complex palaeogeography involving a 

braided pattem of oceanic strands and microcontinental slivers (§engor and Yilmaz 1981). 

The basis of this model is the idea that the similarity between marginal sedimentary 
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successions preserved within separate ophiolite massifs indicates that all of the 

allochthonous ophiolite units were derived from a single root zone in north Anatolia. This 

model involves progressive northwards subduction beneath the Pontides (the Eurasian 

margin in this model) fi-om the Middle Cretaceous onwards, followed by emplacement in 

successive southwards stages over the Tauride and Arabian platforms from the Late 

Cretaceous to reach present positions by the Late Eocene/Late Miocene. 

The altemative §eng6r et al. (1984) model (section 2.5.1; Figure 2.9A) suggests genesis of 

the ophiolites in numerous smaller basins, involving the southwards subduction of 

Palaeotethyan oceanic crust resulting in the rifting of a small E-W trending continental 

sliver and the Neotelhys ocean opening to the south. Continued southwards subduction 

results in the separation of further continental slivers (§engor et al. 1984). The Robertson 

and Dixon (1984) model adapts this idea but has a northwards subducting Palaeotethys. A 

model by Dercourt et al. (1986), similarly to the Ricou et al. (1984) model, involves a 

single root zone for all of the ophiolites in the southerly belt, of which Troodos, Hatay and 

Baer-Bassit comprise part, the emplacement of which onto the Arabian margin would 

involve a 1000 km long plus zone of young oceanic crust stretching eastwards to Oman. 
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Figure 2.9: Root zones for the Late Cretaceous ophiolites of the eastern Mediterranean. 
A. Alternative plate tectonic models for the genesis of ophiolitic suture zones in Turkey in Late 
Palaeozoic to Early Mesozoic (Robertson 2004; Fig. 24 ). Model (i) is the southward subduction 
model of Sengoret al. (1984); model (ii) is the northward subduction model of Stampfli et al. (2001) 
and model (iii) is a variable subduction polarity model of Robertson et al. (1999). 
B. Simplified palaeogeographic sketch map (from Robertson 2002) concentrating on the origin of 
Cretaceous ophiolites where some ophiolites originate in a northern Neotethyan ocean and some 
are derived from a separate southerly Neotethyan ocean basin. Key to letters: A Antalya, A E S 
Ankara-Erzincan suture zone, AM Ankara melange, AP Apulia, B S Black Sea marginal basin, C 
Cyprus. C O Carpathian ocean (Western Tethys), IAS Izmir-Ankara suture zone, ITO Inner Tauride 
ocean, K Kisehir/Nigde metamorphic massif, M Menderes metamorphic massif, P Pelagonian, PO 
Pindos ocean, R/SM Rhodope/Serbo-Macedonian, S C Sakarya metamorphic massif, E T East 
Tauride (Bolkar). V Vardar. 
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The models involving more than one root zone for the southern ophiolites appear to be 

more likely (Figure 2.9B) as various lines of geological evidence provide difficulties for 

models where ophiolites are rooted in a northerly basin and travelled for hundreds of 

kilometres to their present positions. For example, the presence of the Campanian 

(Perapedhi Formation) to Lower Tertiary (Lefkara Formation) sedimentary sequence 

overlying the Troodos ophiolite, that is essentially continuous between these times, is 

difficult to explain i f complex multi-stage southerly emplacement had been occurring over 

this time period as suggested in the Ricou et al. (1984) model, suggesting instead that the 

ophiolites cannot have been thrust far over a platform in the Late Cretaceous (Robertson el 

al. 1996). Also coeval carbonate platform successions exposed between outcrops of 

supposedly once continuous ophiolitic nappes include sedimentary successions extend in 

age beyond the time of emplacement (§engor and Yilmaz 1981). This is difficult to 

explain i f the ophiolites have travelled far over the platform. A complex mode of 

emplacement of the ophiolites first onto the Mesozoic platform in the north (i.e. Bey 

Daglari) followed by thrusting of the complete platform southwards is suggested by Ricou 

et al. (1984) to account for the lack of dismption to the coeval sediments exposed between 

the ophiolites, but this is not supported by field studies that find no evidence for a major 

thrust discontinuity within the Bey Daglari carbonate platform (Robertson 1993). 

Evidence of emplacement directions also supports generation in smaller ocean basins. The 

ophiolites and related marginal units in the Isparta angle area along the SW margin of the 

Bey Daglari platform were emplaced westwards and so cannot be correlated with the 

regionally extensive Lycian nappes exposed further northwest, which were emplaced 

southwards (Robertson 2004) 

Generally, the increasing acceptance of a varied Mesozoic Telhyan palaeogeography of 

oceanic strands separating microcontinents increases the likelihood that ophioliles were 

derived from several oceanic basins by various tectonic processes (Robertson 2004). 
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2.6 Ophiolites of the peri-Arabian chain 

The southerly ophiolite belt in the eastern Mediterranean stretches for over 1000 km from 
Troodos in the west to the Semail ophiolite of Oman in the east (Figure 1.1). There is 
strong evidence for genesis of the largest eastern Mediterranean ophiolites (including 
Troodos and Semail) above subduction zones during times of regional plate convergence. 
The sedimentary covers indicate that large contemporaneous volccmic arcs were not 
present (Robertson 2004). The Hatay, Baer-Bassit and Troodos ophiolites are intimately 
linked, both in the fact that they are believed to have formed within the same southerly 
Mesozoic Neotethyan basin, and in the preser\'ation of both Hatay and Baer-Bassit 
adjacent to each other on the Arabian platform. Figure 2.1 OA shows the relationship of 
these ophiolites in the present-day eastern Mediterranean area and the cross-section of 
Figure 2.1 OB illustrates the inferred relationship between the Hatay and Baer-Bassit 
massifs (after Delaloye and Wagner 1984). These ophiolites are interpreted to have 
formed in the Late Cretaceous within the Neotethys ocean to the north of the Arabian 
passive margin, although the absolute ages of formation may differ. Convergence, 
subduction/accretion and ophiolite emplacement all occurred in the Late Cretaceous. 
During emplacement of the Hatay and Baer-Bassit ophiolites onto the Arabian platform, 
the Arabian passive margin subsided to form a foredeep which was infilled with debris 
shed from the advancing nappes and including continental margin units similar to those 
preserved in the Baer-Bassit melange (Al-Riyami et al. 2000). In contrast to Baer-Bassit, a 
metamorphic sole is absent from the Hatay ophiolite, although a serpentinite melange is 
developed (Al-Riyami et al. 2000; section 2.9.2) and a thick melange o f continental margin 
and oceanic units is also absent. Both ophiolites were emergent following emplacement, 
followed by latest-Cretaceous shallow-marine transgression, deepening upwards into the 
early Tertiary (Al-Riyami et al. 2000). 
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Figure 2.10 The relationship between the Hatay. Ba6r-Bassit and Troodos ophiolites. 
A Map showing the three ophiolites and the major structural features and present-day basins of 
the eastern Mediterranean. 
B. Cross-section showing the inferred relationship between the Hatay and Baer-Bassit ophiolites 
(after Delaloye and Wagner 1984). Both ophiolites are believed to be part of the same ophiolite 
thrust sheet with the sediments of the Arabian platfonn between separating the present-day 
outcrops 
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Figure 2.11 Schematic diagrams illustrating seafloor processes that may sometimes become 
preserved in ophiolites 
A and B. Schematic cross-sections illustrating the geological relationships that might be expected 
in ophiolites or oceanic lithosphere from slow-spreading ridges with non-steady state magma 
supply, that have been deformed and intruded, such as in the northern spreading cell of the MARK 
area of the MAR (Karson 1990). A. Upper crustal exposures with various types of unconformities: 
lavas, breccias and/or pelagic ooze over tilted volcanics and dykes, variably deformed and 
metamorphosed gabbroic rocks, and/or serpentinites Dykes feeding lavas may cut tilted and 
attenuated upper units and low-angle detachment faults. B Lower crustal and upper mantle 
structures with intrusive relationships dykes, trondhjemites, gabbroic and ultramafic cumulates cut 
low-angle faults and shear zones in metagabbros and serpentinites and more pervasively 
deformed lower crustal/upper mantle rocks. The geological relationships shown in B would be 
found at deeper levels than those illustrated in A. where the lower crustal units are only present at 
higher crustal levels due to exposure along low-angle detachment faults. 
C. Summary geological overview in plan section of the Atlantis transform fault at 30°N on the MAR 
(after Cann et al 2001). The active transform lies between the two spreading axes. Crust formed at 
one of the inside corners moves first along the transform fault, shearing against inside corner crust 
formed at the other spreading centre, until it reaches that centre. There, magmatic activity 
constructs new outside corner crust which is welded onto the inside corner crust as it passes from 
transfomi fault to the fracture zone The dashed lines show the orientation of topographic hdges. 
mostly, oriented parallel to the spreading axes, representing periods of increased magmatic activity 
at the spreading centres This tectonic scenario has been suggested as a possibility for part of the 
Troodos ophiolite (section 2.9,1). 
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The Troodos, Hatay and Baer-Bassit ophiolites are all believed to have been formed within 

slow-spreading systems, as indicated by tectonic and morphological features within these 

ophiolites. For instance, a seafloor detachment surface has been recognised in the Troodos 

ophiolite (section 2.9.1). This ophiolite preserves various original seafloor structures, 

including as a fossil transform fault zone and three inferred axial spreading grabens 

(section 2.9.1). The Hatay ophiolite has also been interpreted to preserve original seafloor 

spreading relationships, such as a seafloor spreading graben formed by detachment faulting 

(Dilek and Thy 1998; section 2.8). Figure 2.11A shows the formation o f detachment faults 

at slow-spreading ridges and Figure 2.1 IB shows the processes occurring at transform 

fault-ridge intersections. 

2.7 Geology of the Hatay ophiolitc 

2.7.1 General description 

The Hatay massif covers 950 square kilometres (25 by 45 km) and is composed of an 

ophiolite sequence that is up to 7 km thick, including serpentinised peridotites and 

harzburgites, layered gabbros, a sheeted dyke complex and pillow lavas. The geology of 

the ophiolite is shown in Figure 2.12, along with an inferred cross-section (Pi§kin et al. 

1986). The ophiolite consists of two structurally distinct massifs that are separated by the 

NW-SE striking, steeply dipping Tahtakopru fault (Figure 2.I2A) with the main massif 

lying to the west of this fault. Ophiolile units to the north have complex relationships with 

outcrops ranging from the lowest exposed levels of the ophiolite (the basal shear zone) to 

the highest levels (pillow lavas and associated metalliferous sediments). The Hatay 

ophiolite contains almost a complete Penrose sequence, lacking only a metamorphic sole 

and deep-sea radiolarite cover (Figure 2.13). 
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The ultramafic complex of the massif outcrops in the centre of the area and comprises the 

core of an antiformal structure which trends NE-SW (e.g. Tinkler et al. 1981). The 

shallower levels of the ophiolite are exposed on the limbs of the antiform, and the gabbros 

and sheeted dyke complex exposed to the south form a smaller synform (Tinkler et al. 

1981). The contacts between the different units of the ophiolite are generally interpreted to 

be tectonic in the north. In the south contacts have been differently interpreted to be 

tectonic (e.g. Delaloye et al. 1980; Tinkler et al. 1981) or in some cases as primary 

magmatic transitions (e.g. Parrot 1973; ^ogulu 1975). The ophiolite has been subjected to 

a zeolite facies metamorphism which is believed to be an oceanic phenomenon because the 

continental sediments lying slraligraphically above and below the ophiolites are not 

metamorphosed (Tinkler et al. 1981). The Hatay ophiolite shows little sign of internal 

deformation (foliation and associated microstructures) in all lithologies except for some 

moderately deformed 20-30 m thick zones in the ultramafics and the lower part of the 

gabbro sequence (Tinkler et al. 1981). The ophiolite occurs as a thick thrust sheet that lies 

teclonically over Lower Cretaceous limestones of the Arabian platform, from which it is 

separated by a thin melange (Robertson 2002). These limestones are of Albian to Aptian 

age. The contact is only exposed in two small areas and so many of the details of 

emplacement are uncertain (Aslaner 1973). The oldest sediments covering the ophiolite 

are Upper Cretaceous limestones of Maastrichtian age, which rest disconcordanlly on lop 

of the ophiolite. The base of this sedimentary sequence is an extensive conglomerate, 2-5 

m thick, which contains abundant ophiolitic detritus. Dubertret (1955) suggested that 

ophiolile emplacement occurred in the Maastrichtian or pre-Maastrichlian from the age 

constraints provided by this conglomerate and the emplacement onto Upper Cretaceous 

limestones of the Arabian platform. 
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2.7.2 Overview of geological research 

Dubertret (1955) provided the first complete geological description of the Hatay area, 

laying the foundation for various subsequent descriptions (e.g. Vuagnat and (^ogulu 1967; 

Cogulu 1975; Aslaner 1973; Parrot 1973; Delaloye et al. 1980; Tinkler et al. 1981; Pi?kin 

et al. 1986). Tinkler et al. (1981) constructed two detailed structural sections across the 

ophiolite: one along the coastal section and one through the Kara^ay valley, both oriented 

roughly NE-SW. Delaloye et al. (1980) constructed a geological section through the 

ophiohte along the coast between Arsuz in the north and Qevlik in the south, as did Parrot 

(1973). Tekeli (1985) prepared a detailed field guide for the Ophiolites and Lithosphere of 

Marginal Seas project field meeting held in Hatay, with a report on this field excursion and 

a discussion of the metalliferous and volcaniclastic rocks subsequently produced by 

Robertson (1986). Pi§kin et al. (1986) produced a field guide to the geology of Hatay that 

included a geological map of the ophiolile. Dilek and Thy (1998) discuss the structure, 

petrology and seafioor spreading tectonics of the Hatay ophiolite. The petrogenesis of the 

ophiolite is discussed in detail by Lytwyn and Casey (1993) and by Bagci et al. (2005). 

2.7.3 Description of lithologics 

The following ophiolitic units occur in the Hatay ophiolite (from the deepest levels to the 

shallowest): 

(i) Ultramafic rocks 

(ii) Gabbros 

(iii) Sheeted dyke complex (SDC) 

(iv) Extrusive sequences 
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(i) Ultramafic rocks: tectoniles and cumulate sequences 

The ultramafic sequences of the Hatay ophiolite are comprised largely of serpentinised 

harzburgite tectonite with intercalations of dunite, wehrlite and feldspathic peridoties. The 

ultramafic rocks are generally highly serpentinised and massive but occasionally display 

layering and as such can be separated into the tectonites comprising the majority of the 

rocks and the ultramafic cumulate sequences. Due to the lack of unequivocal exposure of 

the contact between the platform limestones and the base of the ophiolite thrust sheet, it is 

impossible to ascertain the thickness of the ultramafic rocks of the ophiolite. However, 

their maximum thickness is in excess of 3 km (Tinkler et al. 1981). The ullramafic rocks 

form the most dominant sequence of the ophiolite, and outcrop over the largest area and 

form the highest peaks of the massif. In some zones, a layer-parallel foliation can be 

observed. The ultramafic rocks are cut by dykes of gabbro and dolerite, and rodingitised 

gabbro dykes can also be observed within the ultramafic rocks (Tinkler et al. 1981). The 

dolerite dykes have good chilled margins whereas the gabbro dykes do not. A general 

northerly dip of the dykes in the north and a southerly dip in the south has been suggested 

by Pi$kin et al. (1986), which Tinkler et al. (1981) explain by late folding on a large scale. 

There are some moderately deformed 20-30 m thick zones in the ultramafic sequence and 

the lower part of the gabbro sequence with the foliation in these zones most easily picked 

out by the olivine rich layers. These zones may represent regions of differential flow in the 

upper parts of the mantle (Tinkler et al. 1981). The foliation is always parallel or sub-

parallel to the igneous stratification. There are some areas (such as near Kemer Kopru in 

the Kara9ay Valley) where tight isoclinal folds and termination of magmatic layering are 

observed within the ultramafic cumulates and these are interpreted as syn-magmatic slump 

structures (Tinkler et al. 1981). 

54 



(ii) Gabbros 

The gabbros reach a maximum thickness of 2.5 km and vary from cumulate ultramafic 

rocks and olivine gabbros at the base, to anorthositic gabbros at the top (Tinkler et al. 

1981). In general, these cumulate rocks flank the tectonites forming the core of the massif 

with the transitions from one layer to another caused by a change of phase, concentration 

or mineralogy (Pi§kin et al. 1986). Magmatic layering occurrs on many scales. In the 

upper part of the ultramafic cumulate series an alternation between ultramafics and 

cumulate gabbros is seen and described as a hybrid zone (Vuagnat and Cogulu 1967) or a 

transition zone (Delaloye et al. 1980). Towards the upper parts of the series the ultramafic 

levels become less frequent and the series becomes gabbroic (Pi?kin et al. 1986). The 

lower part of the cumulate gabbros often display flow structures, cross bedding, graded 

bedding, isoclinal folds and magmatic slump structures which may indicate fractional 

crystallisation and layering produced in a disturbed environment, possibly in one or more 

magma chambers of moderate size (Pipkin et al. 1986). 

Towards the top of the gabbros the layering disappears and the gabbros become isotropic. 

The gabbros change mineralogically with the olivine and orthopyroxene disappearing 

whilst the clinopyroxenes, amphiboles and plagioclase become the major minerals (Pipkin 

et al, 1986). The gabbros are cut by dykes of both gabbro and dolerite and in some 

localities are net-veined by plagiogranite. In the ultramafic parts of the gabbro there is 

occasionally a foliation parallel to the layering. 

Plagiogranite is locally developed and outcrops in places al the top of the gabbros near the 

sheeted dyke complex. It occurs either as small veinlets and dykes or as irregular masses 

of variable size. The contacts between ihe gabbros and the plagiogranite are generally 
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irregular and ill-defined whilst within the sheeted dyke complex the contacts with the 

plagiogranites are sharp. 

(iii) Sheeted dyke complex (SDC) 

The sheeted dyke complex is very well developed with a minimum thickness of I km. Due 

to the lack of exposure of extrusives in stratigraphic continuity with the dykes, it is not 

possible to give a maximum thickness for the sheeted dykes. There are numerous 

examples of gabbro screens outcropping between the dykes and two generations of dykes 

can be observed: a grey dolerite and a more weathered green-brown dolerite. The majority 

of dykes in the complex are grey dolerites (up to 90%) and these are older than the brown 

dykes, as demonstrated by observations of chilled margins and cross-cutting relationships 

(Tinkler et al. 1981). The grey dolerites pre-date the plagiogranite and the brown dykes 

post-date it (Tinkler et al. 1981). Dilek and Thy (1998) suggest that the older dykes 

display NE-SW strikes whereas the younger generation of dykes display NNE-SSW 

strikes, but this is not supported by the E-W average strike measured by most other 

workers (e.g. Tinkler et al. 1981; Pi$kin et al. 1986) or by work presented within this 

thesis. The individual dykes are generally of a few metres in width and no asymmetry is 

observed in the orientation of the chilled margins (Delaloye et al. 1980). A third 

generation of dykes is also evident consisting of younger finer-grained, darker, basaltic 

dykes, usually only a few centimetres thick and cross-cutting the other dyke populations 

(Dilek and Thy 1998). 

(iv) Extrusive sequences 

The uppermost levels of the ophiolite massif outcrop in the north of the area and are 

tectonically separated from the lower levels. The extrusives outcrop in the eastern massif 
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of the Hatay ophiolite i.e. on the other side of the Tahtakoprii fault from the main massif 

Pillow lavas outcrop in two main localities in the eastern massif and are generally steeply 

dipping. The volcanic outcrop near the village of Tahtakoprii is around 400 m thick and 

includes both massive and pillow lavas intercalated with metalliferous sedimentary rocks 

(Erendil 1984; Robertson 1986). The second locality of extrusive rocks occurs around 

Komiir^ukuru village and is nearly 600 m thick, including pillow and massive flows 

intercalated with metalliferous umbers (Dilek and Thy 1998). The existence in places of 

pillow-disintegration breccias, hyaloclastite and rapidly quenched micro-pillows ('eggs') 

indicates eruption onto a tectonically active seafloor of marked relief (Robertson 1986). 

There is a further locality to the south of Antakya where mafic extrusive rocks are exposed 

(Figure 2.12), up to 300m thick (Robertson 1986). According to Erendil (1984), these 

extrusive rocks overlie gabbros or serpentinites, separated by low-angle fault contacts but 

clear preserved primary contacts with the intrusive units of the main body of the ophiolite 

are not apparent and the contact relationship is thus uncertain. These extrusives include 

highly magnesian boninite-type lavas, referred to as 'sakalavites' by Delaloye and Wagner 

(1984) within both sheet and pillow lava flows. 

2.7.4 Sedimentary cover of the ophiolite 

The ophiolite is covered transgressively by sedimentary sequences ranging from Upper 

Cretaceous to Miocene in age with a total thickness of around 3 km (Pi§kin et al. 1986). 

In the NE the sheeted dykes are overlain unconformably by the oldest sediments 

represented by Maastrichtian non-marine to shallow-marine sediments, presumably 

deposited after the erosion of ophiolitic extrusives (Erendil 1984; Pi$kin et al. 1986). The 

lowest part of the Maastrichtian is an extensive conglomerate horizon 2-5 m thick and 
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containing 70-80% ophiolitic detritus (Tinkler et al. 1981). The provenance of most clasts 

is the pillow lava and sheeted dyke sequences and the clasts are angulcir and poorly-sorted 

implying a local source. The Upper Maastrichtian is overlain concordantly by a series of 

clays, sandstones, limestones and maris whose age is between Palaeocene to Upper Eocene 

(Pi§kin et al. 1986) with a thickness of around 600 m. The Miocene is always 

transgressive on the older sedimentary sequences and the ophiolite (Pi§kin et al. 1986) with 

a total thickness of around 1.6 km. The Miocene, like the Maastrichtian, contains an 

extensive conglomerate horizon with abundant ophiolitic detritus and poorly sorted, 

angular cobble-sized clasls. The depositional environment of the Miocene sediments is 

shallow to very shallow, but occasionally passes laterally into pelagic sediments that are 

often very rich in both macro and micro faunas (Pi$kin et al. 1986). The Pliocene consists 

of sandstones, marly limestones, clays and slaty clays with a thickness between 100 to 400 

m and the Quaternary sediments are conglomerates with angular or rounded fragments that 

are poorly cemented, travertines, alluvium and beach sand (Pi5kin et al. 1986). 

2.7.5 Emplacement of the ophiolitc 

The lowest tectonic level of the ophioliles is exposed in an erosional window near the 

village of K6mur9ukuru, 24 km north of Anlakya (Figure 2.12). At this locality, the 

ultramafic rocks rest tectonically above the Lower Cretaceous limestones of the Arabian 

platform and the contact is interpreted as a basal thrust along which the ophiolites were 

emplaced (Dubertret 1955; Aslaner 1973). The ullramafic rocks contain large 'slices' and 

blocks of limestone 10-20 m thick and 20-40 m long. These blocks are believed to have 

originally been part of the carbonate sequences on the Arabian platform that were detached 

and incorporated into the ultramafic sequences as the ophiolite was thrust over the platform 

limestones (Aslaner 1973; Delaloye and Wagner 1984). The blocks vary in age: most are 

Lower or Upper Cretaceous in age and the lithologies are similar to carbonate sequences 
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observed in nearby parts of the region. The abundance of these limestone wedges casts 

doubt on the interpretation that the lowest limestone unit observed is the true tectonic 

basement of the ophiolite; it may represent another allochthonous tectonic slice underlain 

by more ophiolitic rocks. 

The ultramafic rocks and enclosed limestone wedges are cut in places by narrow highly 

deformed shear zones, thought to be linked to the emplacement of the ophiolite with the 

precise deformation history within the zone varying locally. Tinkler et al. (1981) observe, 

in some places, a four-phase history consisting of: ( I ) an early foliation which is cut by; (2) 

en echelon tension gashes; (3) a later foliation that refolds ( I ) and (2) and is itself cut by; 

(4) conjugate sets of en echelon tension gashes. 

Emplacement of the ophiolite is thought to be from the north from a consideration of the 

regional geology in adjacent areas of Turkey and Syria (Delaune-Mayere et al. 1976; 

Parrot 1973; Ricou 1971); this is consistent with the SE directed emplacement direction of 

the Baer-Bassit ophiolite (Al-Riyami et al. 2002) to the south of Hatay. The lower timing 

constraint on the emplacement of the ophiolite is that wedges of Campanian limestone are 

observed in the serpentinites in the tectonic window near IComiirgukuru and the youngest 

platform sediments under the thrust plane of the ophiolite have been palaeotologically 

dated as Cenomanian to Santonian (95-83 Ma; Sel^uk 1981). The upper limit is that the 

Maastrichtian sediments overlying the ophiolite are the earliest to incorporate ophiolitic 

detritus and they are associated with other Upper Cretaceous sediments that show 

continental affinities (Dubertret 1955), dated as Middle-Upper Maastrichtian (69-75 Ma; 

Sel9uk 1981). This implies a gap of 26-8 Ma between the youngest sediments of the 

Arabian platform and the oldest sediments overlying the ophiolite. 
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2.7.6 Post-emplacement structures 

Interpretations of which structures observed in the ophiolite are post-emplacement vary. 

The autochthonous sedimentary cover is affected by faulting and so it is known that the 

ophiolite is also likely to have experienced post-emplacement deformation under these 

same events. Within the ophiolite massif, it has been suggested that many of the contacts 

between different members of the ophiolite sequence are normal faults of post-

emplacement origin. 

The NE-SW trending antiformal structure of the ophiolite may either pre- or post-date 

emplacement (Tinkler et al. 1981). Where the tectonic contact between the serpentinites 

and Arabian platform limestones is approached near Komiir^ukuru, the ultramafic rocks 

and enclosed limestone wedges are interpreted by Tinkler et al. (1981) to be folded around 

an open antiform with the same orientation and attitude as the main folds in the rest of the 

massif which would imply that folding occurred after the emplacement of the ophiolite. 

Tinkler et al. (1981) also suggest that the Maastrichtian sediments that lie unconformably 

above the pillow lavas may themselves be folded, but they do not outcrop extensively 

enough to determine this, preventing further timing constraints on the age of the folding. 

Tinkler et al. (1981) observe pre-Miocene age faults cutting the folds which must thus have 

formed between Maastrichtian and pre-Miocene times. Tinkler et al. (1981) suggest that 

the faults forming the boundaries between the ophiolitic units trend NE-SSW and cross-cut 

the NE-SW trending axis of the synform, with an estimate for movement on these of 

potentially 1-2 km from reconstructing the folds to produce a continuous ophiolite 

sequence, and an upper age limit of faulting in the Miocene from observation of overlying 

undisturbed Miocene limestones near (^evlik. According to Tinkler et al. (1981), there is 

also evidence for post-Maaslrichtian-pre-Lutetian normal faulting from recognition of a 
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normal fault in the main body of Cretaceous sediments 5 km south of Harbiye that cuts 

Middle and Upper Cretaceous sediments but is overlain by undisturbed Middle Eocene 

(Lutetian) limestones, proving thai normal faulting was active during pre-Lutetian limes 

and nol restricled solely to the ophiolite body. 

The sedimentary sequences contain Iwo conglomerate horizons, one at the base of the 

Maastrichtian and one at the base of the Miocene. The Maastrichtian conglomerate is 

never observed to be overthrust by the ophiolite and so cannot have originated by erosion 

at the toe of the advancing ophiolile sheet (Tinkler et al. 1981). Instead, Tinkler et al. 

(1981) suggest that it could be generated by erosion along a fault scarp that had exposed 

the highest members of the ophiolile sequence. The Miocene conglomerate could also be 

derived from erosion along a fault scarp. The Miocene sequences are described by Tinkler 

et al. (1981) as flanking the edges of the ophiolite and forming a broad NW-SE trending 

anticline. 

The dip of the ophiolite and sedimentary cover can be used as an indication of the post-

emplacement deformation that has occurred. For instance, 7 km to the south of Belen 

(near 0? Oluk; Figure 2.12), pillow lavas dip at 60° SE and are overlain unconformably by 

Maastrichtian and Palaeocene sediments (with the Maaslrichtian conglomerate at the base), 

dipping al 40*̂  SE, and finally by the Miocene conglomerate and limestones dipping at 20° 

SE. This sequence of events requires al least one and possibly two periods of pre-Miocene 

block tilling to have occurred (Tinkler el al. 1981). The 20° dip of the Miocene rocks 

implies thai al least one episode of post-Miocene lilting must also have occurred and this 

appears to be a regional phenomenon. The ophiolile is observed by Lyberis et al. (1992) to 

be thrust over Neogene sediments in the north of the massif, indicating compressional 

deformation, at least in the north of the area. 
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Recent raised beach deposits can be observed along the coast to the north of 

§ahanlikkayasi Headland (Figure 2.12), with uplifts of 50 and 75 m observed for two 

terraces (Pi?kin et al. 1986). 

2.7.7 Petrogencsis 

Various workers have analysed the petrogenesis of the Hatay ophiolite (e.g. Dilek and Thy 

1998; Pi§kin et al. 1990; Lytwyn and Casey 1993; Bagci et al. 2005). The basaltic dykes 

of the Halay ophiolile have higher Si02 and AI2O3 and lower FeO and Ti02 contents 

compared to typical oceanic basalt suites and are also less evolved than typical oceanic 

island suites (Dilek and Thy 1998). However, the analysed Hatay dykes compare very 

closely with the compositional characteristics of the volcanic suites of the Troodos 

ophiolile (e.g. Robinson et al. 1983; Thy and Xenophontos 1991). Both the major and 

trace element concentrations in the Hatay ophiolite display strong similarities with those of 

the extrusive sequences of the Troodos ophiolite (Cameron 1985; Rautenschlein el al. 

1985; Taylor and Nesbit 1988), with both ophioliles having low incompatible trace 

element concentrations and strong depletion in LRE elements. Dilek and Thy (1998) 

conclude that in general, the observed compositional variations within the dykes can be 

explained by a relatively high degree of melting (20%) and a small enrichment (1%) of a 

slightly depleted source. This is consistent with the formation of the Hatay ophiolite in a 

tectonic setting where enriched fluid or liquid was derived from a deeper and more fertile 

source (e.g. a subducting slab) and added to the overlying mantle. The presence of a high 

Mg composition in the olivine, clinopyroxene, orthopyroxene and the absence of a Ca-rich 

plagioclase as an early fractionating phase co-precipilaling with forsleritic olivine suggest 

that the Hatay plutonic suite is not likely to have originated in a mid-ocean ridge 

environment. Instead the whole-rock and mineral chemistry of the cumulates indicates 

derivation from an island arc Iholeiilic magma (Bagci el al. 2005). Bagci el al. (2005) 
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conclude that all the whole-rock and mineral chemistry evidence suggests that the Hatay 

ophiolite formed along a slow-spreading centre in a forearc region of an SSZ tectonic 

setting, in line with the large body of data supporting a similar petrogenetic setting for the 

Troodos ophiolite. The lower lavas of the Troodos ophiolite are typically of differentiated 

island arc character whereas the upper lavas are commonly of high-Mg type (Robinson et 

al. 1983). In Baer-Bassit, the extrusives appear to all be of high-Mg type and the overlying 

umbers are more terrigenous than in Troodos, which might be indicative of deposition 

closer to a continental margin (Al-Riyami et al. 2000). The high-Mg lavas of the Hatay 

ophiolite, 'sakalavites' of Delaloye and Wagner (1984) are similar in composition to those 

of the Baer-Bassit massif. 

2.8 Previous suggestions on the tectonic evolution of the Hatay ophiolite 

There are contrasting views regarding the tectonic evolution of the Hatay ophiolite. Most 

of the earlier workers interpret the majority of the faults and folds observed within the 

ophiolite as post-emplacement in origin, although at least part of the outcrop pattern is 

interpreted to be emplacement-related. An alternative view is that certain of these same 

structures preserve original seafioor relationships. The main views are discussed below. 

(i) Structures formed during emplacement 

The majority of earlier work interprets at least some of the structures and outcrop pattern 

of the Hatay ophiolite to have formed during emplacement. For example, the contact 

between the ultramafic rocks and the gabbros is widely interpreted to be a reverse fault(s) 

(e.g. Tinkler et al. 1981; Pi§kin et al. 1986; Delaloye et al. 1980; see cross-section of 

Figure 2.12). Reverse faults are also shown in the Kara^ay valley on the cross-section of 

Tinkler et al. (1981). 
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(ii) Structures formed post-emplacement 

Tinkler et al. (1981) have produced a synthesis of the structural events to have affected the 

ophiolite based on sedimentological and field evidence. Tectonic interpretations from 

other authors are often primarily based on the Tinkler et al. (1981) interpretation (e.g. 

Pipkin et al. 1986). Tinkler et al. (1981) suggest that the post-emplacement history of the 

Halay ophiolite is characterised by several episodes of normal faulting and gentle folding 

with structures trending approximately NE-SW and running parallel to the Karasu rif t 

valley. Tinkler et al. (1981) suggest that this zone represents a slight bend in the generally 

N-S trending Dead Sea rift zone and that the sinistral movement along the fault zone may 

have produced the compressional and extensional stresses observed in the region of Hatay. 

Seven structural events are defined with upper and lower age limits assigned to these: 

(1) post-Campanian-pre-Maastrichtian/Maastrichlian emplacement; 

(2) Maastrichtian/post-Maaslrichtian-pre-Miocene folding (and faulting?); 

(3) post-Maastrichlian-Pre-Lutetian normal faulting; 

(4) Post-Maastrichtian-Pre-Miocene normal faulting; 

(5) posl-Miocene gentle folding; 

(6) post-Pliocene normal faulting; 

(7) Recent raised beaches. 

Tinkler et al. (1981) suggest thai due to age uncertainties, (3) and (4) may be the same 

event and it is possible that all of the faulting events represent local expressions of the 

same larger pre-Lutetian, pre-Miocene and post-Pliocene event. The posl-Maaslrichlian-

pre-Miocene faults have produced a graben with a vertical displacement of 1-2 km and so 

comprise a significant event in the history of the region. Pipkin el al. (1986) attribute the 1 

to 2 km uplift of the central part of the ophiolite to the pre-Miocene NNW-SSE normal 
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faults forming the boundaries between lithologies. Delaloye et al. (1980) interpret the 

contact between the gabbros and SDC along the coat as tectonic, marked by a normal fault, 

and suggest it is transitional in the north. 

(ii) Primary seafloor spreading structures 

Dilek and Thy (1998) interpret many of the relationships observed in the Hatay ophiolite as 

primary seafloor spreading structures. They argue that the internal structure of the 

ophiolite, the areal distribution between ophiolite subunils and the temporal and spatial 

relations between magmatic and tectonic features can all be attributed to extensional 

tectonics that the ophiolite underwent in intraoceanic conditions (Erendil 1984; Tekeli and 

Erendil 1986; Dilek and Delaloye 1992). A l l faults within the ophiolite are interpreted in 

terms of seafloor processes. They recognise two major sets of faults along the coast- a 

dyke parallel set and a dyke normal set, with the dyke parallel set displaying a listric 

geometry and forming horst and graben structures, analogous to those documented in the 

Troodos ophiolite and interpreted to represent a fossil spreading axis. Dilek and Thy 

(1998) suggest that the Halay ophiolite underwent crustal denudation and unroofing of the 

upper mantle as a result of tectonic extension at a spreading centre. The boundary between 

the dykes and gabbros is interpreted as a low-angle detachment surface of seafloor origin, 

locally marked by mutually intrusive relationships between the sheeted dykes, gabbros and 

plagiogranites. The Tahtakopru fault separating the two massifs is interpreted as an 

accommodation zone that allowed differential movements between adjacent ridge 

segments with variable extensional strain during generation of the oceanic lithosphere. 

Dilek and Thy (1998) describe the massif to the east of the Tahtakopru fault as consisting 

of serpentinites directly overlain by pillow lavas, rotated dyke blocks and gabbros and 

interpret sulphide mineralisation along some fault planes in the extrusive rocks as 
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indicative of the operation of hydrothermal systems acting synchronously with magmatic 

and extensional tectonic processes. 

They describe the contact between the mantle rocks and the gabbros as characterised by a 

50-100 m thick zone composed of highly altered, fine-grained, sheared rocks, with the 

gabbros displaying cumulate textures commonly cut by low-angle shear zones and 

boudinage structures. They suggest that the boundary between the gabbros and SDC is 

gradational and that the original seafloor relationship is preserved. Dilek and Thy (1998) 

describe the main outcrop of the SDC as comprising a synform oriented NE-SW, bounded 

by inward-dipping faults overlying the plutonic sequence and containing mineralised 

oceanic faults. One subset of these is parallel to the dykes with shallower dip angles 

causing the dykes to form horst and graben structures. These faults are interpreted as syn-

magmatic and believed to die out in the upper part of the gabbros below. The second set of 

faults in the SDC are described by Dilek and Thy (1998) as NW-SE striking tear faults that 

cut and offset the generally NE-SW striking contacts between the ophiolite subunits, dying 

out towards the NW and overlain by the sedimentary sequence. Other faults described by 

Dilek and Thy (1998) are local high-angle normal faults within the extrusive sequence that 

die out downwards. The contact between the extrusive rocks and serpentinites is described 

as a gently SE dipping normal fault and several NW-SE striking faults that are parallel 

with the Tahtakopru fault are described. 

Other structures within the ophiolite are recognised by Dilek and Thy (1998) as similar to 

those developed on the seafloor, for instance, the mineralisation of the faults and cross-

cutting of basaltic dykes. According to Dilek and Thy (1998), faults/shear zones and 

associated deformed rocks between the ultramafic rocks and gabbros and between the 

gabbros and the SDC show shear sense indicators compatible with an extensional origin. 

These authors say that the formation of the structural graben containing the ultramafic 
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rocks, gabbros and sheeted dykes and the high angle normal faults forming local horst and 

graben structures within the SDC suggest a spreading-related origin for the faults and that 

they are inconsistent with the contractional style that would have developed during 

convergence and ophiolite emplacement. The oblique-slip faults that are perpendicular to 

the contacts between the ophiolitic lithologies are interpreted to be zones that facilitate 

differential extension £md rotation between adjacent blocks along the spreading axis, 

analogous to ones documented from the MAR (Karson and Rona 1990; Figure 2.11A-B). 

The boundary between the serpenlinised mantle units and crustal units is mostly tectonic 

and juxtaposes the uppermost levels of the ophiolite with the mantle units along low-angle 

tectonic contacts, which Dilek and Thy (1998) suggest points to high levels of tectonic 

extension, driven by an asymmetric extension along a low-angle detachment surface (e.g. 

Wernicke 1985). In Dilek and Thy's (1998) tectonic model, the Cretaceous oceanic 

lilhosphere preserved in the Hatay ophiolite is interpreted to have developed along a NE-

SW trending (in present coordinate system) spreading centre and to have undergone simple 

shear deformation associated with asymmetric tectonic extension along a SE dipping low-

angle fault. The present day surfaces either side of the peridotite core are interpreted by 

Dilek and Thy (1998) as representing remnants of the master fault. The doming of the 

peridotite core is believed by these authors to have resulted from the uplifting of the 

unloaded footwall and isostatic rebound and warping of the low-angle normal fault. 

Uplifting of upper mantle rocks and development of a mantle antiform is inferred to have 

been further facilitated by extensive serpentinisation and diapiric activity during and 

subsequent to displacement of the oceanic lithosphere from its original spreading 

environment (Dilek et al. 1991). If this scenario is correct, it is similar to the tectonics of 

the western median valley along the wall of the MAR in an area south of the Kane fracture 

zone (Cannat et al. 1988; Karson et al. 1990). Dilek and Thy's (1998) tectonic model 

infers a slow-spreading origin for the Neotelhyan oceanic lithosphere, with the oceanic 

67 



lilhosphere being tectonised and deformed within the plate boundary zone i.e. the 

deformation fabric seen in some ophiolites may represent ocean floor rather than obduction 

tectonics. 

2.9 Overview of the geology of related ophiolitcs 

The Hatay, Baer-Bassit and Troodos ophiolites are believed to have formed within the 

same ocean basin, with emplacement of Hatay and Baer-Bassit occurring whilst they 

comprised part of the same ophiolite sheet. A review of the geology of the Troodos and 

Baer-Bassit ophiolites thus provides valuable background information for interpretations in 

later chapters of the new palaeomagnetic and structural data from the Hatay ophiolite. A 

brief geological overview is relevant prior to discussions of previous palaeomagnelic 

results from these ophioliles (see review in Chapter Four), and particularly important in 

relation to the new palaeomagnetic results obtained from the sedimentary cover of the 

Baer-Bassit ophiolite, 

2.9.1 Troodos ophiolite 

The Troodos ophiolite of Cyprus is one of the most studied ophiolite complexes in the 

world and as such it would be impossible here to provide an extensive review of all 

previous research. A comprehensive synthesis of the history of geological research in 

Cyprus is given by Robertson and Xenophontos (1993) and a geological review of research 

in Cyprus is given by Robertson (1990), The Troodos massif has previously been used as 

a proto-type for all ophiolites. The ophiolite consists of a complete Penrose 

pseudostratigraphy forming a domal structure as a result of Late-Pliocene to Recent uplift, 

which results in a broadly concentric outcrop pattern with the mantle and lower crustal 

sections outcropping around the central topographic high (Figure 2.14). 
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The Troodos ophiolite was not subaerially exposed and deeply eroded until the Plio-

Quatemary time (Robertson and Xenophontos 1993). The ophiolite is extremely well 

preserved due to a lack of large-scale thrust tectonics during emplacement, allowing 

unique exposures of many original seafloor relationships to be observed. 

A metamorphic sole is absent, and seismic reflection evidence indicates that the ophiolite 

is underlain at depth by crust of average continental thickness (Makris 1983). The deepest 

levels of the Troodos ophiolite are tectonised harzburgites which are interpreted as 

refractory mantle, together with intrusions of dunite and Iherzolile (Robertson 2002). The 

plutonic section includes layered cumulates that are cut by gabbroic intrusions, providing 

clear evidence for the existence of multiple small magma chambers beneath the Troodos 

spreading axis (Robinson and Malpas 1990). The upper massive gabbros are locally 

overiain by small plagiogranite bodies that intrude in places into the SDC (Robertson 

2002). 

The SDC of the Troodos ophiolite is exposed over an 80 km wide area with a consistent N -

S mean strike of the dykes (present-day coordinates). The complex is 1 to 1.5 km thick 

and dykes are in places rotated to low angles and cut by later dykes (Dietrich and Spencer 

1993). In the western and central regions of the complex dykes trend predominantly N-S, 

with deviations observed in the vicinity of the Southern Troodos Transform Fault Zone 

(STTFZ) and in the north (Simonian and Gass 1978). 

The extrusive sequence is best exposed along the northern and southwestern margins of the 

ophiolite and there are classic sections where the interplay between magmatic, tectonic and 

hydrothermal processes during construction of the oceanic crust can be established 

(Schmincke et al. 1983; Schmincke and Rautenschlein 1987). The extrusive sequence is 

around 1 to 1.5 km thick and is split into three divisions, although there is no strong 
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evidence for structural or metamorphic discontinuities between the layers (Gass and 

Smewing 1973). Variable hydrothermal alteration occurs throughout the lavas, which also 

contain massive sulphides in places (Robertson 2002). The extrusives are overlain by 

metalliferous umbers within small seafloor half grabens (Robertson 2002). 

The contact between the sheeted dykes and gabbros in places is a low-angle extensional 

detachment fault zone (Varga and Moores 1985), providing evidence for amagmatic 

stretching during crustal formation, indicative of spreading in a slow-spreading system. 

Dietrich and Spencer (1993) have demonstrated that tectonic extension was accommodated 

in the upper levels of the Troodos ophiolite by the combination of large dyke-parallel 

faults, sub-horizontal shear zones and a network of small-scale normal faults. The 

presence of cross-cutting dykes and epidote mineralisation within the fault gauges 

indicates that the observed extensional faults and shear zones formed within the plate 

accretion zone. Spreading took place either by steady stale processes (Allerton and Vine 

1987) or by the formation of discrete, ephemeral seafloor grabens (Varga and Moores 

1985), The best-documented graben is the Solea graben which is interpreted to be a fossil 

spreading axis. 

The southern margin of the main ophiolile massif is marked by the east-west trending 

Arakapas fault belt (Figure 2.14) which is a strike-slip system interpreted to be a fossil 

oceanic transform fault (Moores and Vine 1971; Simonian and Gass 1978). An anomalous 

ophiolitic sequence is exposed to the south of the Arakapas fault belt within the Limassol 

Forest Complex (Figure 2.14) where mantle sequences and lower crustal rocks are exposed 

at a high structural level and are cut by numerous east-west trending shear zones (Murton 

1986; MacLeod 1990). This is interpreted to have formed within a leaky (transtensional) 

transform fault zone: the South Troodos Transform Fault Zone (STTFZ) with the principal 

displacement zone represented by the Arakapas fault belt (MacLeod and Murton 1993). A 

71 



progressive change in dyke orientation within the SDC occurs as the STTFZ is approached 

from the north, suggestive either of primary variation in the Late Cretaceous stress field 

adjacent to a sinistrally slipping transform, or post-emplacement tectonic rotations of dykes 

due to dextral shear along the transform (Simonian and Gass 1978); palaeomagnetic data 

support the second possibility (e.g. Morris et al. 1990). A small area of normal Troodos-

type crust exposed in the SE of the Limassol Forest Complex is believed to represent a 

fragment of crust formed at an Anti-Troodos spreading axis located to the south of the 

transform domain (MacLeod 1990). 

An alternative model has recently been proposed by Cann et al. (2001), who reinterpret the 

Limassol Forest area as an oceanic core complex. The Arakapas fault zone is interpreted 

by these authors to represent the evolution of a transform fault into a fracture zone with 

mantle peridotiies within the Limassol Forest area recognised as core complexes exposed 

either at seafloor or covered by overlapping crustal blocks, separated by low-angle 

detachment faults. The extension is inferred to have occurred shortly after crustal 

construction in crust formed in an inside comer area, extended by detachment faulting and 

deformed further during slip along the transform, then intruded by new magma as it passes 

the second spreading centre (Figure 2.1 IB). In this model, the Troodos ophiolile formed to 

the east of a ridge-transform-ridge intersection, with the Limassol Forest area produced at 

the westem inside comer, spreading eastwards past a second ridge, with the ophiolite to the 

north of the Arakapas fault created and welded to it al this time. The Cann ct al. (2001) 

mode! indicates a sinistral sense of displacement along the transform model and is thus 

essentially incompatible with the numerous palaeomagnetic data from the ophiolite that 

support dextral displacement along the STTFZ. 

In the Late Cretaceous, shortly after genesis at the Neotelhyan spreading axis, the Troodos 

oceanic crust became tectonically juxtaposed along its SW margin (present-day 
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coordinates) with an allochtonous, highly deformed sequence of Upper Triassic to mid-

Cretaceous rocks, known as the Mamonia Complex, and interpreted to represent remnants 

of a passive continental margin and marginal oceanic crust (Robertson and Woodcock 

1979; Swarbrick 1993). The mode of juxtaposition of the two complexes is under debate. 

To the north of the Troodos ophiolite lies another allochthonous terrane- the Kyrenia 

terrane (Robertson and Xenophontos 1993). 

The Troodos ophiolite is overlain by a continuous in situ Late Cretaceous to Recent pelagic 

sedimentary cover, consisting of the Perapedhi, Kannaviou, Lefkara and Pakhna 

formations (Robertson and Xenophontos 1993). The Perapedhi umbers are of Turonian-

Campanian age and overlie the stratigraphically highest pillow lavas located within 

hollows in the pillowed surface. Conformably overiying these sediments is the Lefkara 

Formation, consisting of pelagic chalks with subordinate cherts (Robertson and Hudson 

1974), divided into Lower (Maastrichtian), Middle (Palaeocene to Eocene) and Upper 

(Oligocene) units on the basis of both lithological and micropalaeontological criteria 

(Mantis 1970). 

The Troodos ophiolite has not been emplaced by overthrusting onto a continental platform 

and so there is a lack of large-scale thrust tectonics. It provides a rare example of an 

ophiolite that could be considered to be undergoing active emplacement today in that uplift 

of the massif is still occurring (Robertson et al. 1995). The Eratoshenes seamount is an 

inferred crustal fragment located to the south of Cyprus which is interpreted to be in the 

process of incipient collision with the active margin of the Eurasian plate to the north and 

as such represents an opportunity to study processes that occur as an ophiolite is obducled 

and emplaced (Robertson 1998). Cyprus has been undergoing progressive uplift from the 

Pliocene to Quatemary, with a marked acceleration during and subsequent to the Late 

Pliocene (Robertson 1990). The rate then slowed following the mid-Pleisiocene (Poole 
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and Robertson 1992). The rapid uplift of southern Cyprus is coincident in time with 

increased subsidence of the Eratoshenes seamount and these two events are likely to result 

from the same cause (Robertson 1998). The driving force of the uplift is probably not 

limited solely to the underthrusting of the seamount as uplift was associated with diapiric 

protusion of serpentinite that now forms the core of Mount Olympos (Robertson 1990). 

This is inferred to represent ultramafic oceanic mantle beneath Cyprus that became 

hydrated, increased in volume and rose diapirically (Robertson 1998). Due to the 

simultaneous uplift of the Kyrenia range of Cyprus, serpentinite diapirism also cannot 

solely account for the uplift which is hypothesised to be the result of a combination of 

underthrusting of the Eratoshenes seamount and the onset of diapiric serpentinisation 

(Robertson 1998). 

2.9.2 Bacr-Bassit ophiolitc 

The dismembered Baer-Bassit ophiolite is located 20 km to the south of the Hatay 

ophiolite in NW Syria and is interpreted to represent the more dismembered thrustal front 

of the same ophiolite sheet of which Hatay comprises part. The ophiolite thrust sheets are 

underlain by the "Baer-Bassit Melange" (Al-Riyami et al. 2000; Al-Riyami and Robertson 

2002), which consists of deformed Mesozoic rocks of continental margin and oceanic 

affinities. The ophiolitic outcrop is dominated by two massifs: Baer in the NE (inland) and 

Bassit in the NW (near the coast), with smaller dismembered outcrops to the south (Figure 

2.15), separated into thin thrust slices less than 200 m thick (Al-Riyami et al. 2000). The 

Baer massif is relatively structurally intact and consists principally of harzburgites, 

overlain by cumulate ultramafics, layered gabbros and dolerite dykes (Parrot 1977). The 

Bassit massif comprises a lower sequence of peridotites and gabbros, which are overlhrust 

by a slice of melange and then by thin (<100 m thick) imbricate thrust sheets of gabbro, 

sheeted dykes and pillow lavas. 
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Baer-Bassit was originally described by Dubertret (1955) and mapped by Russian 

geologists (Kazmin and Kulakov 1968). Recent work on the tectonic evolution of the 

ophiolite and its melamorphic sole and the emplacement of the ophiolite has been carried 

out by Al-Riyami et al. (2000) and Al-Riyami and Robertson (2002). 

A well-developed metamorphic sole forms the base of the ophiolite sequence and can be 

divided into high-grade amphibolite facies assemblages in the north and lower-grade 

greenschist facies in the centre of the region, although no inverted metamorphic gradient is 

preserved within any one area (Al-Riyami et al. 2002). The protoliths of both the high-

grade and lower-grade assemblages are interpreted to be alkali basalts and pelagic 

sediments, similar to the volcanic rocks in an underlying unmetamorphosed melange (Al -

Riyami et al. 2002). The metamorphic sole progressively evolved from ductile to brittle 

fabrics during tectonic transport, with most fabrics evolving during intense shearing, 

although some of the metamorphic alkaline metabasites were apparently metamorphosed 

under relatively static strain conditions. The lack of metamorphic sole preserved in the 

related Hatay ophiolite is possibly due to it being cut out during the emplacement process 

(Al-Riyami et al. 2000). 

Layered gabbros in the Baer and Bassit massifs are around 1 km thick and are locally cut 

by doleritic dykes, with an average strike of 130° and a shallow 20-34° dip in the Baer 

massif (Al-Riyami et al. 2000). The central area contains small masses of layered gabbro, 

locally cut by dykes, pegmalitic gabbro, serpentinite and lava. This area is considerably 

affected by Neotectonic strike-slip faults (Al-Riyami et al. 2000). The SDC in the Bassit 

massif is composed of sub-vertical dykes with chilled margins and strikes on average NW-

SE with the largest known outcrop (dominant strike 330°, dip 70-90°) extending for 3 km 

along-strike (Al-Riyami et al. 2000). The extrusives are magnesian and strongly depleted. 
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comparable to primitive island arc tholeiites and some boninitic lavas. The top layer of the 

ophioHte is umber lying within, or just above, the upper lavas (Al-Riyami et al. 2000). 

The ophiolite is overlain by Late Maastrichtian to Palaeogene marine calcareous 

sediments. It was transgressed by shallow-water carbonates during Late Maastrichtian 

time. In Palaeocene-Eocene time, deeper water carbonate deposition over the allochthon 

resumed and was followed by shallower water carbonate deposition in Early Oligocene 

time. These Palaeogene sequences are now exposed to the south and SE of the ophiolitic 

Bassit massif. A subsequent regional cessation of deposition persisted until Eariy Miocene 

lime (Krasheninnikov 1994). Shallow-water carbonate deposition resumed in the Early 

Miocene, and Aquitanian sequences occur unconformably above various stratigraphic 

levels in the Palaeogene sequence. This Neogene sequence is mainly exposed to the west 

of the Nahr-el-Kabir river. 

In middle Maastrichtian time, the ophiolite and the underiying Baer-Bassit Melange were 

thrust onto the Arabian margin, which then formed part of a regionally submerged 

carbonate platform (e.g. Kazmin and Kulakov 1968). Radiometric ages of 85-95 Ma 

(Thuzial et al. 1981) from the melamorphic sole, thought to represent the first detached 

part of the lithosphere at the ridge axis, thus represent the youngest possible formation age 

of the ophiolite. This implies a gap of 20-25 Ma between initial detachment and 

emplacement (Delaloye and Wagner 1984). Structures in the metamorphic sole and in the 

underlying Baer-Bassit Melange suggest that ophiolitic thrust sheets were emplaced 

towards the SE (Al-Riyami et al. 2002; Figure 2.I6A). For example, foliation in the 

greenschists and amphibolites is mainly oriented NW-SE with the lineation parallel to the 

foliation and mainly plunging to the NW and fold facing directions (Figure 2.16B), 

although variable, also indicating displacement towards the SE (Al-Riyami el al. 2000). 

During emplacement the front of the ophiolite was tectonically imbricated and overthrust 
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by the main ultramafic slab, the Bassit massif. The thrust slices in the southern part of the 

ophiolite strike NE-SW and dip NW (Al-Riyami et al. 2000). 

The emplaced allochthonous units (Baer-Bassit ophiolite, metamorphic sole and Baer-

Bassit Melange) were briefly exposed, then transgressed by shallow and deeper water 

carbonate sequences during Late Maastrichtian-Early Oligocene time (Figure 2.I6C). A 

subsequent regional cessation of deposition persisted until the Early Miocene 

(Krasheninnikov 1994) and may relate to closure of the southern Neotethys basin in this 

region. Related contraction resulted in open folding and faulting of the ophiolite and the 

Palaeogene neoaulochthonous sedimentary cover. This probably led to the updoming of 

the Jebel Agra carbonate platform in the north. No further regional-scale thrusting took 

place after latest Cretaceous time. Shallow-water carbonate deposition resumed in the 

Early Miocene. These sediments lie unconformably on the Palaeogene sequence. 

In the Late Miocene the region was dissected by mainly ENE-WSW-trending, dominantly 

sinistral strike-slip faults. This fault system (the Latakia-Killis lineament) extends 

offshore, and may represent part of the extension of the present day plate boundary zone 

between the African plate and the Turkish microplate. This runs eastwards from south of 

Cyprus as a zone of distributed deformation (Kempler and Garfunkel 1994; Ben-Avraham 

et al. 1995) and then comes onshore, passing through the Baer-Bassit region to link with 

the DSF system to the east (Robertson 1998; Al-Riyami et al. 2000). The Neogene-

Quatemary deformation produced strike-slip faulting in the south and centre of the massif 

and normal faulting in the north, which formed large grabens (Al Riyami et al. 2000). The 

strike-slip faults in the central area are mostly sinistral and strike ENE-WSW with variably 

oriented dextral strike-slip faults also observed. 
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2.10 Synthesis 

The reviews of the evolution of the eastern Mediterranean, the structural history of the 
Hatay region and the geology of the surrounding ophiolites provide valuable background 
information. This is essential in order to produce a robust interpretation of the new 
palaeomagnetic and structural results from the Hatay ophiolite. The review of existing 
structural data from the Hatay ophiolite highlights the existence of diverse interpretations 
of the origins of the structures within the ophiolite as well as a general lack of detailed 
palaeostress studies in the region. The structural data presented in Chapter Eight 
significantly extends previous knowledge of the structural development of the Hatay 
ophiolile and enables some of these contrasting views to be addressed. The geological 
overview of the Hatay, Troodos and Baer-Bassit ophiolites provides an important overview 
of features such as the mean strike of their SDCs, which are used in later interpretations. 
The information provided on the sedimentary cover units and the Neotectonic history is 
valuable for interpreting the new palaeomagnelic results obtained from the sedimentary 
covers of the Hatay and Baer-Bassit covers. 
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CHAPTER THREE 

3, T H E E A R T H ' S M A G N E T I C F I E L D AND P A L A E O M A G N E T I C 

METHODS 

3.1 Introduction to chapter 

The Earth's magnetic field through time can be recorded by rocks and its ancient direction 

provides a useful reference when applied to many tectonic problems. By recovering the 

direction of the geomagnetic field at known points in the history of a rock, information can 

be gained about the degree of rotation experienced by that unit as well as its latitudinal 

displacement since the magnetisation was acquired. Two key assumptions made are firstly 

that the rock is able to accurately record and retain a record of the Earth's field over 

geological periods of time, and secondly that the orientation of the geomagnetic field 

through time is known with sufficient confidence to infer the ancient position of the 

sampled rock. 

In this chapter, descriptions of the Earth's field and methods by which rocks acquire 

magnetisation are provided as well as a summary of the palaeomagnetic sampling and 

analysis methods used within this study. The apparent polar wander paths for Africa and 

Eurasia wil l also be described. 

3.2 The Earth 's magnetic field 

The geomagnetic field at the Earth's surface can be described in terms of its horizontal 

(declination) and vertical (inclination) components (Figure 3.1 A). For most 

palaeomagnetic studies, it is assumed that the Earth's magnetic field can be modelled by a 

geocentric axial dipole (GAD), which is on average located along the spin axis of the Earth 
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and close to the centre (Figure 3.IB). At present, around 90 % of the Earth's field can be 

ascribed to such a model, with the dipole currently aligned around 11.5° away fi-om the 

rotation axis. The assumption that the Earth's field is dipolar is a simplification as there 

are also non-dipole elements of the Earth's magnetic field. However, the most important 

component of the field in terms of having the largest effect on magnetisation is the dipolar 

field, and so it is reasonable to use this assumption in most palaeomagnetic studies. 

The Earth's magnetic field is constantly changing direction, oscillating about the GAD 

with maximum amplitude of around 30°, This is referred to as secular variation. At 

certain times the Earth's field exhibits variations that cannot be accounted for by secular 

variation. These are referred to as excursions. The Earth's field also undergoes complete 

(180°) polarity inversions; these have occurred at a rate on average of two to three per 

million years on average through the Cenozoic period (Gubbins 1999). 

3.3 Magnetisation theon' and acquisition of magnetisation 

A detailed discussion of magnetic theory is beyond the scope of this thesis, although brief 

descriptions of some fundamental aspects of magnetic theory are given to provide the 

necessary background for later results and discussions for the benefit of the non-

palaeomagnetist. Further details on magnetic mineralogies within oceanic crustal rocks 

and rock magnetic parameters are provided in conjunction with the rock magnetic results 

presented in Chapter Seven. 
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F igure 3.1: The Earth's magnetic field. 
A. The total magnetic field vector H can be described in terms of a vertical component and a 
horizontal component. Declination is the angle between geographic north and the field direction 
measured in the horizontal plane and inclination is the angle between the field direction and the 
horizontal measured in the vertical plane. 
B. Geocentric dipole field (after Tauxe 1998). A cross-section of the Earth with a dipolar magnetic 
field superimposed, k and 8 are latitude and colatitude respectively. The illustrations on the right 
show the inclinations of the magnetic field, B, relative to the Earth's surface at various latitudes. For 
the GAD model, the Inclination (I) can be related to latitude (\) by the relationship: tan I = 2 tan X. 
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3.3.1 Fundamentals of magnetism and magnetic terms and parameters 

Figure 3.2 illustrates the three fundamental types of magnetic properties: diamagnetism; 

paramagnetism, and ferromagnetism. The first two (Figure 3.2A-B) magnetisations are 

weaker and caused by the properties of electron orbits and atomic spins. Diamagnetism is 

a weak property of all substances and is results from the interaction of electron spins with 

external magnetic fields. In the presence of an applied field there is a torque on the 

electron and the diamagnetic response is the acquisition of a small induced magnetisation 

opposite to the direction of an applied field. Paramagnetic behaviour is caused by unpaired 

electronic spins, which also behave as magnetic dipoles. These are essentially randomised 

unless under the influence of an applied magnetic field, or influenced by neighbouring 

atomic spins (known as exchange interactions). An applied field acts to align the spins and 

creates a net magnetisation proportional to the strength of the applied field. The elements 

with most unpaired electron spins are the transition elements and these are responsible for 

most of the paramagnetic behaviour observed in rocks. 

X <0 
B 

H 

x>0 

H 

C J 

Js r H 

F igure 3.2: Fundamental types of magnetic behaviour. 
All plots show the magnetisation. J . versus the magnetising field. H. for: 
A. a diamagnetic substance (e.g. quartz); B. a paramagnetic substance (e.g. biotite); and C. a 
ferromagnetic substance (e.g. magnetite). Magnetic susceptibility, x. 's a negative constant for 
diamagnetic substances and a positive constant for paramagnetic substances. The path of 
magnetisation for ferromagnetic substances exhibits hysteresis (irreversible) and magnetic 
susceptibility is not a simple constant. 
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Ferromagnetic substances retain a permanent magnetisation in the absence of an applied 

field, known as remanent or spontaneous magnetisation caused by strong interactions 

between neighbouring spins within a crystal lattice. The spin alignment (Figure 3.3) acts 

to minimise exchange energy, which is a consequence of the quantum mechanical principle 

stating that no two electrons can have the same set of quantum numbers. The 3d orbital of 

the transition elements is particularly susceptible to exchange interactions due to its shape 

and the prevalence of unpaired electron spins (Tauxe 1998), so remanence is characteristic 

of certain crystals containing transition elements with unfilled 3d orbitals. In nature, only 

certain oxides of iron and iron sulphides display significant magnetism. Magnetic 

substances that are ferromagnetic at room temperature behave only as paramagnetic 

minerals above a specific temperature, referred to as the Curie temperature (Tc). 
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e.g. pure iron 
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antiferromagnetism 
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F igure 3.3: Types of spin alignment in ferromagnetism (Tauxe 1998). The strength of the 
resultant magnetisation is dependent on the spin alignment within the crystal lattice. 
A. ferromagnetism (senso strictu)- all spins are parallel; 
B. antiferromagnetism- spins are perfectly antiparallel and there is no net magnetic moment. In 
ilmenite Ti^* cations alternate with layers of Fe cations. Alternating Fe^* layers are parallel and 
antiparallel coupled; 
C. spin-canted antiferromagnetism- spins are not perfectly aligned in an antiparallel direction but 
are canted by a few degrees giving rise to a weak net magnetic moment. In haematite atomic 
magnetic moments of Fe^* cations are parallel coupled within (0001) planes but approximately 
antiparallel coupled between adjacent layers of cations, with the angle between them departing 
slightly from 180°; 
D. defect antiferromagnetism- a net magnetic moment can arise if spins are not perfectly 
compensated owing to defects in the crystal structure, as occurs in fine-grained haematite. 
E. ferrimagnetism- spins are aligned antiparallel, but the magnitudes of the moments in each 
direction are unequal, resulting in a net moment. In magnetite, alternating sublattices contain Fe^" 
and Fe^* cations with parallel coupled spins alternating with the next sublattice containing an Fe^* 
arranged antiparallel. The moments of the Fe^* cations effectively cancel, leaving a net magnetic 
moment due to Fe^* cations, giving rise to a large permanent magnetisation. 
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Magnetic grains act to minimise the magnetic energy within them, with several different 

competing energies affecting the grain. There is an interaction energy between the 

magnetisation of individual ferromagnetic particles and an applied magnetic field. This 

energy increases with grain volume at the surface of grains and at some point it becomes 

energetically more favourable for the magnetisation to break down into magnetic domains, 

within which magnetisation is uniformly aligned. A magnetic crystal behaving as a single 

magnetic dipole is referred to as single domain (SD; Figure 3.4A). Larger grains divided 

into more than one domain are referred to as multidomain (MD; Figure 3.4C). The domain 

structure affects the magnetic behaviour of grains. Exchange energy refers to the 

interaction between the magnetic properties of an atom with its neighbouring atoms. 

Magnetostatic energy arises due to repulsion between adjacent magnetic charges and for a 

uniformly magnetised ellipsoid is the interaction energy between the internal 

demagnetising field with the magnetisation in the grain. Resistance towards rotating the 

internal magnetisation of a grain to align with an external field is referred to as magnetic 

anisotropy with the most significant anisotropics being magnetocrystalline anisotropy and 

shape anisotropy (Butler 1992). Magnetocrystalline anisolropy is a measure of the 

magnetic anisotropy within a grain and arises due to preferences for the direction of 

magnetisation to lie along certain orientations within the crystallographic lattice. Shape 

anisotropy refers to the difference in magnetic energy depending on the magnetisation 

direction within a grain in relation to its shape; for instance, a highly elongate 

ferromagnetic grain has much lower magnetic energy i f it is magnetised along its length. 
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F igure 3.4: Types of magnetic domain structure. A. single domain (SD); B. pseudo-single 
domain (PSD). C. multi-domain (MD), and D. circular spin arrangement. Smaller grains will usually 
only have one magnetic domain whereas the magnetisation of larger grains is split between several 
domains separated by domain wails. It requires energy for magnetic grains to nucleate domain 
walls, with exchange energy increased for narrow walls and magnetocrystalline energy increased 
for wider walls. The domain structure that exists in a mineral is also affected by the shape of the 
magnetic grain. The finest grains tend to behave in a magnetically similar manner to paramagnetic 
substances and are referred to as superparamagnetic (SP). Pseudo-single-domain (PSD) grains 
lie in-between S D and MD sizes. The origin of PSD behaviour is likely to be the fixing of domain 
wall movement by grain shape or lattice imperfections. Other possibilities including domain 
structures not observed in SD or MD grains, or alternatively P S D behaviour could result from a 
distribution of grain sizes within the same sample. The circular spin arrangement of D eliminates 
the associated magnetic field but dramatically increases exchange energy. Hysteresis parameters 
can be used to infer magnetic grain size (section 7.3.2). 

Magnetisation is of two kinds: induced magnetisation, produced when an external 

magnetic field is applied and remanent magnetisation which is the magnetisation 

remaining after the external field has been removed. The relationship between the external 

magnetic field and the induced magnetisation is known as magnetic susceptibility. Al l 

magnetisations are time dependent. This is due to the effect of thermal energy within a 

grain which causes the magnetisation within a grain to relax away from the acquired field 

direction and effectively randomise over time. Initial magnetisation decays according to 

the equation: M (t) = Mo exp (-t / T), where MQ is the initial magnetisation, t is time and T is 

the lime for remanence to decay to 1/ e of its initial value. The value of T.is a function of 

the balance between magnetic anisotropic and thermal energies: x = 1 / C e x p | ^ j , where 

C is a frequency factor, the anisotropy energy is given by the dominant anisotropy constant 

K multiplied by the grain volume v and thermal energy is given by kT. Thus, relaxation 

time is proportional to coercivity and volume and inversely proportional to temperature. 
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Coercivity is the ease with which a magnetic grain is magnetised and depends on both 

mineralogy and grain size as well as shape anisotropy. Smaller grains of the same domain 

structure (e.g. SD) have lower coercivities because activation energy is lower and a small 

applied field or lower temperatures are sufficient to allow the grain to reorient itself 

Coercivity can increase with increasing titanium content. Coercivities are also lower for 

magnetite and maghemite and higher for haematite and pyrrhotite. Coercivity is non-

unique, for instance a coercivity of 200 mT could be due to elongate SD magnetite grains, 

equant TM60 grains or intermediate M D haematite grains. Relaxation time refers to the 

time period over which a magnetisation wil l decay and is shorter for grains of lower 

coercivity. 

Curie temperature (Tc) depends on magnetic mineralogy only and is the temperature at 

which thermal vibration destroys exchange couplings so that the spontaneous 

magnetisation falls to zero. Above this temperature, the grains behave in a 

superparamagnetic manner, Tc for stoichiometric magnetite is around 580°C and for 

haematite Tc is 680°C. Addition of titanium reduces Tc in both titanomagnetites and 

titanohematites. Measurement of Tc can be achieved by monitoring the change in 

susceptibility or saturation magnetisation with temperature. However, Tc is non-unique, 

for instance a Tc of 580°C may either indicate magnetite or alternatively haematite with 

10% titanium. The Tc of end-member magnetite decreases with increasing ulvospinel 

content and increases with increasing oxidation parameter (Moskowitz 1987). 

Blocking temperature (TB) is the temperature below which the permanent magnetisation 

becomes imparled to the mineral. TB can be considered as analogous to He in that, once 

this value is exceeded, a magnetic grain loses its ability to retain a stable magnetisation. In 

rocks, a spectrum of blocking temperatures is observed due to the diversity of grain 

properties. Above Tc the magnetic grains behave in a paramagnetic manner: 
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magnetisation can be acquired in a magnetic field but has a short relaxation time and 

decays to zero once the field is removed. As the temperature falls, relaxation time 

dramatically increases so that randomisation of the magnetisation by thermal vibrations 

can only occur over enormous time periods. The key result for geological purposes is that 

the relaxation time rapidly exceeds the age of the Earth for many magnetic grains 

(particularly SD grains). 

Some magnetic minerals display structural transitions at low temperatures. For example, 

the Verwey transition in magnetite occurs at 120 K (-140°C) for stoichiometric magnetite 

with the transition temperature decreasing with increasing Ti content. Recovery of the 

original remanence is almost complete in SD grains but poor in M D grains. The Morin 

transition occurs at -15°C in haematite with the transition temperature decreasing with 

increasing titanium content, with recovery of remanence in haematite not being grain size 

dependent. In pyrrhotite, a low-temperature transition occurs at -240°C and recovery of 

the original remanence is almost complete in SD grains and poor in M D grains. There is 

no low-temperature transition in maghemite. Again, low-temperature transitions are non-

unique; for example a lack of transition on cooling to 50 K could be due to the presence of 

maghemite, a high-Ti titanomagnelite or pyrrhotite. 

3.3.2 Acquisition of magnetisation 

Major assumptions in using palaeomagnetism as an interpretive technique in tectonics are 

that magnetic minerals within rocks are capable of retaining the direction of the past field 

over geological time and that the oldest magnetic direction measured in a rock can be 

assigned to a geologically relevant time. For example, it would be useless to know the 

oldest direction in a rock but have no knowledge of its history. To satisfy the validity of 
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these two assumptions, it becomes important to know something about how a rock acquires 

its magnetisation. 

For most palaeomagnetic studies, it is preferable for magnetisation acquisition to occur at 

the time of formation of the rock and record the same direction as the prevailing 

geomagnetic field with this satisfying the GAD hypothesis. The magnetisation acquired at 

the time of rock formation is known as the primary magnetisation. For a primary 

magnetisation to be stable over geological lime, the relaxation time must be greater than 

the age of the rock. This primary component of magnetisation can be acquired in rocks in 

different ways. For example, some igneous rocks acquire a thermal remanent 

magnetisation (TRM) with the magnetisation 'fixed' as the rock cools through the blocking 

temperature spectrum (TB) of the ferromagnetic grains. In sedimentary rocks, the 

remanence is usually acquired either as the grains become aligned with the prevailing 

magnetic field upon deposition- a detrital remanent magnetisation (DRM), or subsequently 

due to compaction and dewatering processes rearranging the grains (pDRM). Primary 

magnetisations can be altered by a chemical remanent magnetisation (CRM), where an 

existing magnetic grain is altered at low temperatures by a chemical reaction, or as a new 

diagenetic ferromagnetic mineral is precipitated, CRMs are most common in sediments. 

The primary magnetisation can also be altered, or added to, by lightning strikes as an 

intense isothermal remanent magnetisation (IRM) remagnetises the grains within a rock. A 

tectonic event may reheat some magnetic minerals above their blocking temperatures 

resulting in partial remagnetisation of grains within the rock. Over time the lowest 

coercive magnetic grains lose their original magnetisation and realign with a later magnetic 

field direction; this is viscous remanent magnetisation (VRM). These processes result in 

acquisition of secondary components of magnetisation by the rock, which can be isolated 

by demagnetisation techniques and allow the primary direction to be recovered in most 

cases. 
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There are several reasons why the magnetisation acquired by a rock may not represent the 

dipolar field at the time of formation. For instance, the GAD hypothesis may not be valid 

at the time/location where the rock formed; for example i f it was acquired during an 

excursion or during a polarity reversal, the direction of magnetisation wil l not record a 

dominant dipolar field. Also, a direction from a single sample is unlikely to record a long

time average of the geomagnetic field and therefore to have averaged out secular variation; 

it is only when an average direction is determined from samples within a site and several 

sites are averaged, that secular variation will be accounted for. These sites should be from 

rock sequences covering time periods sufficiently long to average out secular variation. 

Another problem is that rocks may be anisotropic and therefore magnetisation wil l not be 

acquired parallel to the geomagnetic field direction. Al l magnetic minerals are anisotropic 

and can usually be assumed to have a random arrangement in igneous and sedimentary 

rocks resulting in overall isotropic behaviour of the rock. Anisotropy only becomes 

significant for palaeomagnetic measurements i f the rock itself is strongly anisotropic. The 

magnetic anisotropy of the rock, in terms of both anisotropy of induced magnetisation 

(susceptibility; AMS) and anisotropy of remanence (AMR) can be measured; the former 

was measured for this study since its measurement is a quick straightforward process that 

gives a good general indication of rock fabric. As strong anisotropy in rocks lends to be 

confined to relatively small areas, sampling over a wide area wil l in general minimise this 

problem, especially as the effect is usually insufficient to substantially deflect remanence. 

It is important in order to be sure that the magnetisation is primary and determine whether 

the rock has acquired any secondary components of magnetisation such as CRM or IRM. 

Also, magnetisation decays over time and the more easily remagnetised grains within a 

rock (lower coercivity grains) will reorient themselves in the direction of later geomagnetic 

fields to produce VRM. 
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3.4 IVIcasurement, demagnetisation and rock magnetic techniques 

The sum of all the magnetic components within a rock is referred to as the natural 
remanent magnetisation (NRM). The individual components are isolated by 
demagnetisation techniques that work by progressively removing the contribution of the 
magnetic directions carried by the grains with the lowest coercivity/unblocking 
temperature and randomising or removing these magnetisations. For most magnetic 
studies, the objective is identification of the oldest magnetic direction carried by the rock, 
referred to as the characteristic remanent magnetisation (ChRM). This wil l represent the 
primary magnetisation i f it was acquired at the time of rock formation and successive 
events have not completely remagnetised the rock. It can be supported (but not generally 
conclusively defined) by various field tests, such as fold, conglomerate, reversal and 
contact tests (section 3.5.7). In this study, alternating field (AF) and thermal magnetic 
cleaning techniques have been used, with the general application of these techniques being 
AF demagnetisation for rocks containing magnetite and titanomagnetites and thermal 
demagnetisation used for rocks containing haematite. The most appropriate 
demagnetisation technique depends on the mineralogy and magnetic history of a sample. 
Subjection of a trial sample from a site to both techniques can determine the most 
appropriate procedure to use for the majority of samples, although checks by measuring a 
few samples from each site using the other technique allows confidence in results and a 
better understanding of the magnetisation within the samples. The maximum theoretical 
coercivity for single domain magnetite is 300mT (for acicular SD grains). Most AF 
demagnetisers have the capacity to demagnetise grains with coercivilies ranging up to 100 
mT. Hematite coercivity is considerably greater and AF demagnetisers are usually 
incapable of producing the fields required. AF demagnetisation is therefore more 
appropriate for rocks containing magnetite whereas thermal demagnetisation is more 
suitable for hematite-bearing rocks. AF demagnetisation can be less suitable for multi 
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domain grains as grain boundaries within these have a tendency to realign with the field 

prior to reaching He and becoming randomised. There may be more than one population of 

grains within a sample with the populations having different coercivity/unblocking 

temperature spectra but potentially overlapping with one another. On an orthogonal 

demagnetisation plot (section 3.5.1) this results in a curve of the magnetisation projection 

due to the overlap of the spectra and on a stereonet a continuous directional migration is 

observed. 

3.4.1 Alternating field (AF) demagnetisation 

AF demagnetisation works by subjecting samples to an alternating field with peak value H. 

Al l domains with a coercive force below HcosO (where 0 is the angle between H and the 

domain magnetisation) wi l l align themselves with the alternating field. I f this field is 

applied to all possible domain orientations, then domains with progressively lower 

coercive force wil l become stranded as the field is slowly decreased to zero. The 

combined result will be the randomising of the orientations of all grains with coercive 

force below that of the applied field. I f this process is then repeated at progressively 

higher fields, at each step the magnetisation can be projected and plotted. The end result is 

a vector plot of the magnetic field, allowing recognition of all the component contributions 

to the magnetisation within a sample. This can then be analysed to determine ChRM. 

The demagnetisers used for samples in this study were the AGICO LDA3 AF 

demagnetiser and the Molspin AF tumbling demagnetiser. The Molspin AF tumbling 

demagnetiser was used for both the majority of the standard palaeomagnetic cores and the 

hand sampled pillow lavas (section 5.2.1) which required a sample holder capable of 

holding larger non-standard specimens. The maximum applied field intensity is 100 mT 

and was increased from 5 mT to 100 mT in 5 mT steps followed by 10 mT steps 
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subsequent to the loss of most of the magnetisation, at which point little detail becomes 

lost from using larger steps. 

3.4.2 Thermal demagnetisation 

Thermal demagnetisation procedures remove the lower unblocking temperature 

components by heating to progressively higher temperatures and cooling in zero field 

whereby all grains with unblocking temperatures (TB) less than the fiimace temperature 

will become randomised. As many natural viscous overprints are caused by an increase in 

temperature exceeding the blocking temperature of the lowest-stability grains causing 

resetting of their magnetisation, a laboratory imitation of this process is generally very 

effective in removing such overprints. Thermal demagnetisation can result in alteration of 

certain magnetic minerals during treatment, usually due to oxidation. A measurement of 

sample susceptibility prior to and following each step of a measurement sequence should 

identify any such mineralogical changes. 

Specimens were demagnetised using a Magnetic Measurements M M T D l fiimace, which 

can achieve a maximum temperature of 800°C. Typically, between 12 and 15 samples 

were demagnetised at one time, with samples of similar lithology selected and a gap 

between samples in the holder to minimise any magnetic interference between specimens. 

Heating was stopped once temperatures were sufficiently high to be greater than the 

maximum TBS of the samples. In between each step, the susceptibility of the sample was 

measured using the AGICO KLY3 Kappabridge in order for any mineralogical changes 

caused by oxidation during the heating process to be identified. 
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3.4.3 Measurement of magnetisation 

For all standard palaeomagnetic samples demagnetised in the University of Plymouth 

Palaeomagnetic laboratory, the magnetisation between each demagnetisation step was 

measured using a Molspin spinner magnetometer. A Icu-ge aperture Digico spinner 

magnetometer was used to measure the hand sampled pillow lava samples as it is suitable 

for non-standard specimens. For the sedimentary samples measured in the University of 

Oxford Palaeomagnetic laboratory, magnetisations were measured using a 2-G 

superconducting magnetometer system. The operating principles of both spinner and 

cryogenic magnetometers are fully described by Collinson (1983). 

3.4.4 Magnetic fabric 

The existence of a magnetic fabric can be caused by sedimentary or magmatic layering. 

The anisotropy of the magnetic susceptibility (AMS) was measured for all samples using 

an AGICO KLY3 Kappabridge, prior to AF demagnetisation to avoid field-imposed effects 

(Tariingand Hrouda 1993). 

AMS reflects the preferred orientation of grains, grain distributions, and/or the crystal 

lattices of minerals which contribute to the magnetic susceptibility of a rock. It 

corresponds to a second order tensor and can be represented by an ellipsoid specified by 

the orientation and magnitude of its principal axes (IC|, K2 and K3, being the maximum, 

intermediate and minimum susceptibility axes respectively). The AMS of a rock may 

result fi"om contributions from diamagnetic, paramagnetic, antiferromagnetic and 

ferrimagnetic minerals (see Tarling and Hrouda 1993 for a review), but where magnetite is 

present this usually dominates the AMS signal. K i axes are aligned along the long axes of 

non-equanl magnetite grains or along the axes of linear chains of interacting equant grains, 
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usually resulting in correlation of specimen AJVIS lineations with petrofabric x-axes (e.g. 

flow lineations). IC3 axes generally lie normal to petrofabric foliations (e.g. sedimentary 

bedding). These relationships between principal susceptibility axes and petrofabric 

elements are, however, dependent on magnetic grain size (domain state). Presence of 

significant non-equant single domain grains of magnetite may result in inverse magnetic 

fabrics (Stephenson et al. 1986; Rochetle 1988), resulting in IC| axes lying normal to 

bedding in sedimentary fabrics. 

The oblateness or prolateness of individual specimen AMS ellipsoids is described by the 

shape parameter T, with 0 < T < 1.0 for oblate ellipsoids and -1.0 < T < 0 for prolate 

ellipsoids. Strength of anisotropy is described by the corrected anisotropy degree, Pj 

(Jelinek 1981). I f no preferred relationship between Pj and T is observed, and no 

correlation between Pj and mean susceptibility, the indication is that the degree of 

anisotropy is not dependent on ferrimagnetic concentration. 

At a site level, clustering of Ki and K3 axes defines the magnetic lineation and the pole to 

the magnetic foliation respectively. Oblate fabrics are characterized by clusters of K3 axes 

orthogonal to great circle girdle distributions of K i and K2 axes, whereas prolate fabrics are 

characterized by clusters of K.| axes orthogonal to girdle distributions of K.2 and K3 axes. 

In triaxial fabrics, the three principal susceptibility axes form distinct groups. 

3.4.5 Rock magnetic experiments 

In order to have greater confidence in the interpretation of the magnetisation directions, it 

is preferable to have some knowledge of the magnetic minerals carrying the magnetisation. 

Knowledge of the rock magnetic characteristics of a sample can give insight into the 

timing of the acquisition of magnetisation as well as the potential for the magnetisation to 
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remain stable over geological time. There are many rock magnetic tests that can be 

performed in order to find parameters such as Curie points, low temperature transitions and 

coercivities. Standard demagnetisation procedures give some indication of the rock 

magnetic characteristics of a sample, although detailed analysis requires specific rock 

magnetic testing. The rock magnetic experiments carried out for this thesis and their 

results are described in detail in Chapter Seven and so wil l only be summarised below. 

Both alternating field demagnetisation and thermal demagnetisation techniques give some 

indication of the rock magnetic carriers of the NRM. Alternating field demagnetisation 

enables insight to be gained into the coercivity of a sample. This is done by identifying the 

median destructive field (MDF) of a sample, which is the field at which the magnetisation 

of a sample falls to 50% of its initial value. Lower coercivity minerals will have lower 

MDFs than higher coercivity minerals. Thermal demagnetisation gives an indication of the 

unblocking temperature (TUB) of the magnetic minerals within a sample. The unblocking 

temperature can be recognised during demagnetisation as the temperature when a 

significant decrease in magnetisation is observed. 

Basic rock magnetic analyses using simple equipment available in most laboratories enable 

fiarther characterisation of rock magnetic characteristics. Analyses of the acquisition of 

isothermal remanent magnetisation use a pulse magnetiser and Molspin spinner 

magnetometer. Stepwise increasing magnetic pulses are imparted into a sample using the 

pulse magnetiser, followed by measurement of the remanent magnetisation (out of field) 

using the Molspin, which is then plotted against the applied field to produce an acquisition 

of isothermal remanent magnetisation (IRM) curve. The shape of the curve and the 

maximum remanent magnetisation produced (SIRM) gives an indication of sample 

coercivity and hence grain size and mineralogy. From a saturated sample, the 

magnetisation required to return the magnetisation to zero can be found- the coercivity of 
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remanence or backfield coercivity (section 7.3.3). These experiments can be followed by 

hysteresis measurements where the magnetisation of the sample is measured in field, with 

diagnostic points including the saturation magnetisation (Ms) and coercivity. 

High temperature experiments enable the mineralogy of a sample to be identified from the 

temperature at which the spontaneous magnetisation falls to zero- the Curie point (Tc). 

These can be done either measuring magnetisation as the temperature is increased (e.g. 

using a Curie balance or a Vibrating Sample Magnetometer with a furnace anachmenl; 

section 7.3.4) or by measuring the susceptibility of a sample against temperature (e.g. 

using a Kappabridge enabling susceptibihty to be measured over temperatures between 77 

and 970 K). 

Low temperature experiments look for low temperature transitions, such as the Verwey 

transition in magnetite and the Morin transition in haematite. The temperatures at which 

these transitions occur can be affected by the amount of titanium and oxidation and the 

transitions are identified by a change in remanence across the transition (section 7.3.5). 

3.5 Analysis of magnetisation data 

3.5.1 Plotting and analysis of results 

Various analysis methods are used in palaeomagnetism to plot and extract the components 

of magnetisation. Display of the magnetisation involves projection onto orthogonal axes, 

plotting on stereonets and step versus intensity plots, allowing maximum detail to be 

gained on all components of magnetisation. Line-fit analysis packages are used to fit the 

various observed components of magnetisation. 
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Plots commonly known as either Zijderveld diagrams (z-plots), after Zijderveld (1967), or 

orthogonal plots, project the magnetic vector onto orthogonal axes, with distance from the 

origin corresponding to magnetic intensity. This enables N R M components to be clearly 

seen and analysed. The principal components of magnetisation are delineated by 

calculation of the best-fitting vector through the appropriate points on the z-plot, with the 

highest stability direction o f magnetisation being the last straight line segment that decays 

to the origin. 

Orthogonal projections commonly display at least two-components of magnetisation; the 

first often corresponding to a viscous magnetisation acquired in the present-day field and 

the second to that of an ancient field (Figure 3.5). Plots with few components that decay 

cleanly to the origin are easy to interpret. Samples with a magnetisation that does not 

decay to the origin following a complete demagnetisation procedure indicates incomplete 

demagnetisation, and can be caused by the presence of grains of high coercivity/ 

unblocking temperatures. I f the direction of the highest temperature/field component 

bypasses the origin, this may represent failure to remove all o f the overprinting 

direction(s). On a stereonet, this can be recognised as a smear and continuous migration of 

points along a great circle from the initial component towards that of the ancient field. I f 

great circles are plotted using the results from a number of samples which have been 

influenced to different degrees by the overprinting field, these circles should convergence 

to an intersection at the true direction of the past field. 

Freeware programs developed by Randy Enkin' were used to plot the magnetisation as z-

plots, stereonels and intensity plots, with least squares and principal component analysis 

after Kirschvink (1980) used to calculate sample directions. Contained within these 

' http://www.pgc.nrcan.gc.ca/people/renkin_e.php 
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programs are various tools such as fold and reversal tests, some of which were also used in 

this study. Site mean directions were calculated using Fisher (1953) statistics. 

N.Up B 

Single component 

Up 

Two con nponents 

Figure 3.5: Examples simple orthogonal demagnetisation plots. The black and white circles 
show the projection of the magnetic vector onto the horizontal and vertical planes respectively. 
Magnetisation (in A/m) is plotted along the axes. For projection onto the horizontal plane, north, 
east, south and west orientations are shown on the axes. For the projection onto the vertical plane, 
up and down directions are displayed on the axes. A. a single component of magnetisation decays 
linearly to the origin. B. two components of magnetisation are removed by the demagnetisation 
process. 

3.5.2 Components of magnetisation 

For most samples a stable component of magnetisation can be isolated by principal 

component analysis (as for almost all samples for this thesis; Chapters Five and Six). 

Sample directions were averaged to obtain a site level ChRM. Ideally, at least six samples 

should be used to obtain a site ChRM in order to average out secular variation, which was 

the case for this study in all except two sites. Some of these site level ChRMs were then 

grouped further in order for a locality ChRM to be obtained, which would then be expected 

to have completely averaged out secular variation. This was checked by examining the 

dispersion in virtual geomagnetic poles (VGPs; see later section) between sites in the same 

group. 

Those samples where a stable component of magnetisation was not identified were 

sufficiently few to be excluded from the analysis with no effect on the results. For sites 
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with more than one component of magnetisation, where it was possible to isolate a 

direction from lower or middle coercivity/unblocking temperature components, these 

directions were also plotted. 

3.5.3 Secular variation and virtual geomagnetic poles (VGPs) in sampling 

The effect of secular variation is important both for interpretations of the degree of angular 

dispersion between sites and for tectonic interpretations. Secular variation may not be 

averaged out on a site level, in which case a tight distribution of ChRM directions is 

expected, representing a spot reading of the Earth's magnetic field. The orientation of a 

pole calculated from the site mean declination and inclination will also represent a spot 

reading of the field, a virtual geomagnetic pole (VGP), rather than the palaeopole. A 

consideration of the degree to which both sample ChRM directions within a site and 

average directions from a group of sites average out secular variation is important in order 

to interpret whether dispersion is that expected from secular variation or due to true 

tectonic rotations. Ideally samples within an individual site should have ChRM directions 

that cluster lightly within site in order to be confident that the site direction and resultant 

VGP for that site are known precisely. To either determine an accurate palaeopole from a 

collection of site VGPs or (as more important for this study) to correctly analyse tectonic 

rotations requires a certain degree of dispersion between sites in order to average out the 

effects of secular variation. 

From studies of lavas over the last 5 Ma, the secular variation over this period is known 

and so the expected variation in VGPs due to secular variation at different localities is 

known (Merrill and McElhirmy 1983). The degree of secular variation increases by a 

factor of about two with latitude from the equator to the poles. The dispersion of VGPs for 

any latitude is well-constrained to the range 10-20°. The latitude of the Hatay sampling 
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sites was around 20° N at the time of magnetisation acquisition (see Chapter Five), for 

which the degree of dispersion in VGPs over the last 5 Ma would be expected to be around 

13°. For the interval 45 to 100 Ma (in which the age o f the Hatay sampling sites falls), the 

variation differs slightly and around 13.5° VGP dispersion is expected. 

I f VGP dispersion between sites is much less than that predicted the implication is that 

either sampling sites do not span a sufficiently long time interval to afford adequate 

sampling of the variation, or that possibly, some degree of within site averaging may have 

occurred. To average out secular variation necessitates sampling over timescales greater 

than the dominant periodicities of the variation. From analyses of the geomagnetic field 

over the last 5 Ma it is known that the dominant periodicities of secular variation are less 

than 10̂  years, so a number of sites that randomly sample the geomagnetic field over 10̂  

or 10^ years should average out secular variation. Within-site averaging may occur where 

the magnetisation has been acquired over long periods o f time, such as in deep-level 

igneous rocks or sediments where a DRM has been acquired over a long period or 

acquisition of a CRM has been a lengthy process, but wil l not occur in lavas where a single 

flow cools rapidly in relation to the time-scales of secular variation. I f the VGP dispersion 

is significantly greater than expected, the implication is that either there has been difficulty 

in determining the ChRM directions accurately, or that there is a source of VGP dispersion 

in addition to secular variation, such as tectonic disturbance between sampling sites. 

3.5.4 Standard structural corrections 

Standard palaeomagnelic practise involves the application of a structural correction to the 

in situ (geographic coordinates) remanence data by a simple tilt around a strike-parallel 

axis to restore the palaeohorizontal/palaeovertical surface to the present-day 

horizontal/vertical. Tilt corrected vectors (stratigraphic coordinates) may then be 

compared to an appropriate coeval reference vector with the difference in declination 
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(azimuth) and the corrected magnetisation being interpreted in terms of vertical axis 

rotations and differences in inclination (dip) being attributed to either palaeolatitudinal 

movements or to inclination shallowing due to compaction (for sedimentary rocks). This 

tilt correction approach decomposes the total deformation at a site into components of 

rotation about horizontal and vertical axes. Declination errors may result i f deformation 

involved tilting around inclined axes or i f more than one phase of tilting was involved or i f 

fold axes were plunging (MacDonald 1980). However, declination errors are less than 10° 

for fold plunges less than 50° provided that the palaeohorizontal dips at less than 40°. 

Errors are less than 10° even for vertical beds provided as the fold plunge is less than 10°. 

For sites where there are palaeohorizontal controls on the structural restoration process, 

standard techniques are generally sufficient to elucidate rotations. The largest error in 

applying standard structural corrections in ophiolitic terranes arises when restoring sheeted 

dykes. This is due to the impossibility of resolving components of tilt about dyke-normal 

axes in the absence of palaeohorizontal markers (Borradaile 2001; Morris and Anderson 

2002). I f unresolved tilts are present, both declination and inclination anomalies may be 

produced, and an alternative net tectonic method of analysis may be more appropriate 

(section 3.5.5). Standard structural corrections were used for the majority of sites in this 

study with the net tectonic method used in appropriate cases. 

3.5.5 Net tectonic rotation analysis method 

For sites with palaeovertical controls, such as within the sheeted dyke complex, i f there has 

been a significant degree of rotation about a dyke-normal axis, merely restoring the dykes 

to vertical will not take account of this rotation. The net tectonic method of analysis may 

be adopted in ophiolitic terranes as an alternative approach to standard structural correction 

techniques. The deformation at a site is described in terms of a single rotation about an 

inclined axis that restores both the palaeohorizontal/palaeovertical to its initial orientation 
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and the site mean magnetisation vector to the appropriate reference direction (Allerton and 

Vine 1987; Allerton 1989; Morris et al. 1990; Hurst et al. 1992; Morris et al. 1998, 2002). 

This single rotation may then be decomposed into any number o f component rotations on 

the basis of additional structural data and/or net tectonic rotation axes may be interpreted 

directly in terms of structural history. In most cases, two solutions are obtained for the 

original dyke orientations and the pole and angle of net rotation for each dyke sampled. To 

distinguish between these two solutions, it is necessary to compare to other data in order to 

choose the most suitable solution. The reference vector used is usually either a previously 

derived structurally corrected direction (e.g. from sites with palaeohorizontal controls) or 

to the appropriate palaeomagnetic field direction. 

There are several assumptions inherent in using this method (Allerton and Vine 1987):-

1) There has been little internal deformation during the rotation history and so the angle 

between the dyke margin and the remanent magnetic vector remains constant. 

2) The observed stable remanent magnetisation was acquired prior to any structural 

deformation. 

3) An average representative magnetisation vector for the local area can be found that 

represents the geomagnetic field direction at the time the magnetisation was acquired. 

4) The dykes are intruded vertically. 

Net tectonic analysis was originally developed by Allerion and Vine (1987) with a Visual 

Basic Program developed by Morris et al. (1998) used in this project that incorporates an 

allowance for errors on both the palaeomagnetic and structural directions. An illustration 

of the net tectonic rotation method using a dyke site from this study is shown in Figure 3.6. 
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Plot RMV. SMV and PDM on a Wulff 
Stereonet. Draw the great circle 
bisectrix between RMV and SMV 
(278/85). This gives the locus of 
possible points of the pole that rotates 
SMV to RMV Find the angle P 
between PDM and SMV by aligning 
both points on the same great circle. 

Draw a circle centred on RMV of 
radius p (by counting p along great 
circles from RMV and joining up the 
points in a small circle). The original 
PDMs X and Y are located on the 
primitive circle i.e. Vertical dykes. 

Find the great circles bisecting 
solution A (105/82) and solution B 
(028/86) with the present-day PDM. 
The points where these cross the 
great circle between RMV and SMV 
give the two possible p)oles of 
rotation 

Figure 3.6 Net tectonic rotation analysis method of Allerton and Vine (1987) demonstrated using 
sheeted dyke site CD01. 
RMV: Reference Magnetisation Vector e.g. Palaeo-geomagnetic pole (36/002) 
SMV: Sample Magnetisation Vector (47/195) 
PDM: Pole to dyke margin (07/310) 
X: Solution A for original pole to dyke margin (00/258) 
Y: Solution B for original pole to dyke margin (00/106) 
Rot X: Solution A for the rotation pole (26/281) 
Rot Y: Solution B for the rotation pole (82/054) 
8: Angular distance between SMV and PDM (lOr) 
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3.5.6 Statistical tests for the timing of magnetisation acquisition 

Statistical field tests can be useftil for determining the timing of magnetisation acquisition 

and include such field tests comprising fold, contact, conglomerate and reversal tests 

(Figure 3.7). The most common field test for palaeomagnetic stability is the 

palaeomagnetic fold test (McElhinny 1964; McFadden and Jones 1981). This conventional 

fold test uses both the declination and inclination of the palaeomagnetic vector to find the 

degree of untilting that results in maximum clustering of the directions (Figure 3.7A-B). 

Differential vertical axis rotations between sampling sites, however, invalidate use of area-

wide fold tests based on full remanence vectors (declination and inclination). An 

altemative approach which is independent of the structural history is to determine the 

effect of untilting on the distribution of inclinations only. The angle between the 

inclination and the palaeohorizontal (bedding) at a site is assumed to remain constant 

during rigid body rotation, regardless of the axis of rotation. Therefore, whatever the real 

rotations were that occurred, a simple restoration about the strike of the section will return 

the inclinations to their correct value without introducing error. Significant 

increases/decreases in clustering of inclinations upon tilt correction of mean directions 

from sites with different structural orientations therefore suggest that pre-tilt/post-tilt 

magnetisations have been identified, respectively (Enkin and Watson 1996). For shallow 

inclinations, the arithmetic mean from the distribution does not result in acceptable 

estimates, but for steeper inclinations, numerical methods are required (Enkin and Watson 

1996). I f maximum clustering is observed at some intermediate degree of untilting this 

indicates that a syn-tilting magnetisation is present. The greater the Fisher precision 

parameter K value returned by the analysis the greater the confidence in the result. 

Strongly peaked distributions with maximum Ic values at 100% untilling demonstrate 

unequivocally that pre-deformational remanences are identified. I f sites are appropriate to 
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group into localities located on several rigid blocks, the block-rotation Fisher analysis can 

be applied to the inclination-only tilt tests (Enkin and Watson 1996). For this study, an 

inclination-only tilt test eliminates the effects o f potential movement between blocks that 

may invalidate a standard tilt test. 

The conglomerate test (Figure 3.7A) uses the fact that, i f magnetisation has been stable 

since the conglomerate was deposited, a random distribution of ChRM directions should be 

observed. Thus, a non-random distribution of ChRMs indicates acquisition of 

magnetisation after deposition of the conglomerate. The baked contact test compares the 

directions of magnetisation in the baked zone surrounding an intrusion to those within the 

intrusion. I f the directions of the baked country rock are parallel to those of the intrusion, 

but differ from those of the unbaked country rock, it can be inferred that the magnetisation 

of the intrusion has been stable since formation (Merrill and McElhinny 1983). At all 

locations, the time-averaged geomagnetic field directions during a normal-polarity interval 

and during a reversed-polarity interval differ by 180° and this forms the basis for the 

reversals test (Figure 3.7C). 

The reversals test (section 6.3.5) and inclination-only tilt test (sections 5.10; 6.3.5; 6.4.5) 

and are used in this thesis, with the inclination-only tilt test selected due to potential 

rotations about adjacent tectonic blocks. The conglomerate and baked contact test are not 

appropriate as the units sampled for palaeomagnetic analysis did not include either 

conglomerates or suitable baked contacts. 
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A Fold, conglomerate and baked contact test 

B 
Prefolding 
magnetisation 

l i t U II 

Synfolding 
magnetisation 

Restored to 
palaeohorizontal x 
Orientation during 
magnetisation 

Observed QHlEIinD 
orientation 

C Reversals test Reversed Nornial 

- • Primary 

^ Secondary 

Resultant 

Figure 3.7: Field tests for palaeomagnetic stability. 
A. the fold, conglomerate and baked contact test (redrawn from Merrill and McElhinny 1983). 
Arrows indicate the direction of magnetisation. If the directions of magnetisation of samples 
collected from different limbs of a fold converge after unfolding the beds, the magnetisation pre
dates the folding and has remained stable since. If directions of magnetisation in conglomerate 
pebbles derived from the beds under investigation are randomly oriented, the magnetisation of the 
parent beds has been stable since formation. If directions of magnetisation in the baked zone 
surrounding an intrusion are parallel to those observed in the intrusion, but differ from that of the 
unbaked country rock, the magnetisation of the intrusion has been stable since formation. 
B. Pre and synfolding magnetisation (Butler 1992). The arrov/s display ChRM directions. A pre-
tilting magnetisation (LHS) will result in inclinations and declinations becoming clustered 
subsequent to restoration to the palaeohorizontal, v/hereas directions will become more dispersed 
in the case of a post-tilting magnetisation. The scenario for a synfolding magnetisation is shown on 
the RHS. The simplest fold test is where magnetic vectors around both limbs of the same fold and 
the same layer can be measured. However, this is not normally the case. The fold test can equally 
be used to establish the timing of magnetisation in rocks, relative to the age of folding, within the 
same unit where the magnetic vectors do not necessarily lie on opposing limbs of the same fold or 
where the precise relationship between the areas Is not known. 
C. A schematic illustration is shown (RHS) of the reversals test (Butler 1992). with an example of 
normal and reversed directions that pass the test shown on the stereonet (LHS). Solid arrows 
indicate the expected antiparallel configuration of primary NRM vectors resulting from normal and 
reversed polarity intervals of the geomagnetic field; an unremoved secondary component is shown 
by the light grey arrows and the resultant NRM directions by the dark grey arrows. 
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3.6 Apparent polar wander paths (APWPs) 

In order for the ChRM directions obtained from sites to be useful, knowledge of past 
positions of palaeopoles is required. These are plotted by combining and averaging 
magnetic measurements from continental division s that have remained tectonically stable 
using formations with known ages in order to obtain the positions of the continents over 
time. Variation in pole position due to secular variation is averaged out by using a 
sufficiently large number of measurements. The continents move with respect to the poles, 
but as the magnetic poles are plotted using the present day position o f the continent as a 
reference frame, it is the poles that appear to move and the paths are referred to as apparent 
polar wander paths (APWPs). Paths can be smoothed by using time windows and running 
averages. There have been many attempts at plotting accurate APWPs with much 
discussion over assumptions made and appropriate selection criteria. It is important to 
know the appropriate APWP for a region in order to be able to determine tectonic rotations 
that have affected the region from palaeomagnetic data. From knowing the appropriate 
palaeopole, it is possible to calculate the remanence directions expected at a locality, 
assuming a geocentric axial dipole source. 

3.6.1 African and Eurasian apparent polar wander paths 

Various apparent polar wander paths have been plotted for Africa and Eurasia. The 

movements of Africa and Eurasia partly deduced from these APWPs are discussed in 

section 2.3. Recent work on APWPs has tended to add data to the original curves or re

evaluated the selection criteria used in choosing appropriate palaeomagnetic data. 

Programs now exist that can take palaeomagnelic data from any continent and use Euler 

poles to rotate onto the same reference path (e.g. Schettino and Scotese 2001). However, 
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the early curves, although improved, are not fundamentally altered for the time period and 

locality being studied. 

Early APWPs for Africa include constructions by Van der Voo and French (1974), Irving 

and Irving (1982); VandenBerg and Zijderveld (1982) and Westphal (1986); eariy APWPs 

for Eurasia include constructions by Irving (1977) and Westphal et al. (1986). Reliable 

APWPs from the African continent initially suffered from weak palaeomagnetic data 

coverage, with the Late Palaeozoic part of the curve being particulariy poorly constrained. 

Real African poles displayed some discrepancies with synthetic curves for the Palaeozoic, 

but Late Mesozoic and Early Tertiary poles coincide well, which is the period important to 

this study. The Westphal et al. (1986) construction selected the most reliable data for 

stable Eurasia (i.e. north of the Alpine belt) and used kinematic data for the major plates 

around the Atlantic given by Savostin et al. (1986) in order to transfer the polar wander 

curve to Eurasia. The resultant curve can be divided into four segments with changes in 

the movement of the pole between each. The first section is from the Permian to lower 

Jurassic and the pole moves roughly northwards. In the second segment, from Lower 

Jurassic to Cretaceous, it moves to the east, before moving in a loop in the Middle 

Cretaceous and finally moving westwards in the fourth segment to approach its present-day 

position. 

Recent studies containing revised APWPs have been published by Besse and Courtillot 

(1991), Van der Voo (1993) and Besse and Courtillot (2002), although the differences in 

poles using various published datasets with respect to the times and areas relevant to this 

thesis are small. The Besse and Courtillot (1991) APWPs have been widely used by recent 

studies in the eastern Mediterranean region, including many of those referred to within this 

thesis (e.g. Kissel et al. 2003; Morris 2003). The most recent Besse and Courtillot (2002) 

APWPs will be used for this study, except where comparison with data referred to eariier 
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curves makes the use of these more appropriate. The expected directions calculated from 

Besse and Courtillot (2002) for the Hatay, Troodos and Baer-Bassit areas are shown in 

Table 3.1. 

Troodos 
(35.00°N: 33.00°E/ 

Hatay 
(36.35''N; 36.02°E) 

Baer-Bassit 
(35.75°N; 35.9''E) 

AGE 
(Ma) Dec° Pal 

Lat.^ Dec° Pal 
Lat, Dec"" Inc° Pal 

Lat. 
50 0.7 38.8 21.9 1.4 40.6 23.2 1.4 39.9 23.2 
60 356.4 35.5 19.6 357.2 37.1 20.7 357.2 36.4 20.2 
70 353.4 32.8 17.9 354.3 34.3 18.9 354.3 33.6 18.4 
80 350.3 31.9 17.3 351.2 33.2 18.1 351.2 32.5 17.7 
90 346.2 28.7 15.3 347.2 29.7 15.9 347.2 29 15.5 
WO 345.8 26.5 14 346.8 27.6 14.6 346.8 26.8 14.2 
no 337.1 20.5 10.6 338-4 20.9 10.8 338.3 20.1 10.4 

Table 3.1: The expected declination and inclination for the Malay, Troodos and Bagr-Bassit ophiolites 
between 50 to 110 Ma using the African APWP of Besse and Courtillot (2002). Data were calculated using 
software programmes developed by Randy Enkin. 
^ The present-day average latitude and longitude of each ophiolite is given in brackets as (lai; Ion). 
^ Pal Lat. Is the palaeolaiitude of the region calculated using the African APWP of Besse and Courtillot 
(2002). 

3.6.2 Determination of tectonic rotations 

Tectonic rotations are specified by comparing site mean remanences with a reference 

vector derived from the APWP of an appropriate undeformed region or major plate. 

During formation the ophiolites were situated just north of the African continent and the 

Hatay and Baer-Bassit areas have formed part of the Arabian margin throughout the 

Tertiary, following emplacement of the Baer-Bassit and Hatay ophiolites on to the 

continental margin in the Late Cretaceous. Remanences may therefore be compared with 

reference directions calculated from the African APWP (following correction for Pliocene-

Recent opening of the Red Sea by applying an Euler rotation o f - 3 . 2 ° around a pole at 

36.5** N/I8.0° E; McKenzie et al. 1972; Le Pichon and Francheteau 1978; Savostin et al. 

1986). Use of alternative APWPs results in little difference in inferred rotation angles. 

For instance, reference directions calculated from the Westphal et al. (1986) and Besse and 

Courtillot (1991) for the Hatay area from the 50 Ma onwards African mean poles vary by 
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only 2° in expected declination and by 10° in expected inclination. Rotation angles are not 

therefore sensitive to the choice of mean reference pole. Confidence limits on rotation 

angles are calculated using the methodology of Butler (1992). 

3.7 Synthesis 

The information within this chapter provides a basic introduction to magnetic principles for 

the non-palaeomagnetist as well as an explanation of the techniques used to analyse the 

palaeomagnetic and rock magnetic results presented in Chapters Five to Seven. This 

chapter also provides the necessary background in palaeomagnetism prior to the review of 

previous palaeomagnetic research in the eastern Mediterranean presented in the following 

chapter. 
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CHAPTER FOUR 

4. P R E V I O U S P A L A E O M A G N E T I C R E S E A R C H IN T E T H Y A N 

O P f f l O L l T E S 

4.1 introduction to chapter 

This chapter reviews previous palaeomagnetic research in the eastern Mediterranean and 

highlights the contributions made fi-om this to knowledge of eastern Mediterranean 

geological history. Particular consideration is given to palaeomagnetic research from the 

Troodos and Baer-Bassit ophiolites due to their key locations within the southern 

Neolethyan ophiolite belt of which Hatay comprises part. Results from the Semail 

ophiolite are also briefly described. Palaeomagnetic results from these ophiolites are 

significant for knowledge of the regional evolution but are also important for later 

interpretations and discussions of the implications of the new (and first) palaeomagnetic 

data obtained from the Hatay ophiolite. In particular, through comparison of the rotations 

experienced by all these ophiolites, a far greater insight into their timing and mechanisms 

is achieved than is possible by restricting analysis to a single ophiolite. Finally, a brief 

overview of the mechanisms of fault block rotation in deforming orogens is provided. 

4.2 Palacomagnetic insights into the regional structural history 

Palaeomagnetic data can be valuable in providing both time constraints and information on 

the rotations that have occurred in the tectonic evolution of the eastern Mediterranean. 

Numerous palaeomagnetic studies have been carried out within the Turkish area, and 

knowledge of the magnitude of rotations has provided insight into how the present-day 

deformation is being taken up and how this has changed through time. Previously, the 

database of palaeomagnetic data from the eastern Mediterranean was limited, in particular 
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from Anatolia, but more recent palaeomagnetic studies on Eocene and Miocene rocks from 

southern and western Turkey (e.g. Kissel et al. 1993), across the major fault zones (e.g. 

Platzman et al. 1994; Piper et al. 1996) and on Pliocene to Quaternary volcanics (e.g. 

Giirsoy et al, 1998) have significantly contributed to knowledge of the deformation. Detail 

on the nature of the westwards extrusion of Anatolia (section 2.2) is one area where 

palaeomagnelic data have been significant and another important contribution has been to 

add to knowledge of the mechanisms and rates of deformation by studying rotations and 

slip rates to aid determination of major fault continuations or intersections (e.g. as for the 

Karasu graben; Tatar et al. 2004). 

Anatolia appears to be rotating anticlockwise as the result of the westwards extrusion. 

However, there is debate over whether Anatolia is rotating as a coherent block (e.g. Kissel 

2003) or as a series of smaller blocks (e.g. Giirsoy et al. 2003) and the degree to which the 

rotation is progressive or episodic. Some authors report smaller rotations from Pliocene-

Quaternary sites than for older sites (e.g. Platzman 1998), implying a more progressive 

rotation and some suggesting equivalently large rotations (e.g. Giirsoy et al. 1997), 

implying a large amount of rotation confined to more recent time. An average magnitude 

of ~-25° rotation since the Miocene is suggested by Kissel et al. (2003) which results in a 

westwards displacement of -500 km at the average latitude of 40°, using the location of the 

Anatolian rotation pole given by McClusky et al. (2000). Detailed palaeomagnetic studies 

in various areas of the Anatolian block indicate differential amounts and rates of regional 

rotation, suggesting that deformation may be occurring as distributed internal deformation 

as a series of smaller blocks (Giirsoy et al. 2003). Rotations in the south appear to be 

younger than those to the north and the magnitude of rotation decreases westwards 

(Gursoy 2003). Alternatively, Kissel et al. (2003) suggest that the consistency of rotations 

in Eocene and Miocene samples identified from their palaeomagnetic research indicates 

that Anatolia was welded into a coherent block at least by the Miocene. However, this 
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observation is based on samples confined to a single N-S transect through Anatolia. 

Rotation does not appear to be limited to areas between the EAF and NAF, but also to have 

affected the Pontides and northern part of the Arabian plate, and rotation on both sides of 

the NAF in certain areas may be of equivalent magnitude (Platzman 1994), This would 

imply that the geographical extent of the region undergoing rotation is larger than the area 

between the fault zones, which themselves may have rotated (Kissel et al. 2003). The EAF 

and NAF may thus comprise narrow zones of deformation accommodating only part of the 

rotation, with the zone of decoupling between the Turkish unit and Europe previously 

situated to the north of the NAF (Kissel et al. 2003). A difference may therefore exist 

between the present-day deformation known from GPS data where the areas to the north of 

the NAF appear to be fixed (McClusky 2000) and the Neogene rotations determined from 

palaeomagnetic data which affect a wider geographical region (Kissel et al. 2003). 

4,3 Palaeomagnetic insights into the evolution of Tcthvs 

Palaeolatitudes of around 21-24° N derived from inclination-only statistical analysis of the 

palaeomagnelic database from Troodos and Baer-Bassii ophiolites are consistent with a 

Late Cretaceous position for the Neotelhyan spreading axis between the Arabian and 

Eurasian margins (Morris 2003). Average inclinations for Troodos and Baer-Bassit are 

37.0° ±2.6° and 41.1° ±3.4° respectively, indicating respective palaeolatitudes of 20.6° 

±1.8° N and 23.6° ±2.5° N (Morris 2003). These data, together with a well-defined Late 

Cretaceous palaeolatitude of 26° N for the eastern Pontides (Channell et al. 1996) and 

palaeolatitudes of the Arabian and Eurasian margins (Figure 2.2) derived from APWPs 

(e.g. Besse and Courtillot 1991) provide constraints on potential tectonic reconstructions of 

the eastern Mediterranean Tethys. Two end-member model reconstructions are shown in 

Figure 4.1 that involve genesis of the ophiolites in a southerly basin (e.g. Robertson and 

Dixon 1984; Robertson 1998) and which satisfy the palaeolatitudinal data. 
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Figure 4.1: End-member tectonic cross-sections (i.e. the widest and narrowest solution for the 
Neotethyan ocean) across a N-S transect (from the Arabian margin through the Hatay and Baer-
Bassit spreading axis and eastern Pontides to the Eurasian margin) constrained using 
palaeomagnetic data that satisfy palaeolatiludlnal constraints on the Eurasian and Arabian 
continental margins, the spreading axis and the eastern Pontide volcanic arc from Morris et al. 
(2005; Fig. 8). Key: Eur = Eurasian margin; E P = Eastern Pontides; Tau = Taurides; BB/HH" = 
Baer-Bassit/Hatay/Troodos segment of Neotethyan spreading axis; B S = Black Sea; Arab = 
Arabian margin. 
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The solution giving the widest southerly Neotelhys is obtained by placing the Arabian 

continental margin at its southernmost limit, producing a 1000 km wide Neotethyan strand 

to the south of the subduction zone associated with the Baer-Bassit/Hatay spreading axis. 

Major arc magmatism would result from subduction of the lithosphere during continued 

plate convergence. However, arc-related products are rare in SE Turkey, although the Late 

Cretaceous Ba?kil arc (Akta? and Robertson 1984; Yazgan and Chessex 1991) 200 km to 

the NE of Baer-Bassit provides evidence for Late Cretaceous Andean-type magmatism 

along the southern Tauride margin (Robertson 2002). I f a narrower solution is used, with a 

smaller oceanic strand -300 km wide to the south of the subduction zone, the problem of 

the scarcity of arc products is avoided. In both solutions, the northern Neotethyan strand 

has essentially been consumed by subduction beneath the Pontides, consistent with 

geological evidence suggesting that northwards subduction beneath the Pontides was active 

from the Late Jurassic onwards (Ustaomer and Robertson 1993, 1994), providing sufficient 

time for the northern Neotethys to have subducted by the Late Cretaceous. The narrowest 

solution implies a restricted width of the southern Neotethyan strand following 

emplacement. Geological evidence is more consistent with an intermediate solution with 

the Eurasian margin placed further to the north. This allows the southern Neotethyan basin 

to persist to the north of the Arabian margin into the Tertiary (Akta§ and Robertson 1984; 

Yilmaz 1993; Robertson et al. 1996), after partial basin closure resulted in ophiolite 

emplacement. Alternative tectonic models (e.g. Ricou 1971; Ricou et al. 1984; Dercourl et 

al. 1993) involve formation of the ophiolites in a northerly Neotethyan basin by spreading 

at a normal oceanic ridge, with subsequent Late Cretaceous large-scale southwards 

thrusting over hundreds of kilometres over microcontinental fragments prior to reaching 

their current positions (section 2.5.1). These models cannot be discounted on a purely 

palaeomagnetic basis due to the absence of reliable data from the eastern Taurides (Morris 

2003) but are not supported by a number of key geological observations, including both 

sedimentological and structural indicators. For example the presence of the essentially 
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continuous Campanian to Lower Tertiary sedimentary sequence overlying the Troodos 

ophiolite is difficult to explain i f southerly emplacement had been occurring over this time 

period (Robertson et al. 1996). 

4,4 Review of palaeomagnetic results from the Troodos ophiolite and its 

sedimentary cover 

4.4.1 Palaeomagnctic results from the ophiolitc 

The palaeomagnelic data obtained from the Troodos ophiolite are numerous, and can be 

broadly divided into contributions that relate to microplate tectonics and those that relate to 

tectonism and deformation during crustal genesis. A significant finding with respect to this 

thesis concerns the rotation of the Troodos microplate (section 4.4.3). A review of the 

palaeomagnetic data from Troodos was provided by Morris (1996) and the results from a 

number of published palaeomagnelic studies of the Troodos ophiolite were also compiled 

by Morris (2003) for the purpose of assessing the palaeolatitude of the Neotethyan 

spreading axis. This compilation consisted of results from 100 palaeomagnetic sampling 

sites- 41 from the extrusive series and 59 from the SDC- drawn from studies by Clube 

(1985), Bonhommet et al. (1988), Allerton (1989), Morris et al. (1990), Hurst et al. (1992) 

and Morris el al. (1998), with additional sites from the Mandria area of Troodos from 

Macleod et al. (1990) also discussed by Morris el al. (2005). 

The extensive database available for the Troodos ophiolite has enabled the age of the 

magnetisation of the extrusive sequences and SDC to be considered separately. Positive 

tilt tests are obtained from both structural levels of the ophiolite (Figure 4,2) and a close 

similarity between the tilt-corrected mean inclinations suggests that the SDC datasel is 

sufficiently extensive to ensure averaging out of any components of tilting about dyke-
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normal axes at individual sites with no resultant bias in the overall mean inclination 

(Borradaile 2001; Morris and Anderson 2002). Palaeomagnetic data from the Troodos 

ophiolite may thus be discussed in tilt-corrected coordinates since the tilt tests demonstrate 

that the magnetisation is pre-deformational in origin. However, Borradaile and Lucas 

(2003) argued that the magnetisation in the Troodos ophiolite and sedimentary cover 

should be considered in un-tilt-corrected coordinates due to the gentle tilts of the 

sedimentary cover and structural simplicity of both the cover and the Troodos complex 

itself These authors believe the complicated assumptions necessary for tilt corrections 

significantly increase errors and stress that tilt tests are inappropriate i f magnetisation 

postdates penetrative deformation and metamorphism. Although Borradaile and Lucas 

(2003) extensively discuss all the errors that may result from the assumptions of the 

method, they do not account for the clear improvement in the clustering of inclinations 

subsequent to tilt corrections (e.g. see comment by Morris et al. 2005). 
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Figure 4.2: Inclination-only tilt test for the Troodos ophiolite (Enkin and Watson 1996), including 
analysis of separate units (extrusive rocks and sheeted dyke complex), demonstrating 
unequivocally that the magnetisation is pre-deformational. 
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Borradaile and Lucas (2003) use the existing database combined with their own new data 

to produce an APWP for the Troodos and Mamonia terranes that places the Troodos 

ophiolite at equatorial latitudes between 88 and -50 Ma. They suggest that Troodos first 

rotated about an internal vertical axis by 60° whilst at the equator and then rotated more 

slowly about a distant axis located to the west. In the comment to this paper, Morris et al. 

(2005) suggest that due to the large number of serious errors and misinterpretations 

Borradaile and Lucas (2003) introduce into their compiled database, that this APWP 

should be discounted. An equatorial latitude for Troodos in the Late Cretaceous is not 

supported by Late Cretaceous palaeopoles (e.g. Besse and Courtillot 1991) which place the 

Africa/Arabian margin north of the equator and geological reconstructions of the eastern 

Mediterranean Neotethys (e.g. Robertson 1998a) place Troodos north of this margin 

between Africa and Eurasia. The 20.6°*^^*N latitude obtained from the Troodos ophiolitic 

rocks by Morris et al. (2003) from inclination-only tilt corrections is consistent with both 

the geological positioning of the ophiolite and the well-defined 26° palaeolatitude for the 

eastern Pontides (Channell et al. 1996) as well as the African and Eurasian palaeopoles 

(e.g. Besse and Courtillot 1991). 

There is a clear distinction in the Troodos massif between regions with magnetisation 

vectors that cluster around a westerly declination and regions where declinations are 

widely variable from WSW through northerly to easteriy declinations (Figure 4.3). 
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Figure 4.3; Outline geological map of Cyprus showing the location of areas that have been 
investigated palaeomagnetlcally (from Morris et al. 2005; Fig. 4). Lower hemisphere stereonets 
show tilt-corrected site-level pataeomagnetic directions and associated 095 cones of confidence 
from each area. Shaded ellipses indicate data obtained from ophiolitic cnjst that is inferred to have 
experienced significant transform tectonism. Data sources: Clube (1985); Bonhommet et al. 
(1988); Allerton (1989); Morris et al. (1990); Hurst et al. (1992); Morris et al. (1998). 
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The former regions form the northern margin of the main ophiolite (Clube 1985), the Solea 

region (Allerton and Vine 1987; Allerton 1989; Hursl et al. 1992), the Akamas peninsula 

(Clube 1985; Morris et al. 1998) and the western margin of the ophiolite (Morris et al. 

1998). These regions are remote from the STTFZ and its inferred westerly along-strike 

extension and provide the evidence for the coherent ophiolite-wide 90° anticlockwise 

rotation of a Troodos microplate, first identified from NRM data by Vine and Moores 

(1969) and Moores and Vine (1971). A westeriy-directed magnetisation is also observed at 

sites within the SE part of the Eastern Limassol Forest Complex to the immediate south of 

the STTFZ (Morris et al. 1990). The timing of this regionally significant microplate 

rotation is discussed more fully in section 4.4.3. Clube et al. (1985) suggested that there 

was little rotation of the Troodos complex during formation. 

The Solea graben (Figure 2.14B) is a 15-20 km wide asymmetrical structure defined 

principally by variations in dyke attitude in the SDC (Varga and Moores 1985), separated 

from the underlying plutonic complex by the low-angle Kakopetria detachment fault zone 

(Figure 2.148). An oceanic environment for graben formation is demonstrated by the 

horizontal disposition of the overlying sedimentary sequences (MacLeod et al. 1990). To 

the east of the inferred spreading axis, dykes generally have steep to sub-vertical dips and 

trend NNW except for several small areas where dykes dip more gently (Hurst el al. 1992). 

The wider western flank is distinctly different. N-S trending dykes dip al low angles (25-

45°) to the east, attributed by Verosub and Moores (1981) to listric normal faulting 

associated with the Kakapelria detachment, above the active spreading axis with plate 

separation at least partly accommodated by tectonic thinning of the upper crust during 

periods of amagmatic stretching. Palaeomagnetic analysis (Allerlon and Vine 1987; 

Allerlon 1989; Hurst el al. 1992) confirms that these dykes were originally intruded in 

(sub-)verlical orientations. Tilt-corrected vectors generally cluster around the mean 

inclination observed at localities far from the STTFZ, in contrast to wide variation of in 

situ inclinations (-25-75°). The net tectonic rotation approach (Allerton and Vine 1987) 
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reveals rotation axes for the westem dykes that are sub-horizontal and sub-parallel to the 

original dyke strikes (Allerton and Vine 1987; Allerton 1989; Hurst et al. 1992), consistent 

with tilting of dykes by faults above the detachment surface. For the eastern Solea graben, 

marked by steeper and more variable dyke orientations, structural evidence does not 

support the existence of a through-going detachment fault. Analysis here indicates that 

some dykes were tilted towards the Solea axis, but the majority show minor to significant 

rotation about vertical axes, attributed by Hurst et al. (1992) to local variations in the 

amount of extension, related to late stage episodic intrusions. 

Extensive palaeomagnetic data (Clube 1985; Bonhommet et al. 1988; Allerlon 1989; 

Morris et al. 1990; MacLeod et al. 1990) from the southern half of the main Troodos 

ophiolite and the Limassol Forest Complex have been used to address a debate on the 

sense of displacement along the STTFZ and its relationship with the Solea axis. A 

progressive change in dyke trend is observed within the SDC as the transform zone is 

approached from the north, from a predominant N-S orientation into eventual alignment 

with the transform lineament (Figure 4.4A). This has been interpreted as the result of either 

dyke injection into a sigmoidal stress field, implying that dykes are in their original 

orientations relative to the sinistrally slipping transform, or clockwise vertical axis fault 

block rotations in response to dextral slip (Simonian and Gass 1978). Discrimination 

between these alternative models can be achieved palaeomagnetically since systematic 

tectonic rotations would result in systematic variations in magnetisation vectors away from 

the westerly directed vectors observed outside the transform-infiuenced zone (Figure 4.4B-

C). Data from the region to the north and NE of the Arakapas Fault Belt (Bonhommet et 

al. 1988; Allerton 1989a) show a broad spread of directions that are clearly rotated in a 

clockwise sense relative to this westerly vector, supporting a dextral shear sense along the 

transform between sinistrally offset spreading axes. 
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Figure 4.4: Various palaeomagnetic results from the Troodos ophiolite. 
A. Simplified geological map of the southern margin of the main Troodos ophiolite and the Limassol 
forest complex (after Stmonian and G a s s 1978), showing the progressive change in dyke trend into 
near parallelism with the S T T F Z (from Morris et al. 1990). B-C. Possible alternative settings in 
which deviations in dyke trend could occur close to the S T T F Z (from Morris et al. 1990). 
B. Dyke injection into a sigmoidal stress field operating across a sinistrally slipping transform 
between dextrally offset spreading centres. C. Rotation of fault blocks related to dextral slip along 
the active transform domain between sinistrally offset spreading axes. D. Geological map of the 
Mandria area (modified from MacLeod et al. 1990 by Morris et al. 2005) with in situ declinations of 
palaeomagnetic directions shown by arrows. Dykes in the west have an average N-S trend in 
contrast to highly rotated dykes to the east, with the boundary between these domains representing 
a fossil ridge-transform intersection. 
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The most unequivocal analysis was presented by Bonhommet et al. (1988) who showed 

that magnetisations in sampled dykes cluster tightly with westerly declinations after 

correction of dykes back to the predominant N-S trend, thereby ruling out initial NE-SW 

trends. Further palaeomagnetic support for dextral shear along the transform zone is 

provided by dykes from the SSTFZ itself (Morris et al. 1990), the majority of which are 

also rotated clockwise away from the general Troodos vector. Net tectonic rotation 

analysis from sets of cross-cutting dykes (Morris et al. 1990; Allerlon and Vine 1990) 

demonstrates that clockwise block rotations were actively occurring during cruslal genesis, 

rather than resulting from later reactivation of the fault zone. 

Analysis of upper crustal rocks of Troodos-type exposed in fault-bounded slivers along the 

suture zone with the Mamonia Complex in SW Cyprus (Figure 2.14) reveals significant 

rotations in a generally clockwise sense away from the Troodos vector (Morris et al. 1998). 

In particular, differences in remanence directions between cross-cutting units are observed 

at several localities, interpreted elsewhere as a characteristic of syn-magmatic rotation 

during transform tectonism. Net tectonic rotation analyses allow decomposition of the 

total rotation at these sites into early and late components. Early rotations are consistently 

clockwise, in agreement with studies of rotations associated with the STTFZ further to the 

east. These data, therefore, suggest that Iransform-tectonised crust is preserved in SW 

Cyprus, an interpretation supported by stratigraphic and geochemical similarities between 

these units and the main Troodos ophiolite and its transform fault-related southem margin. 

The overwhelming palaeomagnetic evidence for clockwise fault block rotations associated 

with dextral slip along the STTFZ contrasts with sinistral kinematic data reported by 

Murton (1986) within the western Limassol Forest Complex (i.e. within the transform 

zone). This apparent conflict was addressed by MacLeod and Murton (1995), who 

proposed a model in which sinistral shear developed locally at block boundaries within an 
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overall dexlral shear zone. As discussed in section 2.9, an alternative interpretation of the 

Limassol Forest area is that it represents an oceanic core complex (Cann et al. 2001) 

formed al the inside comer o f an oceanic transform-ridge intersection, but this is 

incompatible with the palaeomagnetic evidence and alternative structural interpretations 

(Macleod 1990) remain valid. 

Detailed palaeomagnetic and structural analyses (MacLeod et al. 1990) have identified a 

limit to the zone of transform-related rotations along the STTFZ. The changeover from 

rotated to unrotated dykes occurs across a complex zone between 2 and 5 km wide. This 

zone is interpreted by MacLeod el al. (1990) as a fossilised intersection between the Solea 

axis and the SSTFZ. They note that the radius of curvature of dyke swing remains 

approximately constant across the entire exposed width of the Troodos massif to the east of 

the ridge-transform intersection. MacLeod el al. (1990) conclude that transform-related 

rotations occurred within the active comer of the intersection itself rather than being 

accommodated progressively with increasing strike-slip displacement along the trcinsform. 

This supports a theoretical model (Allerton 1989) for distortions within weak cmst at 

ridge-transform intersections. Distributed rotational deformation is therefore considered to 

be largely confined to the inside comer of the intersection itself (MacLeod et al. 1990), and 

subsequent strain is taken up by strike-slip faulting concentrated almost exclusively in the 

principal transform displacement zone within the transform valley (Arakapas Fault Belt). 

4.4.2 Palaeomagnctic results from the sedimentary cover 

The large anticlockwise rotation of the "Troodos microplate" is a regionally significant 

event within the Neotethys ocean. Initial estimates of the size of the rotated unit (Clube 

1985; Clube and Robertson 1986) suggested that rotation was restricted to an oceanic 

microplate of approximately the same area as the Troodos ophiolite itself, although this is 
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re-evaluated in this thesis. The timing of the rotation may be determined by 

palaeomagnetic analysis of the continuous Late Cretaceous to Recent in situ sedimentary 

cover to the ophiolite, on the basis that magnetic declinations within the sediments record 

rotation of the underlying ophiolitic basement (Figure 4.5). Although the sedimentary 

formations have NRM intensities which are approximately two orders o f magnitude lower 

than those of the dykes and extrusive rocks, remanences are easily measurable using 

cryogenic magnetometers and stable, primary components of magnetisation can be 

isolated. Investigations by Clube (1985) and Abrahamsen and Schonharting (1987) 

yielded a number of data distributed throughout the sedimentary succession, and further 

constraints on the early rotation history were provided by Morris et al. (1990). 

Hydrothermal sediments (umbers) of the Perapedhi Formation share a common direction 

with the underlying extrusive sequence. The overlying Campanian radiolarian mudstones 

(Perapedhi Fm) and Maastrichtian-Oligocene chalks (Lefkara Fm) show a general 

progression from WNW to northerly declinations upwards through the stratigraphy. Data 

from some time intervals show significant scatter, most notably in the inclination of the 

Maastrichtian sites and in both inclination and declination of the Palaeocene sites. This 

may reflect the influence of compaction-related inclination shallowing and/or potential 

contamination of site-level remanence vectors by residual normal polarity overprints. This 

latter effect is the most likely explanation of the inclination difference between the two 

Maastrichtian sites with the shallowest inclinations (representing inverted reversed polarity 

sites) and the remaining three (normal polarity) sites of this age. Late Oligiocene to 

Miocene sites exhibit exclusively northerly declinations (within error). Overall, these data 

clearly indicate the progressive and prolonged nature of the rotation of the Troodos 

microplate during the Campanian-Eocene interval (Figure 4.5). 
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Figure 4.5: The palaeomagnetic results from the sedimentary cover of the Troodos ophiolite 
Lovî er hemisphere stereographic projection of tilt-corrected srte-level palaeomagnetic data 
ot}tained from the in srtu sedimentary cover of the Troodos ophiolrte. demonstrating the progressive 
anticlockwise rotation of the underlying ophiolite during the Palaeogene as indicated by the latest 
compilation of available data (Moms et al 2005). Data from Campanian radiolarites and 
Maastrichtian and Palaeocene cartwnates include both normal and reversely magnetised sites, 
with the latter inverted to the lower hemisphere in this plot Eocene to Miocene data are of nomial 
polarity Data sources: Clube (1985); Abrahamsen and Schonharting (1987); Morris et al. (1990). 

128 



4.4.3 Rotation of the Troodos microplatc 

Palaeorolation of an oceanic microplate within a narrow Neotethyan ocean basin 

undergoing regional compression can be accommodated in several potential tectonic 

settings. No consensus is presently reached on the most likely. The most popular models 

invoke either collision or oblique subduction as driving mechanisms for the rotation 

(Figure 4.6). Several authors have related rotation to inferred collsion between a seamount 

or microcontinent and a subduction zone (Moores et al. 1984; Murton 1990; Robinson and 

Malpas 1990; Malpas et al. 1992; Figure 4.6A). However, the Troodos terrane shows little 

evidence of regional compression or fault disruption that would be anticipated from 

forceful collision and underthusting with partial or complete subduction of a seamount or 

microcontinent. Also, this would have been a shorter-lived collisional event than the 

observed steady - 2 ° Ma"' rotation of the Troodos microplate from the Late Cretaceous to 

Early Eocene (Robertson 1990). Another mechanism suggested is tectonic expulsion from 

the Isparta angle (Robertson and Woodcock 1986), where the Troodos microplate becomes 

detached and rotates as it is forced away from the Isparla angle due to the action of strike-

slip faults bounding the comer to the north and west of the oceanic crust (Figure 4.6B). 

Alternatively, oblique subduction beneath the Troodos ophiolite may produce the driving 

force (Figure 4.6C), as suggested by Clube et al. (1985), although from this alone it is 

difficult to produce the required torque. Clube and Robertson (1986) developed this idea 

further with collision outside Cyprus in combination with northward subduction producing 

the necessary torque (Figure 4.6D). Clube and Robertson (1986) originally suggested that 

the near coincidence of the timing of initiation of palaeorotation and the emplacement of 

the Malay and Baer-Bassit ophiolites could be linked but it was later established from more 

precise timing of rotations in the sedimentary cover that a significant component of 

rotation may have occurred prior to emplacement (see Morris et al. 2005). 
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Figure 4.6: Various models proposed for the rotation of the Troodos micrcplate (from Robertson 
1990). Models A, C and D are generally more accepted than model B, where the reason for 
rotation is less easy to account for. Model D is the most widely accepted as this provides the most 
credible explanation for both rotation initiation and the anticlockwise direction of the rotation. 
A. Collision, subduction and underthrusting of a Mamonia microcontinent (Moores 1984; Murton 
1990; Robinson and Malpas 1990; Malpas et al 1992);(modified after Robertson and Woodcock 
1980); 
B. Expulsion from the Isparta angle; 
C . Rotation due to collision with a trench to the east (Clube and Robertson 1986). 
D. Model C as modified by Robertson (1990). 
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The collision of these more easterly fragments of Neotethyan oceanic crust with the offset 

Levant continental margin could have pinned one segment of the subduction zone while 

the Troodos ophiolite remained above a down-going slab. Continued northwards 

movement of the African plate resulted in the trench pivoting about the intersection of the 

transform passive margin with the subduction front (Robertson 1990). Southwards roll

back of the trench to the west of the pivot point exerted a pull on the overriding plate and 

as a consequence an anticlockwise torque developed in the forearc region. The Troodos 

microplate could then detach and rotate about a series of dextral strike-slip faults and 

associated relay faults (Clube and Robertson 1986; Robertson 1990). In this model, 

fragments of the northern continental margin (Mamonia Complex, Moni Melange) became 

attached to the rotating microplate along strike-slip lineaments and were carried 

southwards to their current position. The nature of the boundaries of the microplate are 

often drawn as a ring of strike-slip faults, although the reason for their precise location and 

why the zone of weakness along the transform fault or spreading axis was not utilised is 

unknown. The inferred microplate boundary faults probably followed existing zones of 

crustal weakness, such as the westwards extension of the STTFZ. The postulated curved 

microplale boundary would have cut across the pre-existing more-linear oceanic fracture 

zone (Robertson 1990). In southern Cyprus, microplate boundary faults were inferred to 

lie south of the fossil transform zone and close to the present-day coastline (Clube and 

Robertson 1986). This model involving impingement of a subduction zone on the Arabian 

margin is more consistent with the regional tectonic setting than models that invoke push 

mechanisms involving microcontinental collision. 

The lines of evidence that were used to constrain the size of the rotated microplate were 

palaeomagnetic data from mainland Turkey to the north and the African margin to the 

south, showing that these were unrotaied. Closer to Troodos (and more applicable), the E-

W trending structures in Kyrenia (immediately to the north) and mean dyke strike in Hatay 

131 



and Baer-Bassit (to the east) were used to infer they were unrotated, as previously no 

palaeomagnetic data existed for these regions, with the E-W trending dykes of Hatay used 

as the strongest line of evidence for this area being unrotated. However, in light of the new 

palaeomagnetic data obtained both from this thesis from the Hatay ophiolite, and recent 

data from the Baer-Bassit ophiolite by Morris et al. (2002; see below), the models used to 

explain the Troodos microplate rotation need to be re-evaluated (Chapter Nine). 

4.5 Review of palaeomagnetic results from the Bacr-Bassit ophiolitc 

4.5.1 Palacomagnetic results from the ophiolitc 

Morris and Anderson (2002) and Morris et al. (2002) discuss the first palaeomagnetic 

results from 27 sites in the Baer-Bassit ophiolile. Morris et al. (2002) presented 

palaeomagnelic results from 19 sampling sites distributed between four localities in Baer-

Bassit ophiolite, predominantly within the western Bassit massif where extrusive rocks, 

sheeted dykes and layered gabbros were sampled. The eastern massif is dominated by 

mantle sequence rocks and only one locality could be sampled, which was within the SDC. 

Sites from a fifth locality are discussed in Morris and Anderson (2002) and below (section 

4.5.3). Results show that large anticlockwise rotations have been observed for the Baer-

Bassit ophiolite, varying on a kilometric scale, generally increasing in magnitude 

southwards, exceeding 200° in the lowest structural levels in the imbricate thrust sheets in 

the south. Rotations in the north are of similar magnitude to those observed in the Troodos 

massif Unequivocal evidence that the ophiolite records pre-deformational magnetisations 

was provided by an inclination-only tilt lest ("block-rotation Fisher" method of Enkin and 

Watson 1996) applied to the site-mean magnetisation directions grouped according to 

locality, together with a positive standard palaeomagnetic tilt test (McFadden and Jones 

1981) and a positive reversal test (McFadden and McElhinny 1990) at one locality. The 
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magnetic mineralogy was shown to be consistent with an ocean-floor origin of 

magnetisation, and the data are interpreted as primary remanences acquired during or 

shortly after crustal genesis (Morris et al. 2002). Directions of magnetisation are 

consistent within each locality, but vary widely between localities indicating large relative 

rotations across the ophiolite (Morris el al. 2002). Rotations were further assessed by net 

tectonic rotation analysis (Allerton and Vine 1987; extended by Morris et al. 1998), which 

provided estimates of rotation axes and angles and their associated uncertainties. The 

rotation in the north of the area, nearest to Hatay, is lowest. Within the Bassit massif, 

anticlockwise net tectonic rotations increase from --90° in the north ("North Coast" 

locality) to in excess of 200° in the south ("West Coast" locality) and rotation axes are 

steeply plunging to sub-vertical (Morris et al. 2002). The possibility that the largest 

rotations occurred in a clockwise sense can not be excluded, but anticlockwise solutions 

were preferred by Morris et al. (2002) since this results in a more systematic pattern of 

rotations. Within the eastern Baer massif, net anticlockwise rotations o f - 8 0 ° are observed 

but these occurred around shallowly plunging axes, indicating a dominance of tilting over 

vertical axis rotation at this sampling locality. This net rotation may be decomposed into a 

pure tilt and a 30° anticlockwise vertical axis rotation (Morris et al. 2002). This ophiolite 

is interpreted as the more dismembered thrustal front of the Hatay/Baer-Bassit sheet and is 

affected by large-scale Neotectonic strike-slip faulting. The rotations are interpreted to be 

of a composite origin and are summarised in Figure 4.7. 

4.5.2 Palacomagnctic results from the sedimentary cover 

No previous palaeomagnetic data exist for the sedimentary cover of the Baer-Bassit 

ophiolite. Samples from the Baer-Bassit sedimentary cover were collected recently by A. 

Morris and M . W. Anderson and were measured and analysed as part of this thesis. These 

results are discussed in Chapter Six. 
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Figure 4.7: Summary of the palaeomagnetic results obtained by Morris et al. (2002) from the 
Ba6r-Bassit ophiolite. 
A. Variation in the Fisher precision parameter with progressive untilting of palaeomagnetic data 
indicating a positive inclination-only tilt test (Enkin and Watson 1996), with peaked distribution 
centred on 100% untilting unequivocally indicates that pre-deformation remanences are carried by 
the ophiolite. 
B. Stereographic projections showing the distribution of site mean directions of magnetisation in tilt-
corrected coordinates from the four main sampling localities. The large differences in declination 
between localities indicate extreme relative rotations within the ophiolite (reversed magnetisations 
have been inverted to the lower hemisphere; ellipses = projection of a95 cones of confidence 
around site mean remanences; black star = Late Cretaceous normal polarity reference direction). 
C. Results of a net tectonic rotation analysis, which confirms extreme relative rotations within the 
ophiolite, with an apparent increase in net rotation angle southwards across the Bassit massif. 
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4.5.3 Tilt about dykc-normal axes 

Data from eight sites within an exposure of doleritic dykes at a fifth locality (in the Bassit 

massif) display sub-vertical upwards remanence directions that may result from rotation 

around shallow- to moderately-plunging dyke-normal axes (Morris and Anderson 2002). 

This rotation would produce no visible change in dyke orientation but would rotate 

magnetic remanences around small circles centred on the tilt axis. I f a simple strike-

parallel tilt is assumed and this site is included in the inclination-only analysis of the other 

Baer-Bassit localities (section 4.5.1) it introduces a large degree of error and invalidates 

the test. These results are clearly anomalous with respect to those observed at other Baer-

Bassit localities and the expected reference direction. The magnetic properties of samples 

from this fifth locality are indistinguishable from those observed in the remaining four 

localities, and there is no geological reason to suppose that these rocks have been 

selectively remagnetised, and so remanences are assumed to similarly represent pre-

deformational remanences (Morris and Anderson 2002). However, these data should be 

analysed differently in order to take into consideration potentially more complex rotations. 

Two methods of analysis have been used; firstly the net tectonic rotations method, as 

described in section 3.5.6 and secondly a method that allows less constraints to be placed 

on the restoration of the magnetic remanence to a reference. This second method is 

described in section 5.10.3 in relation to its applicability to data from this thesis and is 

referred to as the 'inclination restoration to a reference method'. 

The net tectonic rotation analysis method returns a net rotation pole that is sub-normal to 

the observed mean dyke strike. The rotation axis is shallowly-plunging towards the ENE 

about which 60-70° of anticlockwise rotation has occurred and estimates of pre-rotational 

deformational dyke strikes are NNE-NE. The second method restores the dykes to the 
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vertical and the inclination to the expected inclination of 41° (from the pre-deformational 

average of the other sites analysed in the Baer-Bassit ophiolite). Two potential solutions 

are obtained, both of which yield tilt axes that are sub-normal to the mean dyke strike at 

that locality. After propagation of confidence limits on remanences and structural 

orientations through the analysis, the tilt corrected magnetisations for the two solutions 

indicate either a 4-63° or a 170-228° anticlockwise rotation (or a 132-190° clockwise 

rotation). Both solutions therefore indicate rotations about a dyke-normal axis that would 

be undetectable in the field (Morris and Anderson 2002). 

In order for such rotations to occur, structures that facilitate tilts about a NE-SW near-

horizontal axis are required. The Baer-Bassit ophiolite is interpreted to have been 

emplaced towards the SE (Al-Riyami et al. 2002), and so tilts towards either a SE or NW 

direction may be expected to result. This emplacement direction is parallel to the average 

strike of the sheeted dykes (Morris and Anderson 2002) and so rotations during 

emplacement would be about a roughly dyke-normal axis. Therefore rotations about a 

dyke-normal axis are attributed to be the cause of rotations during the emplacement of the 

ophiolite. 

The absence of dyke-normal rotations observed from the remaining localities within the 

SDC of the Baer-Bassit ophiolite indicates that not all sites experienced coherent rotations 

during emplacement of the ophiolite. 
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4.6 Review of palaeomagnetic results from the Semail onhiolite 

The Semail ophiolite in the Oman mountains is one of the most complete and best exposed 
ophiolite sequences in the world, covering 10000 square km and is composed of 8-12 km 
of upper mantle peridotites and 4-7 km of oceanic crustal rocks (e.g. Nicolas 1989; Searle 
and Cox 2002). Palaeomagnetic results obtained from the ophiolite, located at the eastern 
end of the Neotethyan ophiolile belt, may provide insight into rotations affecting the Hatay 
ophiolite. The Semail ophiolite was obducted onto the southeastern part of the Arabian 
platform subsequent to inlraplate subduclion initiating at around 100 Ma with 
emplacement at least 250 km west and southwest onto the Arabian passive margin during 
the Late Cretaceous period. The ophiolile contains separate submarine volcanic series 
erupted at different limes: One series (Geolimes V I ) is interpreted as ridge-axis volcanism 
and a second series (Lasail V2) is possibly linked to the initiation of thrusting (Perrin et al. 
2000). Hornblende '*^Ar/^^Ar ages from the amphibolites of the meiamorphic sole range 
from 95-93 Ma, synchronous with the 95 Ma age of formation of plagiogranites in the 
ophiolite crustal sequence and the eruption of the second (V2) volcanic series (Searle and 
Cox 2002). The ophiolite experienced large-scale thrusting during emplacement but no 
significant post-emplacement deformation. The Semail ophiolite has experienced large, 
differential internal rotations, with clockwise rotation of the northern part of the massif of 
around 120'=' (Weiler 2000). 

Palaeomagnetic studies in the Semail ophiolite have been carried out on the gabbros by 

Luyendyk and Day (1982) and on the SDC by Luyendyk et al. (1982). Large rotations 

identified by these studies are attributed by Thomas el al. (1988) to intraoceanic thrusting. 

Two studies were carried out on the extrusive sequences by Perrin et al. (1994) and Perrin 

et al, (2000). The first palaeomagnetic study of volcanics by Perrin (1994) concluded that 

the rotation of the Semail ophiolite nappe could be modelled as a clockwise rotation in the 
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order of 145-150° as a coherent block about a single Euler pole located less than 200 km 

from the northern extent of the nappe and occurring between the detachment of the nappe 

and the end of the obduction. The later study by Perrin et al. (2000) sampled lava flows 

from both volcanic units and indicated that relative rotations of the order of 90° occurred 

between the northerly and southerly parts of the ophiolite after eruption of the Lasail V2 

volcanic series. They also suggest that, by the time the second unit of lavas was emplaced, 

the northern domain was acting as a tectonically coherent unit although at the time of 

emplacement of the earlier lavas, this area may have been experiencing differential 

rotations. More recently, Weiler (2000) suggests that the southern part of the ophiolite is 

relatively unrotated and that the rotation affecting the northern part of the ophiolite is 

internal to the ophiolite. They suggest that this rotation can be attributed to rapid, active 

microplate rotation of a portion of the ophiolite resulting from spreading at an EPR-type 

propagating ridge at a high angle to the previous spreading direction. The palaeospreading 

direction of the Semail ophiolite is believed to have been ENE-WSW, with a tectonic 

regime to E-W compression around 100 Ma initiating the transition from spreading to 

subduction (Umino et al. 1990). 

4.7 Tectonic rotation models 

As this thesis involves the application of palaeomagnetic and structural techniques in order 

to establish the tectonic evolution of the Hatay ophiolite, with particular reference to 

potential rotations, it is important to briefly discuss the causes of rotations in deforming 

zones. Rotation can be about any axis- horizontal, vertical or inclined- with a discussion of 

the causes of vertical axis rotation especially relevant to this study. An important point 

when discussing proposed mechanisms for vertical axis rotations is that coherent rotation 

of the Troodos ophiolite affected an area of oceanic crust whereas many of the current 

theories explain vertical axis rotation relate to continental crust. 
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The nature of the way in which deformation acting in brittle crust is taken up is important, 

as well as the regional causes of the stresses acting on an area. Stresses acting at a regional 

scale may be taken up on smaller scales by rigid blocks. The bounding faults on these 

blocks produce a series of stresses within a localised domain that may differ to those acting 

on a regional scale. There have been various models proposed to account for the way in 

which a region will take up deformation. These variations relate to whether deformation is 

assumed to be homogenous across an area or whether it is taken up by spatially discrete 

blocks. The nature of the structures involved in deformation wil l affect the resultant 

palaeomagnetic direction, as well as the size of the rotating blocks, and the mechanism by 

which they rotate. 

The deformation may be the result of ongoing transtension or transpression, or be due to 

temporally discrete events. Transpression or transtension are strike slip deformations that 

deviate from simple shear because of, respectively, a component of shortening or extension 

orthogonal to the deformation zone (Dewey et al. 1998). They occur on a wide variety of 

scales from the plate tectonic scale involving movement of plates on a spherical surface, 

down to much smaller scales. I f transtension is occurring on the scale of the Hatay region, 

so that there is strike slip faulting along the boundaries with a component of orthogonal 

extension, it wil l likely result in strain partitioning within the Halay area into normal and 

strike slip faults. 

The kinematics of in situ vertical axis rotation in the upper crust is debated. Models range 

from continuum to discrete with the former case involving distributed deformation over a 

wide area and the second case involving the rotation of integral blocks which deform at the 

boundaries (e.g. Ron et al. 1984; Nelson and Jones 1987; King et al. 1994; Piper et al. 

1997). Continuum models generally consider the rotation involves cruslal areas 

considerably smaller than the size of the deforming zone and that it occurs in response to 
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motion of the ductile lower crust. Shear is distributed across the zone and creep and 

diffusive mass transfer accommodates the rotation so that palaeomagnetic directions show 

diminishing rotation away from the main fault. Discrete models take up deformation on 

rigid crustal blocks with lengths roughly equivalent to the width of the deforming zone, 

and the deformation uses systems of strike-slip faults (Freund 1970) about which fault 

blocks progressively rotate on vertical axes. This type of deformation conserves area and 

so is a plane strain. Rotation and deformation occur in response to shear applied along the 

edge of the blocks by strike-slip faults. A l l blocks and block-bounding faults within the 

same domain wil l rotate by the same amount and in the same direction, except in cases 

where the strike-slip faults form two domains and produce an opposite sense of rotation 

within each domain (Ron et al. 1984). The rotation is predicted to be clockwise in regions 

of net dextral shear and anticlockwise in regions of net sinistral shear (Sonder et al. 1986). 

The sense of motion on the smaller block-bounding faults can be the same or opposite to 

the system bounding faults (Figure 4.8) depending on the initial orientation of the block 

bounding faults and whether the blocks are pinned to the outside of the deforming zone 

(i.e. a wide zone of shear) or to the inside (i.e. the system bounding faults exist as discrete 

faults either side of the rotating blocks). An example of an area where the deformation is 

occurring on blocks between discrete system bounding faults is the central part of the 

Karasu rift valley where the Amanos fault and East Hatay fault are acting as the system 

bounding faults (Tatar et al. 2004). 

An eariy proposal by Beck (1976) for zones of distributed deformation suggested that 

strike-slip deformation could result in the rotation of circular blocks of crust in a manner 

similar to ball bearings. This situation is not supported by geological field studies or fault 

plane solutions as a combination of strike-slip faulting and extension or thrust faulting is 

more common (McKenzie and Jackson 1988). 
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Figure 4.8: Possible mechanisms by which rotation occurs in a deforming area within a 
continental region. 
A. Rotation due to plane strain on systems of strike-slip faults producing rotations of blocks 
between the system-bounding faults. 
B. Various ways in which strike-slip deformation may affect an area (from Nelson and Jones 1987). 
Arrows show the declination of palaeomagnetic directions subsequent to rotation, (i) undeformed 
block (ii) deformation accommodated on parallel faults (iii) in situ rigid block model (iv) small 
random-sized block model (v) pervasive continuum deformation. 
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These mechanisms do not accommodate rotations about inclined axes. McKenzie and 

Jackson (1983, 1986) propose that blocks floating on a deforming lithosphere will rotate 

with the angular velocity of the underlying ' f lu id ' and explain the declination differences 

observed from palaeomagnelic studies. Rotation axes of faults are inclined to the vertical 

and so can result in changes in dip of strata. These authors also note that the scale of the 

deformation is also important. Small rotating blocks are confined to the seismogenic upper 

crust whereas larger blocks will be rooted in the lower crust and microplates represent 

discrete plates. Processes with wavelengths much greater than the thickness of the crust 

are more likely to be influenced by the motion of the underlying mantle. This would be 

particularly true for segments of oceanic crust, such as the 'Troodos' microplate, where the 

thickness of the crust is much thinner than in areas of continental deformation. 

4.8 Synthesis 

Palaeomagnetic results have been invaluable in providing information on the current and 

past deformation of the eastern Mediterranean region and palaeolatitudinal constraints on 

Neotethys. The background provided from these early sections of this review chapter 

enable the new palaeomagnetic results obtained from this thesis to be interpreted in 

context. Significant comparisons are made between the palaeomagnetic results from 

Troodos and Baer-Bassit with the new results from Hatay in the subsequent results 

chapters, particularly in relation to the sense and magnitude of rotations and in establishing 

the timing of these. The information provided here on rotations identified in these 

ophiolites, of both western and eastem ends of the southern Neotethyan belt, is essential in 

order to interpret the new results from Hatay (Chapter Five and Six) and discuss their 

significance for the evolution of the eastem Mediterranean (Chapter Nine). 
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CHAPTER FIVE 

5. PALAEOMAGNETIC RESULTS F R O M T H E H A T A Y OPHIOLITE 

5.1 Introduction to chapter 

The Hatay ophiolite was sampled for palaeomagnetic analysis at various crustal levels, 

from the cumulate gabbros up to the extrusive rocks, excluding only the serpentinised 

ultramafic rocks (Figure 5.1). Sixty three sites from seven localities were analysed in total, 

with the sampling, measurement and analysis of the data from each locality described and 

discussed below. 

5.2 Sampling and measurement procedures 

5.2.1 Sampling and measurement methods 

The majority of sites were sampled using a standard portable petrol-driven rock drill, using 

water-cooled 25 mm diameter diamond-tipped drill bits. Each sample was orientated with 

both a standard magnetic compass and a sun compass. Each drilled core was cut to a 22 

mm length in the laboratory, ensuring that weathered surfaces were removed. Remanence 

measurements were carried out using a Molspin fluxgate spinner magnetometer. Four of 

the pillpw lava sites (ALOl; AL03; MLOl; ML05) were unsuitable for drilling due to their 

tendency to fracture. For these sites, a 'cork method' was used, consisting of attaching 

cork discs to pillows with glue, marking the strike line on the cork and recording the 

orientation of the flat surface to allow the magnetisation measured in the laboratory to be 

corrected into geographic coordinates. In the laboratory, these samples were cut to as near 

a cube shape as possible and measured in a large aperture fluxgate spinner magnetometerT 

designed to measure the remanence of irregularly shaped archaeomagnetic samples. 
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F i g u r e 5.1 Localities within the Hatay ophiolite sampled for palaeomagnetic analysis. Only the 
major localities where samples were taken from are illustrated on this map for clarity. Other places 
mentioned in the text are shown in the map of Figure 2 12. The sites where palaeohorizontal 
indicators were measured in the field (cumulate layering or average flattening direction of pillow 
lavas) are shown by the grey stars and those sites where palaeovertical indicators were used to 
apply a structural correction (SDC and gabbro screens at base of SDC) are shown by the black 
stars. Individual localities are not always displayed due to the scale of the map with the labels 
sometimes referring to a number of sites represented by the same star. 
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The system used to label samples was two letters followed by the site number, with the 

first letter referring to the locality and the second letter referring to the ophiolite unit 

sampled: cumulate rocks (C); gabbros (G); dykes (D) and sheet and pillowed lava flows 

(L). 

5.2.2 Structural controls on the choice of sampling sites 

Drilling sites were limited to those areas where either a palaeohorizontal or a 

palaeovertical surface could be identified. Where layering was observed in the gabbros or 

ultramafic rocks, this was assumed to be originally horizontal, and sites where this layering 

was consistent and extensive were favoured. The improvement of clustering of magnetic 

inclinations subsequent to a structural correction (section 5.7) supports the choice of 

palaeohorizontal. The pillow lavas and lava flows were assumed to have been extruded in 

an originally near horizontal orientation. The average flattening direction of the pillow 

lavas was used as the palaeohorizontal; the shape of individual pillows cannot be used as 

each pillow gives a slightly different palaeohorizontal. The assumption is made that the 

sheeted dykes were originally intruded in near vertical orientations, particularly in those 

areas where the SDC is extensive, v^th large areas of dykes in almost identical 

orientations. These assumptions allow structural corrections to be applied to the 

palaeomagnetic data. The accuracy of these assumptions depends on the consistency and 

extensiveness of the palaeovertical and palaeohorizontal indicators observed in the field 

and the accuracy with which these can be measured. The geological likelihood of the 

chosen surfaces representing a true palaeohorizontal or palaeoveriical is also a factor. For 

instance, pillow lavas are known to have the potential to be extruded down steep slopes 

with quite variable orientations. However, in most cases, the assumption that the average 

flattening direction in the majority of pillow lavas is a palaeohorizontal remains a good 

approximation, and more accurate than applying no structural correction. Errors up to 15° 
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in measurement o f pillow lava palaeohorizontals may be expected due to the di f f icul ty o f 

measuring the average flattening direction accurately. Where discrete dykes were 

observed, both their orientation and that o f any adjacent layering were measured because 

the assumption that discrete dykes are intruded vertically is less l ikely in these cases. The 

assumption becomes more valid as the proportion o f dykes relative to the host rock 

increases. In the Hatay SDC, the coastal and Kara9ay valley exposures contain over 90% 

sheeted dykes. 

5.3 Sampl ing localities 

Sampling localities were situated throughout all structural levels o f the ophiolite (Figure 

5.1), wi th the exclusion o f the deeper part o f the ultrcunafic sequence (outcropping over an 

extensive area in the core o f the massiO due to lack o f palaeohorizontal or palaeovertical 

controls and extensive serpentinisation. The quality o f outcrops o f the Hatay ophiolite is 

generally good allowing selectivity in choosing the most appropriate sections to sample. 

The most intensively sampled localities were along the coastal road between (^evlik and 

§ahanlikkayasi Headland and also along the Kara^ay valley (Figure 5.1). In these 

localities the outcrops were particularly well exposed, especially the SDC along the coast 

and the cumulate gabbros in the Karagay valley. Many small rivers cut deeply into the 

massif, such as the Karagay River, although in places the exposures are hard to access. 

Other sampling localities were dispersed through adjacent valleys and in the north o f the 

ophiolite massif. The two main localities where lavas were sampled were located in the 

north o f the area with an additional locality to the SE o f Anlakya, separate from the main 

massif. There follows a brief description o f each locality in alphabetical order; their 

locations can be seen on Figure 5.1. For one valley section (Gulderen) it was only possible 

to sample one section o f sheeted dykes. This valley was located immediately to the north 
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o f the Kisecik valley and so the results f rom this single site have been discussed within the 

Kisecik section. 

5.3.1 Antakya (4 sites) 

Four sites were located around 12 km to the SW o f Antakya wi th in an outcrop o f 

extrusives that are separated f rom the main body o f the ophiolite massif, and with their 

relationship to the latter uncertain (Figure 5.1). The extrusives include highly magnesian 

boninites and are the 'sakalavites' o f Delaloye and Wagner (1984). T w o of these sites 

were sampled within lava flows using the petrol dr i l l (AL02 and A L 0 4 ) and two were 

located within pil lowed lava flows and were sampled using the cork method (ALOl and 

AL03) . 

5.3.2 Coast (15 sites) 

The 25 km long exposure along the coast between Qevlik in the south and Arsuz in the 

north (Figure 5.1) can be split f rom south to north into 5 km o f SDC and gabbro screens, 3 

km o f gabbros and 15 km o f ultramafic rocks (Delaloye 1980). The coastal section thus 

progresses f rom south to north down through successively deeper levels o f the ophiolite. 

The boundaries between the major lithology changes are generally picked out by gullies 

interpreted to result f rom movement on large faults and often accompanied by considerable 

areas o f landslip. Fifteen sampling sites were located along the coast mainly within the 

steeply dipping- vertical SDC. Sampling sites were located in two different generations o f 

dykes, referred to as 'b rown ' and 'grey' in this thesis, wi th the brown dykes commonly 

displaying chilled margins and clearly younger than the grey dykes. These two dyke 

populations can be correlated to those described by several authors (e.g. Tinkler et al. 

1981; Dilek and Thy 1998) and were discussed in section 2.7.3. Two o f the fifteen sites 
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were located in cumulate gabbros, although the layering in these was not entirely 

convincing, but has been supported by both later structural work (section 8.3.2) and the 

improvement in clustering o f inclinations fo l lowing application o f a structural correction. 

5.3.3 I s i k l i (4 sites) 

Isikli is located close near the coast in the N W o f the ophiolite massif (Figure 5.1). 

Serpentinised peridotites are tectonically overlain by gabbro, rotated dykes and lavas 

(Dilek and Thy 1998). Four dyke sites were sampled in the Is ikl i area. Dykes in this 

locality are more shallowly dipping than the majority o f dykes from the SDC elsewhere. 

5.3.4 Kara^ay (20 sites) 

The Kara9ay valley runs NW-SE and is a major river valley in the Hatay area. Sampling 

sites were located in outcrops o f sheeted dykes, gabbros and cumulate gabbros (Figure 

5.1). The cumulate gabbros in this locality were the best exposed and most continuous o f 

any locality. Five sampling sites were located in ultramafic cumulates, wi th two sampling 

sites in discrete dykes in these rocks. Four o f these cumulate sites were located at river 

level in the Kara^ay valley at ICemer Kopru (Figure 5.1) in a very good exposure 

displaying both clear and consistent magmatic layering (see photo o f Figure 2.13). Four 

sites were located at Ikizkopri i in an area o f dykes and gabbro screens (Figure 5.1). The 

remaining ten dyke sites and one gabbro site were dispersed throughout the Kara9ay valley 

area. 

5.3.5 Kisecik (8 sites) 

The Kisecik valley is located to the N E o f the Kara9ay valley, running roughly parallel 

with it (Figure 5.1). Four sites within ultramafic cumulates were located to the north o f the 
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river at a level topographically higher level than the river itself. Shallower structural levels 

o f the ophiolite (the SDC) are exposed at river level further down the valley and four sites 

were located in these outcrops. These dyke sites generally display a higher degree o f 

weathering than either the coastal or Karagay dykes and due to less extensive exposure, the 

consistency o f the orientation o f the dykes is less apparent. This should be considered 

when assuming the dykes were intruded vertically and provide an accurate palaeovertical. 

The confidence o f the assumption is decreased in one site where only four dykes could be 

observed. 

5.3.6 K o m i i r ^ u k u r u (5 sites) 

The Komiir i jukuru sampling sites are located in an outcrop o f extrusives in the north o f the 

Hatay ophiolite (Figure 5.1). This area lies to the N E o f the Tahlakoprii Fault. The 

extrusives in this locality lie tectonically above ultramafic rocks along a shallowly dipping 

contact and are massive and pillowed lavas that are rarely interbedded wi th , or overlain by, 

metallifereous sediments (Erendil 1984; Robertson 1986). There are f ive sites, one located 

in a lava flow and four located in pillowed flows, wi th one o f these flows also interbedded 

with metalliferous sediments/umber. Two o f the sites in the pil lowed lava flows were 

sampled using the cork method, 

5.3.7 T a h t a k o p r u (5 sites) 

Tahtakoprii is located to the north o f the ophiolite massif and not far to the east o f 

Komur^ukuru and similarly is located to the N E o f the Tahtakopru Fault (Figure 5.1). Five 

sites were located in pillowed lava flows and massive flows near Tahtakopru and were 

sampled by field dr i l l ing. These sites may be spatially divided into two groups; three sites 
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within one area exposed along a small stream and two sites sampled f rom a second area 

several kilometres distant. 

5.4 Rock magnetic summary 

Chapter Seven deals in detail wi th the rock magnetic properties o f the sampled lilhologies. 

However, in order for the palaeomagnetic results to be discussed more easily, a summary 

o f these results w i l l be given here. 

The rock magnetic mineralogy o f the samples is compatible wi th the presence o f fine 

magnetic grain sizes w i th PSD properties capable o f retaining a stable magnetisation 

throughout the complex history o f the ophiolite. Magnetic mineralogy is found to be 

dependent on the crustal level. Clear Verwey transitions and high Curie temperatures 

(Tcs) in the deeper levels o f the crust (ultramafic cumulates, cumulate gabbros and SDC) 

indicate that Ti-poor titanomagnetite/magnetite is the major carrier o f the magnetic signal, 

whilst the absence o f the Verwey transition and lower Tcs o f the higher crustal levels 

(extrusive rocks) indicate the presence o f a more Ti- r ich titanomagnetite here. These 

mineralogies are compatible wi th acquisition o f stable remanences wi th in the crustal/upper 

mantle section soon after genesis o f the ophiolitic crust at an oceanic spreading centre. 

5.5 Magnetic fabric analyses 

Anisotropy o f magnetic susceptibility ( A M S ) was measured for all samples on the A G I C O 

K L Y 3 Kappabridge in the University o f Plymouth laboratory prior to demagnetisation 

procedures (wi th the exception o f the non-standard 'cork method' samples which were too 

large for the ICLY3). Results at sample-level were variable and specimens display a 

mixture o f oblate and prolate fabrics. Site-level data also vary between those sites wi th 
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oblate (Figure 5.2A) or prolate fabric and those wi th all three axes well clustered (triaxial 

fabric) (Figure 5.2B) to sites where either the min imum or maximum principal axes o f 

anisotropy are clustered wi th the remainder o f principal axes arranged in a girdle along the 

orthogonal plane, to sites where there is no clear fabric observed (Figure 5.2C) and a 

complete lack o f coherency between principal axes. There is no correlation in fabric type 

between either sites f rom the same locality or o f the same lithology. For example, o f the 

twelve sheeted dyke sites along the coast, three showed clear examples o f an oblate fabric, 

two showed a clear prolate fabric and for seven sites the relationships were less clear or 

there was a complete lack o f clustering o f any principal axes. Across all localities, the 

majority o f fabrics were indeterminate. Generally, those sites wi th oblate fabrics had 

clearer fabrics than those wi th prolate, with almost twice as many clearly recognised. 

Fewer sites displayed triaxial fabrics. A plot o f corrected anisotropy degree against shape 

parameters (Figure 5.2D) illustrates the spread between oblate and prolate fabrics, wi th 

roughly 50% in each category. Only a few sites had more than a 5% degree o f anisotropy 

indicating generally weak fabrics and the only site wi th a significantly higher degree was 

site KC05 which is believed to have been hit by lightening (section 5.7.4). Those sites 

where a clear fabric could be identified were almost invariably related to the structure 

observed in the field, which indicates both that these were accurately measured and that the 

macroscopic structures are matched in orientation by the microscopic fabrics. Only two 

sites (JCOl and 1CD12) displayed a clear fabric unrelated to the structure. For site JCOl 

(Figure 5.2D), the fabric orientation was used to predict a plausible macroscopic structure. 

This was used to apply a t i l t correction to the palaeomagnetic data, which produces a 

stratigraphic declination that lies away from the spread observed for the palaeohorizontal 

sites, suggesting that this should not be used in analysis. 
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Figure 5.2: Anisotropy of magnetic susceptibility for rocks from the Hatay ophiolite. 
A. Representative fabric relationships at site level within selected samples. 
B. Shape parameter versus corrected anisotropy degree for all sites. 
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O f all the lithologies, the site-level anisotropy o f magnetic susceptibility was slightly more 

consistent wi thin the cumulate series. The fabrics f rom the Kara^ay valley cumulate sites 

show a mixture o f prolate and oblate fabrics at sample-level and no relationship between 

the shape parameter, T, and the corrected anisolropy degree, Pj , which varies f rom around 

1.0 to 1.25 (Figure 5.3A). A t site-level, three o f the five sites have oblate fabrics with k m i n 

axes orthogonal or near-orthogonal to the structure (magmatic layering in this case) and k i m 

and kmiLx arranged in a girdle distribution along the layering. Site KC04 has a triaxial 

fabric, with k m i n perpendicular to the layering. Site KCOl shows no coherent relationships 

between the principal axes o f anisotropy and the layering. The generally oblate fabric 

suggests some fabric development associated wi th the magmatic layering wi th in the rock. 

The fabrics f rom cumulate sites within other localities are not as consistent. The fabric 

data at sample-level f r om the coastal cumulates again shows a mixture o f prolate and 

oblate fabrics. These prolate fabrics could be explained by the presence o f SD magnetite 

producing an inverse fabric (Figure 5.3B). A t site level, CCOl and CC02 from the coastal 

cumulates have roughly oblate fabrics, with k m i n roughly orthogonal to the layering (which 

was less clear than the layering in the Kara^ay cumulates). In the case o f CCOl, the 

distribution is nearly triaxial. The fabrics o f the remaining two sites display no 

relationship to the cumulate layering. 

Within the Kara(?ay valley, the discrete dykes o f site K D 0 2 were sampled both within the 

centre o f the dyke and on each dyke margin to recognise any variations in fabric due to 

flow. This site has a weak oblate fabric and there is cm overlap in the distribution o f 

principal anisotropy axes from the opposing dyke margins and wi th the samples f rom the 

centre o f the dyke suggesting that in this site there is no flow-aligrunent in the fabric 

(although the weak nature o f the fabric does not make this certain). 
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Figure 5.3: Anisotropy of magnetic susceptibility data for cumulate gabbros and ultramafics. 
A. In the Karacay river section [KC01-5]. 
B. Along the coast (CC01-2]. 
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5.6 Palaeomagnetic results overview 

Prior to demagnetisation, N R M intensities were measured for all samples. N R M 
intensities in the ophiolite range f rom less than 0.01 A / m to 27.9 A / m . However, only ten 
samples have N R M s o f less than 0.01 A / m . The N R M intensities vary wi th lithology wi th 
a factor o f ten between the weakest and strongest samples. The mean N R M intensities for 
all o f the lithologies palaeomagnetically analysed are given in Table 5.1. 

Description Number of samples Mean (geometric) 
Intensity (A/m) 

Extrusive rocks ^ 72 2.58 
Extrusive rocks ^ 53 2.19 
SDC 207 0.31 
Discrete dykes'" 16 0.004 
Gabbros 21 0.41 
Cumulate rocks^ 69 0.62 
KC05^ 9 8.81 

Tabic 5.1. Average NRM intensities for the various ophiolitic lithologies. 
^ Including all lava samples. 
^ Excluding non-standard-sized lava samples. The intensities of non-standard size lava samples cannot be 
compared since sample volumes are unknown. 
^ Sites KDOl and KD02 in the Karaijay valley. 
^ Including both ultramafic cumulates and cumulate gabbros but excluding site KC05. 
^ Believed to have anomalously high intensities due to a lightning strike. NRM intensities of the site range 
from 6.7 to 15.1 A/m; higher than for cumulate samples from any other site. 

It is clear that the lava samples on the whole have significantly higher intensities than the 

deeper lithologies o f the ophiolite. The cumulate rocks on average have slightly higher 

N R M intensities than the SDC and gabbros. Site KC05 has anomalously high intensities, 

which when combined wi th information f rom the demagnetisation procedure suggests that 

this could be the result o f an I R M induced by a lightning strike (section 5.7.4). The 

samples f rom the SDC have the lowest average N R M intensities, although the lowest 

intensities measured f rom any o f the ophiolitic rocks were f rom the discrete dykes sampled 

from within the ultramafic sequence exposed in the Kara^ay valley. The average N R M 

intensity for these samples are a factor o f 1000 smaller than that o f the lavas and 100 times 

less than the other dykes sampled within the SDC. However, even so, these values are 
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above the noise level o f the Molspin and are significantly higher than the average N R M 

intensities for the sedimentary cover samples (sections 6.3.4 and 6.4.4). 

The palaeomagnetic results f rom both thermal and A F demagnetisation techniques for each 

lithology are generally good wi th consistently clean, often single component decay to the 

origin. Figures 5.4 and 5.5 show examples o f sample demagnetisation plots from various 

lithologies fi-om both palaeohorizontal and palaeovertical sites and for both thermal and A F 

demagnetisation techniques, and site-level data are included in Table 5.2 and 5.3. 

Demagnetisation paths for the lavas and cumulate gabbros in particular, were consistently 

o f high quality, wi th slightly more variability in quality observed in the SDC. Thermal 

demagnetisation data are occasionally noisier than the A F data, although there are no cases 

where the results f rom the two methods are in major disagreement. Stable components o f 

magnetisation were identified f rom individual samples using least squares analysis 

(Kirschvink 1980), which were subsequently combined to give a mean C h R M for the site 

using Fisher (1953) statistics. Within localities, some o f these sites were also grouped 

where site mean directions were similar and it was appropriate geologically (i.e. no major 

faults between sites- see section 5.7.8). Dispersions o f VGPs obtained from site mean 

directions within a group were then compared with the expected dispersion for a latitude o f 

20° N (Merr i l l and McElhinny 1983). 

O f 63 palaeomagnetic sampling sites f rom the ophiolite, 43 sites have an 095 o f 10° or 

lower, with all but three sites having ags below 20° (average ags = 8.8°). The precision 

parameter (kappa) values for all sites except one (KD07) are greater than 10, and all sites 

except seven have values over 20. More than a third o f sites have a Kappa value over 100 

(average o f 100.35). The preferred number o f samples (n) included in a site ChRM is six 

to eight, wi th n = 8 being the average number o f cores demagnetised per site and n > 5 for 

all sites except three (JCOl, GDOl and ML04) , which is taken into consideration in the 
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analysis o f their results. These statistics illustrate that the quality o f the demagnetisation 

data f rom the ophiolitic sites is highly reliable. 

Geographic magnetic remanences are almost without exception towards the west and 

unrelated to the present-day field. Slratigraphic remanences are also towards the west. 

The details o f the palaeomagnetic results f r om each locality are discussed below in 

alphabetical order. Figures 5.6 and 5.7 show lower hemisphere stereographic projections 

illustrating geographic and stratigraphic remanences for each locality, displaying data f rom 

sites with palaeohorizontal control (cumulate and extrusive rocks) on Figure 5.6 and those 

with palaeovertical control (SDC) on structure on Figure 5.7. 

Site"" Lai Lon. Str. N Dg kg 
Ogsg 

Ds Is ks 
O95S 

AL01 36.16 36.17 70/44 11 203.5 -7.8 99.4 4.6 199.1 22.1 99.4 4.6 
AL02 36.16 36.16 175/21 8 261.6 -33.1 20.3 12.6 275.1 -31.8 20.3 12.6 
AL03 36.16 36.17 90/30 7 227 -1.1 141 5.1 224.1 18 125.9 5.4 
AL04 36.16 36.16 228/29 6 238.1 -47.3 534.4 2.9 255.5 -75.1 534.4 2.9 
CC01 36.19 35.87 290/44 7 191.2 80.5 207.4 4.2 276.3 46.6 207.4 4.2 
CC02 36.17 35.89 304/40 9 287.5 67.7 601.5 2.1 297 28.4 601.5 2.1 
JC01 36.28 36.05 090/00 4 305.7 46.3 55.2 12.5 317.7 6.7 55.2 12.5 
JC02 36.28 36.05 355/45 9 271.6 56.2 56.6 6.9 313.8 32.8 56.6 6.9 
JC03 36.28 36.05 342/45 6 274 47.3 50.7 9.5 300.1 19.9 50.7 9.5 
JC04 36.29 36.06 351/41 8 268.2 38.9 57 7.4 293.2 24.1 57 7.4 
KC01 36.19 35.99 308/72 7 185.7 65.5 82.1 6.7 284.3 29.5 82.1 6.7 
KC02 36.19 35.99 300/58 10 198.8 66.3 146.7 4 271.8 33.5 146.7 4 
KC03 36.19 35.99 297/58 10 199.3 67 260.1 3 269.7 32.2 260.1 3 
KC04 36.19 35.99 280/47 10 217.9 79.1 320.9 2.7 267.9 37.2 320.9 2.7 
KC05 36.18 36 007/62 11 266.6 73.1 26.1 9.1 347.7 29.7 26.1 9.1 

KDOIhoz 36.19 35.99 300/58 8 211.1 64.4 56.5 7.4 270.7 28.1 56.4 7.4 
KD02hoz 36.19 35.99 297/58 7 192.8 63 173.6 4.6 264.8 34.5 172.9 4.6 

ML01 36.43 36.14 118/33 7 226.1 27 109.9 5.8 207 32.1 109.9 5.8 
ML02 36.43 36.14 174/22 8 292.7 17.6 75.8 6.4 284.4 26.9 75.8 6.4 
ML03 36.43 36.14 185/55 6 278.9 13.9 37.4 11.1 265.7 11.1 37.4 11.1 
ML04 36.43 36.14 148/35 4 262.3 22 63.7 11.6 244.6 31.8 63.7 11.6 
TL01 36.39 36.2 155/85 6 278.4 15 12.2 20 230.3 33.5 12.2 20 
TL02 36.39 36.2 155/85 6 281.1 21.7 40.9 10.6 221.9 35.3 40.9 10.6 
TL03 36.38 36.18 145/55 6 268.3 5.1 26.7 13.2 251.2 29.9 26.7 13.2 
TL04 36.38 36.18 150/42 6 280.9 23 33.7 11.7 255 43.9 33.7 11.7 
TL05 36.38 36.18 150/42 5 289.6 21.5 117.1 7.1 265.1 48.3 117.1 7.1 

Table 5,2: Site palaeomagnetic data for sites with palaeohorizontal structural indicators. 
^ The locality of the site is apparent from the Ist letter of the site label: A = Antakya; C = Coast; J = Kisecik; 
K = Karacay; M = Komurcukuru; T = Tahtakopru. The lithology of the samples within the site is apparent 
from the 2nd letter of the label: L = lava; C = cumulate rock; Dhoz = discrete dyke where the layering of the 
cumulate rocks cut is used in preference to the orientation of the dyke to apply a structural correction. 
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Site'' Lat. Lon. Str. N ig kg Ds Is ks 
O95S 

CD01 36.13 35.91 130/83 11 196.1 46.2 35.2 7,8 203.3 48.6 35.2 7.8 
CD02 36.13 35.91 317/80 11 201 61.3 124.9 4.1 187.2 55.8 124.9 4.1 
CD03 36.13 35.91 116/80 9 208.3 64.6 72.2 6.1 228.2 62.5 72.2 6.1 
CD04 36.14 35.91 160/66 6 243.6 66.7 36.1 11.3 290.3 59 36.1 11.3 
CD05 36.15 35.9 190/74 8 262.1 51.4 26.3 11 283 53.6 26.3 11 
CD06 36.16 35.9 010/72 7 342.1 69.8 228.6 4 280.2 80.7 228.6 4 
CD07 36.16 35.9 010/72 6 300.4 81.3 42.1 10.4 219 73 42.2 10.4 
CD08 36.16 35.9 016/68 10 341.3 72.7 133.2 4.2 248.5 77.6 133.2 4.2 
CD09 36.17 35.89 000/78 9 328.4 76.3 53.5 7.1 267.4 82.9 53.5 7.1 
CD10 36.17 35.89 003/69 7 336.9 62.6 55.1 8.2 291.5 77.7 55.1 8.2 
CD11 36.16 35.89 006/74 14 322.9 73.4 104.8 3.9 257.8 78.1 104.8 3.9 
CD12 36.14 35.91 162/56 10 231.9 46.9 23.8 10.1 270.4 47.4 23.8 10.1 
CG01 36.13 35.91 116/80 6 194.6 59.6 166.9 5.2 211.9 60.1 166.9 5.2 
GD01 36.29 36.12 337/46 4 285.6 58 19.2 21.5 206.7 57.1 19.2 21.5 
ID01 36.33 35.82 040/45 6 131.8 -11.7 76.7 7.7 122.9 -9.5 76.7 7.7 
ID02 36.33 35.81 026/48 8 153.9 -35.9 225 3.7 114 -50.2 225 3.7 
ID03 36.33 35.82 040/43 7 139.8 -18.8 207.4 4.2 122.3 -19.7 207.4 4.2 
ID04 36.33 35.82 030/38 9 142.6 -11.9 175.2 3.9 124.4 -25 175.2 3.9 
JD01 36.26 36.08 251/65 5 321.2 20.8 16.7 19.3 332.1 27.1 16.7 19.3 
JD02 36.26 36.08 236/80 7 313.9 26.6 36 10.2 319 28.3 36 10.2 
JD03 36.27 36.07 024/80 8 278.3 -33.8 92.1 5.8 285.1 -35.9 92.1 5.8 
JD04 36.25 36.09 045/77 6 29.2 50.9 18.5 16 22.6 63.2 18.5 16 
KD01 36.19 35.99 153/63 9 210.5 64.8 56.6 6.9 272.9 65.5 56.6 6.9 
KD02 36.19 35.99 142/71 8 196.7 62.3 83.4 6.1 217.5 71.5 92.1 5.8 
KD03 36.19 35.98 195/72 6 237.8 41.7 42.4 10.4 253.2 53.3 42.4 10.4 
KD04 36.19 35.98 195/58 6 243.2 35.8 14.7 18.1 271.1 51.5 14.7 18.1 
KD05 36.21 35.97 190/79 7 60.5 60.4 55.1 8.2 48.8 52.5 55.1 8.2 
KD06 36.22 35.98 182/75 6 268.7 42.6 12.5 19.7 282.4 41.7 12.5 19.7 
KD07 36.22 35.98 182/75 6 296.8 41.7 7.6 25.9 307 34.1 7.6 25.9 
KD08 36.25 35.97 350/88 7 243.9 51.1 141 5.1 241.5 50.5 141 5.1 
KD09 36.23 35.96 001/82 10 269.6 58.8 111.2 4.6 256.7 57.7 111.2 4.6 
KD10 36.21 35.96 174/72 10 228.6 32.4 133.2 4.2 240.4 41.4 133.2 4.2 
KD11 36.21 35.96 173/79 7 237.5 45.5 64 7.6 248.8 49.3 64 7.6 
KD12 36.21 35.96 168/70 5 201.6 30.1 45.2 11.5 211.4 45.9 45.2 11.5 
KG01 36.19 35.98 195/72 5 243.7 50.1 12.6 22.4 266-1 59.3 12.6 22.4 
KG02 36.19 35.98 195/58 7 238 38.3 43.1 9.3 268.6 56.1 43.1 9.3 
KG03 36.23 35.96 001/82 6 272.5 58.5 129.9 5.9 259.7 57.8 129.9 5.9 

Table 5.3: Site palaeomagnetic data for sites with palaeovertical structural indicators. 
^ The locality of the site is apparent from the 1st letter of the site label: C = Coast; I = Isikli; G = Gulderun; J 
= Kisecik; K = Karacay. The lithology of the samples within the site is apparent from the 2nd letter of the 
label: D = dyke; G = gabbros screen where the orientation of the adjacent dykes is used to apply a structural 
correction. 
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Figure 5.4: Sample demagnetisation plots for sites with palaeohorizontal control in stratigraphic 
coordinates: open circles show the vertical projection of the demagnetisation vector and closed 
circles show the horizontal projection of the demagnetisation vector. 
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Figure 5.5: Sample demagnetisation plots for sites with palaeovertical control in geographic 
coordinates: open circles show the vertical projection of the demagnetisation vector and closed 
circles show the horizontal projection of the demagnetisation vector. 
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Figure 5.6: Stereographic projections of magnetic remanence directions for each locality, 
displaying only those sites with palaeohorizontal control on the structural orientation. 
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Figure 5.7: Stereographic projections of magnetic remanence directions for each locality, 
displaying only those sites with palaeovertical control on the structural orientation. 
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5.7 Palacomagnctic results by locality 

5.7,1 Antakya (4 sites; extrusiye rocks) 

The Antakya lava sites include samples from both standard and non-standard-sized 

samples, with an average NRM intensity for the standard-sized samples of 2.80 A/m 

(Table 5.1). Remanences are generally single component and demagnetise with linear 

decay to the origin. A few samples from AL02 and AL04 are slightly noisier and a 

significant proportion of the samples, particularly from AL03, do not completely 

demagnetise to the origin, suggesting the presence of a high coercivity component, 

although all approach the origin closely. Demagnetisation plots from alt samples from site 

AL03 display single components of magnetisation that drop to less than a fifth of the 

original magnetisation, but do not reach the origin. Samples display median destructive 

fields of generally less than 30mT indicating the dominance of low coercivity minerals, 

consistent with remanences being carried by titanomagnetite (Chapter Seven). 

Geographic magnetisation directions for all the Antakya samples are reversely magnetised 

but site ChRMs display a large difference in direction from each other, with Kappa and 095 

values of 7.0 and 37.4° respectively for geographic directions and 2.3 and 79.9° for 

stratigraphic directions i f all four sites are grouped; a clear demonstration that these sites 

experienced differential deformation between sites and that these sites should be 

considered at site rather than locality level. The directions of the Antakya sites fall into 

two groups, with one comprising the two pillow lava sites and one group comprising the 

two lava flows. The sites from pillow lavas (ALOl and AL03) show some similarity, with 

geographic directions negative with shallow inclinations towards the SW and stratigraphic 

directions positive with shallow inclinations towards the SW. The two sites from lava 

flows also display some similarity, more so for geographic directions which are reversely 
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magnetised with moderate-steep inclinations towards the WSW. The lava flows have 

similar dips and 20° difference in strikes, which contrast to the strikes and dips of the two 

pillow lava sites which strike almost perpendicularly to the lava flows and have very 

shallow dips. 

5.7.2 Coast (15 sites; cumulate rocks, gabbros and SDC) 

The average NRM intensity for the cumulate samples is 0.49 A/m, slightly higher than the 

average for all cumulate sites. Demagnetisation plots firom the cumulate samples are single 

component and without exception demagnetise cleanly to the origin, with median 

destructive fields of less than 20mT. Occasional low-coercivity components are removed 

by lOmT and display spurious directions representing a probable laboratory-induced 

overprint. The average NRM intensity for the coastal gabbro samples (site CGOl) is 0.21 

A/m and demagnetisation plots from these samples are particularly clean and median 

destructive fields are slightly above that of the cumulate gabbros. Again, occasional low-

coercivity components are removed by lOmT in the demagnetisation procedure. 

Average NRM intensities from the samples within the coastal exposures of the SDC are 

0.43 A/m. Although samples from the SDC along the coast generally display good 

demagnetisation data, as a general rule these data are slightly noisier than for the extrusive 

rocks (section 5.6) which may be attributed to NRMs of around a factor ten less than that 

of the extrusives, although remaining significantly above the noise level of the 

magnetometer. Coastal dyke demagnetisation plots commonly show a significant initial 

decrease in magnetisation followed by a single component decaying cleanly to the origin, 

with MDFs on average of around 15mT. The overprint direction occasionally appears to 

be a present-day field overprint but most sites display spurious directions and probably 

relate to a laboratory induced overprint. Around a third of samples do not completely 
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demagnetise to the origin indicating the influence of a high-coercivity component, 

although all except one of these samples decays to less than a few percent of the original 

magnetisation. I f the ChRM data fi-om all samples across all sites within the SDC are 

included on the same stereonet, three main distinct clusters can be seen in both geographic 

and stratigraphic coordinates, with a small number of points lying separate from these 

clusters. The remanences are (with two exceptions from over 100 samples) westerly 

directed. Al l of the coastal dyke sites display steep remanences in both geographic and 

stratigraphic coordinates. The clusters correspond to a southerly group o f sites, a central 

section of dykes and a northerly section of dykes. The remanence directions of the gabbros 

samples that were located in gabbros screens adjacent to sites CDOl-3 display directions 

that are, within error, indistinguishable from samples from the dyke sites. At a site level, 

ChRM directions again can be observed to fall into the three clusters mentioned above. 

These data are discussed further in section 5.7.8. 

The cumulate samples display steep remanences (mean inclination of 78.3°) that become 

shallower following tilt correction (37.9°) and correct to around the mean inchnation for all 

palaeohorizontal sites, with a slight improvement in both Kappa and QQS values. 

5.7.3 Is ikl i (4 sites; SDC) 

The samples from Isikli are all located within the SDC in moderately-dipping dykes and 

have an average NRM intensity of 0.21 A/m. Demagnetisation plots from Isikli sites IDOl 

and ID02-3 display evidence for a low-coercivity overprint that is either removed during 

demagnetisation by between 10 and 20 mT or overiaps with the ChRM direction resulting 

in a curved demagnetisation path. The removal of the low-coercivity component is usually 

accompanied by a slight increase in magnetisation. Sample TDOlOSa provides a good 

illustration of this behaviour (Figure 5.8). Samples from site ID02 are less-affected by the 
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overprint carried by the low-coercivity minerals, which is either removed by 5 mT (and 

accompanied by only a very slight increase in magnetisation) or single component 

behaviour is observed. During demagnetisation, the remanence of the majority of the Isikli 

dyke samples either decays to the origin or almost to the origin and the data are less noisy 

than from samples from the coastal SDC. 

ChRM directions are towards the SE with shallow inclinations, and samples are invariably 

reversely magnetised. In geographic coordinates, the average declination and inclination 

for the Isikli dykes are 141.7° and -19.7° respectively, and are 121.3° and 26° in 

stratigraphic coordinates. I f the site average directions are antipoded, they plot in the NW 

quadrant of the stereonet, with similar declinations and inclinations to many of the sites 

from other localities, with inclinations becoming more similar subsequent to structural 

correction. 

5.7.4 Kara^ay (20 sites; cumulate rocks, gabbros and SDC) 

The average NRM intensity for the samples from the Kara^ay valley SDC (0.30 A/m) is 

equivalent to the average for all SDC samples whereas the averages for the gabbros (0.73 

A/m) and cumulate rocks (0.29 A/m) are slightly higher and lower respectively than for all 

samples of these lithologies. The four cumulate sites from river-level in the Kara^ay 

valley display good demagnetisation data and demagnetise cleanly to the origin, almost 

always with single component decay. Cumulate site KC05 is located high on the valley 

side, away from the four river-level cumulate sites. The magnetisation of site KC05 

samples decays extremely quickly; half of the measured samples have MDFs o f - 5 mT. 

Combined with the anomalously high intensities (section 5.6) the implication is that a 

lightning strike imparted an isothermal remanent magnetisation into these samples. 
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Figure 5.8: Demagnetisation data from a reversely magnetised sample from the Isikli locality. 
A-B. Demagnetisation plots and stereonets showing sample demagnetisation characteristics 
(displayed in geographic coordinates on the LHS and stratigraphic coordinates on the RHS). 
C. Intensity-decay plot. 
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Al l except a few of the Karagay gabbros samples display an initial decrease in 

magnetisation related to a low-coercivity component carrying a magnetisation directed 

more towards the present-day field direction than the sample ChRM and removed usually 

by lOmT. 

Demagnetisation plots from the SDC on the whole consistently show either single 

component decay to the origin or a simple decay subsequent to removal o f a low-coercivity 

overprint, with MDFs on average of around 25mT (to nearest 5mT). The demagnetisation 

plots are sometimes slightly noisy, although this rarely prevents a stable component of 

magnetisation being identified. The quality of demagnetisation varies even between 

samples within the same site, with a general correlation between noisier data and lower 

NRM intensities. 

The sites from both cumulates and sheeted dykes within the Kara^ay valley all display 

westerly directed remanences both in geographic and stratigraphic coordinates, with the 

exception of site KD05 which has an easterly directed remanence. Of the ten sites located 

within the SDC in the Kara^ay valley only this site has a remanence towards the east 

suggesting that this direction may be anomalous. This is supported by field observations 

that this site was located in weathered crumbly dykes, whereas the majority of sites were 

located in fresher exposures. Similarly to the SDC along the coast, remanences from dykes 

in the Karagay valley SDC are steep both before and after tilt correction. The mean 

directions from the cumulate sites are well clustered both before and after tilt correction 

and have an 095 of less than 6.0° in both cases. The mean declination following tilt 

correction is almost due west. 

Two sites within the Kara9ay river (the same location as KCOl-4) were sampled in discrete 

dykes with geographic remanences that are indistinguishable from those of the host 

cumulate rocks. This implies that the same tilt correction should be used for both 
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lithologies. I f the orientation of the discrete dykes is used to apply a correction to the 

magnetisation, the resulting directions of magnetisation are significantly different to those 

of cumulate rocks from the other sites within the Kara9ay stream section. The cumulate 

layering in this locality is consistent and appears more likely to give a true palaeosurface. 

Accordingly the structural data from the cumulate sequence was applied to the dykes, with 

resulting restored directions of magnetisation that are similar to the other ICara9ay sites. I f 

these assumptions are accurate, restoring the orientation of the discrete dykes by using the 

orientation of the cumulate layering indicates that the dykes were not intruded vertically. 

5.7.5 Kisccik (8 sites; cumulate rocks and SDC) 

The average NRM intensity for the Kisecik dykes (0.16 A/m) is lower than the average for 

all SDC samples and the average for the Kisecik cumulate samples (1.76 A/m) is 

considerably above the average value for all cumulate samples. This may reflect the fact 

that all of the Kisecik cumulate sites were located in ultramafic cumulates. 

Demagnetisation data from the cumulate rocks are consistently good, particularly from 

sites JCOl and JC02. Samples generally display single component behaviours with a 

smooth decay to the origin. Samples from site JC03 are noiser with large spurious 

overprint directions removed during the early steps. The majority of samples from within 

the Kisecik SDC (sites JDOl-3) show good quality demagnetisation data with paths that 

display simple decay to the origin. Occasional low-coercivity components show only 

slight differences in direction to the ChRM direction and are always removed by 20mT, 

generally by between 5 and lOmT. Samples from site JD04 are considerably noisier with 

large spurious overprint directions carried by the low-coercivity fraction. Site JD04 has an 

easterly remanence (JD04). There is no obvious field observation that would explain this, 

although this site was taken from a limited exposure of the SDC and so the consistency and 

orientation of the sheeted dykes were harder to determine. 
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Sites within the Kisecik valley (except for JD04) again display westeriy directed 

remanences. Directions from three of the four cumulate sites are well clustered. Site JCOl 

displays a different stratigraphic declination but the structural data collected in the field 

were unreliable due to the absence of clear cumulate layering. Due to its spatial nearness 

to the other cumulate sites, the structural correction used was that of the closest 

neighbouring cumulate site, which would result in some inaccuracy in correction although 

the structures are similar. Site JCOl did show clear fabric, but when the orientation of this 

was used to apply a structural correction (section 5.5) the resultant direction was still 

significantly different from other Kisecik cumulate sites. 

The average NRM intensity for the Gulderen samples (1.98 A/m) is above the average for 

SDC samples. MDFs are around 25mT on average. The demagnetisation data for the 

Gulderen samples is variable, with samples displaying both a simple decay following 

removal of a low-coercivity overprint or evidence of an overiap in directions as well as two 

samples where no direction could be obtained due to noisy data. The site ChRM direction 

is towards the west in geographic coordinates and towards the SSW in stratigraphic 

coordinates, with a sleeper remanence in both coordinate systems than the average for the 

palaeohorizontal sites. 

5.7.6 Kdmur9ukuru (5 sites; extrusive rocks) 

The average NRM intensity for the K6mur9ukuru sites is 0.65 A/m, which is considerably 

below the average for all lava samples, by a factor of ten, although remains above that for 

the deeper units of the ophiolite. Demagnetisation data are of consistently high quality, 

with the exception of a small number of very slightly noisier samples, mostly from site 

ML02. Most samples show single component decay to the origin; occasional different 

initial directions carried by low-coercivity minerals are only slightly different in direction 
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and are removed around 5mT. MDFs are generally around 20mT. The directions for these 

lava sites are again westerly directed with no exceptions. Inclinations are shallow and 

become steeper subsequent to tilt correction, although they remain slightly shallower than 

the average for other palaeohorizontal sites. Declinations show considerable spread within 

this locality, with the dechnations from sites MLOl and ML04 more southerly than those 

from other localities. 

Four out of the five sites were demagnetised from this area. The fifth site sampled was not 

demagnetised due to a large amount of rain interfering with the accuracy of the 'cork 

method' (with superglue slippage potentially influencing the orientation data). 

5.7.7 Tahtakoprii (5 sites; extrusive rocks) 

The average NRM intensity for the Tahtakoprii sites (6.18 A/m) is higher than the average 

for all lava samples. Most samples demagnetise with single component decay to the origin 

and MDFs are on average around l5mT (to the nearest 5mT). The low-coercivity 

components observed in a small number of samples are removed by around 5mT and are 

similar in direction to the sample ChRMs. Site mean directions are well clustered both 

before and after tilt correction with generally shallow inclinations (mean of 17.4*̂ ) in 

geographic coordinates towards the west and inclinations slightly higher than the average 

(mean of 39.3°) for palaeohorizontal sites and towards the SW subsequent to tilt 

correction. Site TLOl has an 095 of 20° and Kappa value of only 12.2, which are less than 

desirable; however, the remanence direction lies within the cluster of the Tahtakoprii sites 

and close to that of site TL02, located nearby, and so the results can be used with 

confidence. 
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5.8 Grouping of sites 

Sites from similar locations within the ophiolite may be put into groups that are logical on 
the basis of both field evidence and similarities between site ChRMs. No area (e.g. 
Kara9ay valley, Antakya) could be grouped as an entity, indicating that sites were located 
on smaller tectonic blocks; for example the coastal dykes were separated into three groups. 
Eleven potential groups of sites were recognised (Table 5.4), and their location is shown on 
a map with accompanying stereonets displaying the structure and palaeomagnetic 
directions (Figure 5.9). Most groups contain only a few sites located nearby each other 
rather than dispersed over a more extensive area. The remaining sites were left ungrouped 
and generally, the indication is that tectonic rotations between adjacent sites are common 
and they are thus more appropriately analysed at site level rather than locality level. 

Only four of the grouped sites contain sites that have been structurally corrected using 

palaeohorizontal indicators. When sites are grouped, three sites display a slight statistical 

worsening in a95S following structural correction: groups JA (13.6° to 17.5°), CA (9.9° to 

12.4°) and IA (10.4° to 12.1°). Kappa values improve for structurally corrected groups and 

are never below 20 for in situ data or 30 for structurally-corrected data (except for three 

groups). The degree of angular dispersion varies from 4.4-17.6° with an average of 9.8°. 

The expected secular variation for these sites is around 13° and most sites are slightly 

lower than this. Lower values for the groups containing cumulate sites may indicate some 

within site averaging of the palaeomagnetic field, and for groups containing extrusive sites 

lower values may represent a spot reading of the palaeomagnetic field, indicating that sites 

within the group may be too close in age to adequately average out secular variation. 

However, the angular dispersion for all groups is sufficiently similar to the 13° expected to 

be reasonably confident that most variation has been averaged. 
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Figure 5.9: Spatial distribution of the eleven groups of palaeomagnetic sites identified. These are 
grouped according to similar magnetisation directions and lack of structures observed between 
sites from field observations. The majority of sites cannot be grouped due to the prevalence of 
differential rotations between sites and are excluded from this diagram. The group names are as 
described in the text. 
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Group^ Dg ig kg O959 Ds Is ks O95S 

CA 199.3 58 87.1 9.9 206.4 57.6 56 12.4 14.55 
C B 245.7 55.7 34.2 21.4 280.3 53.6 93.9 12.8 10 
C C 332.3 73 121.7 6.1 256.9 79.4 161 5.3 11.73 
lA 318 14.2 141.5 10.4 303.2 18.1 104.8 12.1 4.36 
JA 271.1 47.5 83.2 13.6 302 25.8 50.9 17.5 10.83 
KA 199.2 67.8 129.6 5.9 271.6 32.7 150.7 5.5 6.72 

KB 240.6 41.5 147.4 7.6 264.7 55.3 197.4 6.6 7.38 
KC 260.9 56.8 66.4 15.3 252 55.6 132.3 10.8 8.97 

KD 221.6 37 22.3 26.7 233.5 46.6 33.3 21.7 17.59 
TA 279.7 18.4 255.3 15.7 226.1 34.5 256.3 15.7 5.64 

TB 279.3 16.7 32.2 22.1 256.5 40.9 54.5 16.9 9.45 

5,4 A 

Group^ No. 
Sites S//es in Groups Location^ Str. Lat. Lon. 

CA 4 CD01-3; CG01 S 125/81 36.13 35.91 

C B 3 CD04-5; CD12 Mid 171/65 36.14 35.91 

C C 6 CD06-11 N 008/72 36.16 35.89 

lA 3 ID01; ID03-4 E 037/42 36.33 35.82 

JA 3 JC02-4 N 349/44 36.29 36.05 

KA 6 KC01-4; KD01-2 E 296/59 36.19 35.99 

KB 4 KD03-4; KG01-2 W 195/65 36.19 35.98 

K C 3 KD08-9; KG03 N 357/84 36.23 35.97 

KD 3 KD10-12 W 172/74 36.21 35.96 

TA 2 TLOl-2 N 155/85 36.39 36.2 

T B 3 TL03-5 S 148/46 36.38 36.18 

5,4 B 

T a b l e 5.4: Palaeomagnetic (5.4A), location and structural data (5.4B) for the eleven identified groups of 
sites. 
* The locality within which the group is located is clear from the Ist lener of the group name: C = coast; I = 
Isikli; J = Kisecik; K = Karacy; T = Tahtakopru 
® The lithologies within the group are apparent from the 2nd letter of the site names: D = dykes; G = gabbros; 
C = cumulate rocks; L = lavas 
^ Refers to the location of the smaller group in relation to the other sites within that locality. 
° The angular variation between sites within the group (s = 81/ k); gives an indication of the degree to which 
secular variation is averaged out within the group. 
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The sites along the coast have been divided into three groups, from CA in the south to CC 

in the north, (Figure 5.10) according to similarities in magnetisation between sites within a 

group with corresponding changes in either dyke strike (between groups CA and CB) or 

dyke dip direction (between groups CB and CC). The boundaries between these groups 

were noted in the field to comprise areas of gullies and/or landslip indicating the presence 

of large faults and so supporting the inference that the three groups in the dykes are located 

within different tectonic blocks. The coastal cumulates do not fall into a group as their 

magnetisation is not sufficiently similar in either geographic or stratigraphic coordinates to 

justify inclusion in the northerly dyke group or to comprise a separate group. The coastal 

groups have angular dispersions close to the 13° value expected from secular variation. 

Only three of the cumulate sites from the eight sampling sites within the Kisecik valley 

comprise a valid group, with the remaining Kisecik sites inappropriate to group. The three 

cumulate sites located on the same side of the valley have similar directions of 

magnetisation with no obvious major structures separating them in the field. Sites from 

within the Kara9ay locality can be grouped into four different groups, with the largest 

group comprising six sites (four cumulate sites and two sites in discrete dykes). This group 

is located along the Kara9ay river near Kemer Koprii and no large-scale structures were 

observed to separate the structures in the field. A second group comprises two sites from 

the SDC and two sites from gabbros screens located between dykes of the SDC sites. The 

remaining groups both contain two and three sites from within the SDC from towards the 

north of the Kara9ay locality. The four groups (Figure 5.9) are distributed throughout the 

length of the Kara9ay valley. Three of the four Isikli dyke sites comprise a group, with the 

remaining dyke site located on the opposite side of Isikli village to the other sites and with 

a high likelihood of differential rotations between these areas. 
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Figure 5.10: Groups identified and basis for grouping of sites within the coastal exposures. Field 
observations and stnjctural data, such as measurements of dykes margins and fault orientations, 
were used in combination with remanence data to divide sites into groups where appropriate with 
the S D C along the coast illustrated below as an example. 
A. A map to show the field basis of the division into three groups within the coastal SDC. 
B. The geographic magnetic remanence (grey squares) and structural data displayed on stereonets 
for the three groups identified, showing the basis for division on similarities between remanences. 
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The only lava sites from the ophiolite that were grouped come from the Tahtakopru 

locality (two groups). The sites within both groups are located close to each other and both 

groups have a low angular dispersion implying that secular variation has not been averaged 

out. Grouping all lava sites from any locality is necessary in order for the angular 

dispersion to be in the region of 13°, but this results in such large errors in 095 and Kappa 

values that these groupings would be inappropriate. 

Figure 5.11 summarises the results from all groups, with the directions restricted to those 

groups where sites have palaeohorizontal indicators shown separately. It is generally more 

appropriate to analyse the data at site-level rather than locality level due to the clear 

prevelance of differential rotations between sites making it impossible to group a large 

proportion of sites within the ophiolite. 

5.9 Summary of results 

5.9.1 Results from sites with palacohorizontal control 

There are 26 sites with palaeohorizontal control and remanences are without exception 

towards the west, both in geographic and stratigraphic coordinates (Figure 5.12). 

Following tilt correction, the directions become spread (between around 250° to 315°) 

around a small circle centred on an inclination of 32°, with an increase in clustering of the 

inclinations. Subsequent to tilt correction, the average remanence is almost due west. 

Thirteen of the sites with palaeohorizontal control are from the exirusives; however four of 

these sites were located to the southeast of Antakya and are believed to be separated from 

the main massif. The other 13 sites are either cumulate gabbros or discrete dykes located 

within the cumulate gabbros and so the structure from the adjacent cumulate sequence has 

been used as the correction. 
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Geographic coordinates Stratigraphic coordinates 

Figure 5,11: Stereonets illustrating the mean remanence magnetisation directions for the eleven 
groups identified. Error circles are displayed and all directions are in the lower hemisphere. 
A. Directions for all groups. The mean direction for one group (lA) containing the reversely 
magnetised Isikli dykes has been antipoded. 
B. Directions for the four groups where the sites included had palaeohorizontal indicators on 
structural data. 
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Figure 5.12: Summary of magnetic remanence directions from sites with palaeohorizontal 
control on the structural corrections applied, excluding those from Antakya (lavas with unknown 
relationship to main massif) and the one cumulate site with a large error. 
A. Stereonets displaying the site means for all sites with palaeohorizontal controls on orientation. 
Different shades of colour are used for sites within the same area. 
B. Improvement of clustering in inclinations upon application of a structural correction. 
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O f the 26 sites, six have been excluded f rom the final directional analyses, four due to a 

location separate f rom the main ophiolitic massif and two due to the dubious quality o f the 

palaeomagnetic data. O f the cumulate and discrete dyke sites, one site (KC05) has 

anomalously high intensities that decay rapidly upon demagnetisation, suggesting the 

possibility o f isothermal remanence imparted during a lightning strike. Another site 

(JCOl) has an ags value greater than 20° , and is excluded f rom the final analysis. I f these 

two sites are excluded f rom the analysis o f the sites wi th palaeohorizontal control, the 

results are not significantly affected, although the clustering is slightly improved, 

especially for the declinations. 

The mean remanence for the ophiolite is worked out f rom the palaeohorizontal sites in 

order to eliminate the effect o f dyke-normal rotations. However, the reversely magnetised 

Isikli dyke sites (section 5.7.3) fall within the palaeohorizontal grouping and it is 

appropriate to include these in the determination o f the mean direction for the ophiolite. 

The mean direction for the Hatay ophiolite calculated f rom 20 sites wi th palaeohorizontal 

control and four Is ikl i dyke sites has a declination o f 274° and an inclination o f 34° . 

5.9.2 Results f r o m sites w i t h palaeovertical cont ro l 

The sites wi th palaeovertical control required a different approach to the analysis. Sites 

with palaeovertical control were located within five different areas o f the SDC (Coast, 

Isikli , Gulderen, Kisecik and Kara^ay) and were either dykes or gabbro screens. The 

necessity for a more sophisticated analytical technique is due to the inability o f the 

standard method o f analysis to pick up rotations about dyke normal axes. 

From standard analyses, it is clear that these sites wi th palaeovertical control in geographic 

coordinates have westerly directed remanences that are not related to the present day field 
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or to the direction expected for rocks f rom this locality in the Cretaceous, similar to those 

measured for sites wi th palaeohorizontal control. However, fo l lowing t i l t correction, many 

o f these sites wi th palaeovertical control display steep inclinations that do not correct to the 

average - 3 2 ° inclination expected for rocks f rom this locality ( f rom comparison with the 

average inclinations f rom the Troodos ophiolite and the similar values predicted from 

APWPs), whereas the inclinations for sites wi th palaeohorizontal control are observed to 

correct to an average o f 32° . Differences in the rock magnetic characteristics between the 

SDC (palaeovertical control) and deeper levels and extrusives (palaeohorizontal control) 

cannot explain these differences i.e. there is no basis for magnetisation at contrasting times. 

The geographic magnetisation direction o f the sheeted dykes and the gabbro screens at the 

base o f the SDC wi th in the same site is indistinguishable even though there are slight 

differences in the magnetic mineralogy identified f rom rock magnetic experiments. From 

the rock magnetic analysis (Chapter Seven) the mineralogy o f the gabbros at the base o f 

the SDC and that o f the deeper cumulate gabbros was found to be similar implying that 

there is no magnetic mineralogical basis for the observed difference in inclinations 

between these units. The similarity between the consistent westerly directed declinations 

in both geographic and stratigraphic coordinates also suggests that there is no 

palaeomagnetic reason for the inclination differences. Both the shallower extrusives and 

the deeper cumulate levels display indistinguishable average stratigraphic inclinations and 

it is geologically d i f f i cu l t to construct a model whereby the SDC could act as an entirely 

separate entity to both upper and lower crustal lithologies (i.e. selective remagnetisation or 

a rotation affecting only the SDC). Rotations about a dyke-normal axis however, may 

account for the steepening o f the inclinations. 

Not all o f the SDC localities displayed steep remanences when standard t i l l corrections 

were applied. The ICisecik dykes are an exception, w i th t i l t corrected magnetisation o f 

dykes f rom this region, wi thin error, the same as that for the ultramafic cumulates f rom this 
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locality (section 5.7.5); the corrected remanence directions lie roughly along a small circle 

centred on 27° . The reversely magnetised dykes f r o m the Is ikl i area are another exception 

as these dykes have shallow stratigraphic inclinations that are similar to those observed for 

sites with palaeohorizontal control (section 5.7.3). The average orientation o f dyke strikes 

in these two localities is around NW-SE, which contrasts to the average E-W strike o f the 

more extensive SDC outcrops along the coast and in the Kara^ay valley. Restoring the 

westerly directed declinations back to the expected northerly direction o f magnetisation 

would result in restoration o f the present-day dyke strikes to a more N-S orientation. 

These points are discussed further in section 5.10 where the results and implications o f 

more extensive analysis o f the SDC are discussed. 

5.9.3 Reversely magnetised sites 

The majority o f ophiolitic sites were normally magnetised with only sites f rom the 

Antakya lavas ( A L O l - 4 ) , Isikli Dykes ( IDOl-4) and one dyke site f rom Kisecik (JD03) 

having negative inclinations in geographic coordinates. The Antakya lavas have negative 

inclinations in geographic coordinates, but display normal components o f magnetisation 

upon structural correction. However, the directions for these lavas do not display much 

similarity wi th the palaeohorizontal sites. As the relationship between these lavas and the 

rest o f the ophiolite is uncertain, this adds support to the suggestion that they are 

geologically distinct. The directions from the two p i l low lava sites display most similarity 

with the palaeohorizontal sites f rom the main body o f the ophiolite, although fall at the 

southem end o f the spread o f data wi th structurally corrected inclinations that are 

shallower than average (095 o f 18° and 22.1 °). 

Antipoding the Is ikl i dykes (section 5.7.3) results in directions displaying similarity wi th 

those o f the palaeohorizontal sites. These sites comprise part o f the ophiolite that has 
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experienced less anticlockwise rotation than the average. The Isikl i dykes have shallower 

dips than dykes in other areas o f the SDC, such as along the coast, but their strikes are not 

dissimilar and they are geologically indistinguishable. The rock magnetic results (Chapter 

Seven) did not highlight any rock magnetic explanation for the differences in polarity 

between different areas o f the ophiolite (e.g. between the reversely magnetised Isikl i SDC 

and normally magnetised coastal SDC) and the negative inclinations are thus likely to 

represent magnetisation acquisition in a time o f reversed-polarity for this part o f the 

ophiolite. The direction for the single Kisecik dyke locality that displays a negative 

inclination is quite different to the mean direction for the Kisecik cumulates and two o f the 

Kisecik dyke sites. There is a second dyke site (spurious) that also displays an anomolous 

direction. The different directions for these sites may result f rom noisier data (most hkely) 

or a systematic sampling error (section 5.7.5). 

5.9.4 L o w cocrcivi ty ( L C ) components 

Many samples were single component and demagnetised cleanly to the origin. For those 

samples where more than one component was observed, the lower coercive components as 

well as the C h R M in the sample were identified f rom directional analysis and labelled as 

low coercivity (LC) , medium coercivity ( M C ) or high coercivity (HC). The LC and M C 

components could then be analysed separately. On a stereonet, LC components are widely 

distributed and the likelihood is that many o f these components are displaying spurious 

laboratory induced remanences rather than geologically relevant remanences (Figure 

5.13A). However, there is a clustering o f LC components for certain sites towards the 

direction o f the present-day magnetic field and it seems l ikely that for these sites, the L C 

components have been remagnetised in the direction o f a recent geomagnetic field, as 

illustrated by site CD02 f rom the coastal SDC (Figure 5.13B). M C components are rare 

and display spurious directions. 
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Figure 5.13: Low coercivity components of magnetisation (geographic coordinates on the LHS 
and stratigraphic coordinates on the RHS). 
A. Stereonets displaying the low coercivity components of all sites measured, illustrating the large 
dispersion in directions. 
B-C. Demagnetisation plots and stereonets from sample CD0203a illustrate a low coercivity 
component representing an overprint by the present-day magnetic field. The best fitting line has 
been drawn through the low coercivily component on the demagnetisation plots and this direction is 
also displayed on the stereonets. 
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5.9.5 Magnetisation of different dyke populations and gabbro screens 

The sites along the coast were sampled within the SDC from both brown (later) and grey 

(earlier) dyke populations; these age relationships were established by analysis o f chilled 

margins. Sites KD06 and KD07 in the Kara^ay valley were also drilled in grey and brown 

dykes respectively. The magnetisations within these two sequences o f dykes are 

indistinguishable (Figure 5.14). Therefore, the results from these dykes do not require 

separate treatment during analysis. Sites were also dril led in a combination o f gabbro 

screens and sheeted dykes near the base o f the SDC, both along the coast (sites CDOl-3 

and CGOl) and within the Kara^ay valley (Ikiz Kopru sites). Again, the directions o f 

magnetisation obtained for these different lithologies are indistinguishable (Figure 5.14). 

5.10 Timing of magnetisation acquisition (tilt tests) 

A n inclination-only t i l t test was performed on 18 sites, w i th the results shown in Table 5.5 

and Figure 5.15. The t i l t test was confined to palaeohorizontal sites due to the possibility 

o f rotations about dyke-normal axes in the SDC resulting in inclination anomalies (as 

discussed in section 5.8.2 and the analysis presented below). The 95% confidence l imits 

straddle 100% o f until t ing which is a positive result imply ing that the sediments have not 

been remagnetised and indicates acquisition o f remanence prior to deformation, with the 

precision parameter sufficiently high to be confident o f a positive result (Enkin and 

Watson 1996). 

Number of sites 
included 

Inclination Precision 
parameter K 

95% confidence 
limits 

In situ 18 50 ]0+M.4-̂ M5.?*-' 4 

Tilt-corrected 18 31.6° 33,2 91-101.2% 

Table 5.5: Results of the inclination-only tilt test formulation of Enkin and Watson (1996). 
^ The maximum likelihood estimate of the true mean inclination in degrees. 
^ The Fisher precision parameter. 
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Figure 5.14: Sample level characteristic remanent magnetisation directions in geographic 
coordinates for all coastal sites. It can be seen that the directions in the two populations of dykes 
(older in squares and younger as triangles) and also the gabbro screens (circles) are 
indistinguishable, implying that the magnetisation of all lithologies was acquired at a similar time. 
The in-situ directions for the two coastal cumulate sites are also shown (stars). 
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Figure 5.15: Results of an inclination-only tilt test performed on all palaeohorizontal sites within 
the ophiolite (after Enkin and Watson 1996). 

5.11 Analysis of the sheeted dyke complex 

Due to potential rotations about a non-vertical axis, it is possible that standard 

palaeomagnetic analytical techniques do not f u l l y constrain the rotations experienced by 

the SDC (section 3.5.6 and 4.5.3), and analysis o f the SDC can be aided by more 

sophisticated analytical techniques such as the net tectonic rotation method (section 5.10.1) 

or by restoring inclinations to a reference value (section 5.10.2). The t iming o f the 

rotations identified f rom these methods and their relation to the results o f the structural 

analyses o f this thesis w i l l be discussed in section 8.10. 
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5,1 L I Net tectonic rotation analysis method 

There are several assumptions inherent in using the net tectonic analysis method (Allerton 

and Vine 1987; section 3.5.6):-

1) There has been little internal deformation during the rotation history and so the 

angle between the dyke margin and the remanent magnetic vector remains constant. 

2) The observed stable remanent magnetisation was acquired prior to any structural 

deformation. 

3) A n average representative magnetisation vector for the local area can be found that 

represents the geomagnetic field direction at the time the magnetisation was acquired. 

4) The dykes are intruded vertically. 

The Hatay ophiolite displays little internal deformation wi th in individual dykes and so the 

first assumption appears reasonable. Rock magnetic results f rom this thesis (Chapter 

Seven) and the positive tilt test f rom the palaeohorizontal sites are compatible wi th 

acquisition o f remanences whilst on the seafloor soon after genesis at a spreading ridge, 

providing a reasonable basis for the second assumption. A n appropriate geomagnetic 

reference direction may be found f rom the Late Cretaceous part o f the APWP for Af r i ca 

(third assumption). The SDC in Hatay contains a high percentage o f dykes over an 

extensive section and so it is appropriate to assume that the dykes were originally near-

vertical, so satisfying the last assumption. 

The results f rom the net tectonic analysis method were analysed at site level. Net rotation 

angles and poles and the initial dyke strikes shown are grouped into localities on Figure 

5.16. The results for the potential anticlockwise rotations rather than the potential 

clockwise rotations have been displayed as these are geologically more realistic because 

they require smaller rotations on average. 
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For the sites located along the coast, the net tectonic analysis method shows that the 

original orientation o f dykes would have been N-S striking on average and rotation poles 

are near-vertical and located in the N E quadrant o f a stereonet, wi th a good clustering o f 

poles. There is a significant variation in the initial strike o f the dykes f rom N W to N E and 

the rotation angles vary from 60° to 180°. The results f rom the one gabbro site f rom the 

coast plot in the centre o f the sheeted dyke site results. 

The rotation angles f rom both sheeted dyke and gabbro sites in the Kara9ay valley peak 

between 110° to 130°. The rotation poles are steep and dip to the SE. The restored strike 

o f the dykes is extremely diverse, f rom W N W through north to ENE. One KaraQay dyke 

site had a large error in and this single site therefore accounts for much o f the resulting 

variability in the net tectonic rotation pole axes and dyke strikes. The average restored 

dyke strike for the Karagay SDC is again N-S and the two sites from the discrete dykes 

within the cumulate ultramafics also have dyke strikes clustering around N-S. 

The Is ikl i dykes were reversely magnetised and the remanences for the net tectonic 

analysis were antipoded prior to the analysis. I f the reverse magnetisation o f the site is 

assumed to indicate a reverse polarity, it is appropriate to antipode the magnetic remanence 

prior to performing a net tectonic rotation analysis. However, i f the reverse direction is 

due to rotation, anlipoding the site would be inaccurate and the direction should not be 

anlipoded in order for the rotations that resulted in the negative inclination to be 

established. The rotation poles f rom the antipoded Isikli dykes are shallower than for other 

localities and located in the N W quadrant o f the stereonet, wi th rotation angles varying 

between 80° and 120°. The mean restored dyke strike is N-S. Only one site was analysed 

from the Gulderen valley with a similar rotation pole to the Isikl i dykes but considerably 

larger rotation angles and a more N N E strike o f the restored dykes. 
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Figure 5.16: Results of net tectonic rotation analysis performed on site-level directions and with 
an allowance for error in both magnetic remanences and structural measurements incorporated 
(see section 3.5.5 for description of method) with the results displayed in localities. The sites from 
IsikI) and site JD03 from the Kisecik valley were assumed to be of reverse polarity with magnetic 
directions antipoded prior to analysis. The histograms on the left illustrate the magnitude of rotation 
(x-axis) against frequency. The shaded regions on the central stereonets enclose the orientations 
of the net tectonic rotation poles for each site (dykes in grey and gabbros in black). The larger 
shaded regions are from those sites where the magnetic remanences are more poorly constrained. 
The stereonets to the right indicate the restored orientations of the dykes for each locality (the dots 
represent the poles to the dyke margins). 
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The results f rom the four dyke sites f rom the Kisecik valley are variable, both in rotation 

pole and rotation angle, although the restored dyke strikes are again on average N-S. As 

discussed previously, one o f the Kisecik dyke sites had a different remanence direction to 

the rest o f the locality, so this may explain some o f the degree o f variability in the net 

tectonic analysis results. Another Kisecik site was reversely magnetised and the 

remanence direction was antipoded prior to the analysis. 

In general, all o f the net tectonic rotation poles are steep, as expected f rom the results f rom 

the westeriy directed remanences and the results f rom the palaeohorizontal sites indicating 

the possibility o f large anticlockwise vertical axis rotations. The results can be discussed 

in two groups; firstly the data from the coastal sites and the Kara^ay and Gulderen valleys 

where the remanences are steep in both geographic and stratigraphic coordinates, and 

secondly the sites where steep remanences are not observed. Although there are 

differences in rotation pole and angles between these groups, analysis o f all dyke sites 

consistently returns an on-average N-S orientation for the original dyke strike. 

The rotation poles f rom the coastal and Kara^ay localities are mostly sub-vertical. Poles 

for the coastal sites lie wi th in the N E quadrant o f the stereonet and poles for the Kara^ay 

sites lie just to the east o f vertical. The present-day strike o f dykes in both o f these 

localities is E-W, and neither the dyke strike nor the orientation o f the rotation poles appear 

to have a l ink with the SE directed emplacement direction o f the ophiolite (as was 

observed for dyke-normal rotations in the Baer-Bassit ophiolite; section 4.5.3). A 

structural event producing ti l t about a N-S horizontal axis would account for dyke-normal 

rotations, or alternatively the rotations may be composite in origin. 

The rotation poles for the Isikli dykes are shallower towards the N W , and roughly parallel 

with the present-day trend o f the dykes in this locality, as are the results f rom one o f the 

two Kisecik dyke sites where the quality o f data is good (section 5.7.5), with the other 

191 



lying in the same orientation but dipping to the SE. The SDC in both the Kisecik and Is ikl i 

localities strikes roughly NW-SE (rather than E-W as along the coast and in the Kara^ay 

valley). These dykes have remanences that are similar to those obtained from the sites 

with palaeohorizontal control and have not necessarily therefore experienced rotation about 

a dyke normal axis that was not picked up by the standard palaeomagnetic analyses. 

Therefore, the outcome that net rotation has occurred about a dyke-parallel rather than a 

dyke-normal axis and could thus be identified by standard analyses ties in wi th the 

observation that dykes in this area do not display ambiguous magnetic inclinations. It is 

also consistent wi th a tectonic history that does not involve significant rotations about 

dyke-normal axes. 

The key point in terms o f dyke-normal rotations is that the amounts o f rotation around 

dyke-normal axes required to explain the palaeomagnetic data are small compared to the 

large bulk rotation o f the ophiolite demonstrated by results f rom the palaeohorizontal sites. 

Therefore, this analysis efTectively hides these dyke normal components within the very 

large net rotations found. The deviations o f the net tectonic rotation poles f rom the vertical 

result from the components o f non-vertical axis rotations. Thus, although this method is 

useful it can also be helpful to break down the net rotations into components. 

5,1 L 2 'Inclination restoration to a reference' method 

The net tectonic analysis finds the net rotation about a single axis for a dyke site. In a 

region where complex deformations may be expected, it can be more useful to consider 

both net tectonic rotations and to break the rotation down into rotations about a vertical 

axis and rotations about a horizontal axis (i.e. similar to a standard t i l t correction). The net 

tectonic analysis method forces the remanence magnetisation back to a reference direction 

(for example the Cretaceous palaeofield direction or the mean direction o f all the sites). It 
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may be more insightful in certain circumstances to have less constraint on the expected 

magnetisation and simply find a rotation that w i l l return the observed magnetisation to the 

inclination expected f rom averaging all the sites but not force the declination to a reference 

value. A method o f doing this using a stereographic projection is described by Morris and 

Anderson (2002). Here the assumption is made that the initial inclination vector o f the 

dykes is the same as the pre-deformational stratigraphic inclination, which in the case o f 

Hatay would be 32° as observed for the sites wi th palaeohorizontal control. The pole to 

the dyke orientation is plotted as well as the in situ remanence magnetisation o f the site. 

Solutions are found that take the dyke pole to the horizontal as well as the remanence to a 

small circle centred on a vertical axis and connecting points at a 32° inclination. This 

method returns the horizontal axis rotations that can account for the deviation o f 

remanence inclination f rom the expected value and the non-verticality o f the dykes. 

This method was used to evaluate the coastal groups CA, CB and CC, using mean 

remanences and dyke poles. The results are that C A would need to experience 29° o f 

clockwise rotation about a horizontal axis trending 318° , CB would require a 34° 

clockwise rotation about a horizontal axis trending 034° and CC would require 50° o f 

clockwise rotation about a horizontal axis trending 353° . These rotations may or may not 

have occurred during a single event, but it is more l ikely that they represent composite tilts 

accommodated during a number o f faulting events, particularly when considering the large 

magnitude o f the 50° rotation suggested for group C. 

5.12 Analysis of the extrusive sequence 

In measuring structural data for the p i l low lava sites, the assumption was made that the 

lavas are extruded on a horizontal surface, and the 'palaeohorizontal' measured is used to 

correct the lavas to the horizontal. However, it is known that it is possible for lavas to be 
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extruded onto steeper slopes and indeed this is common. Lavas on the seafloor may also 

be extruded into hollows or accommodation space created by faults operating syn-

emplacement which also may give rise to false palaeohorizontals. However, these 

palaeoslopes are unlikely to be steeper than 30° and are most likely to be significantly 

shallower than this. Some measurement error is also anticipated due to the difficulty of 

determining precisely the mean orientation of a section of pillow lavas. 

To investigate the effects of these errors, a method of building in cones of error around the 

structural data and mean site remanence before applying a correction was applied. A 15° 

error for the structural data and a 10° error around the site mean remanence data were 

chosen as appropriate. The site mean remanence and pole to the structure (in this case the 

palaeohorizontal obtained from the average flattening direction of pillow lavas) were 

plotted on a stereonet. Four points were plotted at 10° distance from the mean remanence 

point on the stereonet, defining the 'comers' of the cone of confidence around the mean 

remanence. Similarly, four points were plotted at 15° distance from the pole to the 

structure on the stereonet, defining the 'comers' of the slightly larger cone of confidence 

around the structural data. The orientation of each 'comer' point around the structural pole 

was recorded, as well as the orientation of the horizontal axis of rotation that would take 

the mean pole and each 'comer' pole back to the vertical. The orientation of the mean 

remanence and each 'comer' to the cone of confidence around the remanence direction 

was also recorded. This results in five possible poles to the structure, each with a 

corresponding (horizontal axis) rotation pole and five possible remanence directions. 

These data were then input into an excel spreadsheet with formulae allowing rotation of 

each remanence point about each rotation pole, with 25 possible solutions produced for the 

original remanences. These could then be plotted on a stereonet with the boundary of the 

points defining the envelope of confidence around the original remanence direction. 
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To illustrate the method, the four sites from the K6mur9ukuru pillow lavas were chosen 

(Figure 5.17A). The result is a larger possible distribution for the tilt-corrected remanence 

directions. The paJaeohorizontals measured for these sites vary from a present-day dip of 

22° to 55°, with strikes varying from NNW-SSE to E-W. Remanences prior to structural 

correction are all westerly directed and shallow. By using the inclination restoration 

method the initial bounds to the potential magnetisation direction defined by the four 

'comers' become considerably more spread out. From Figure 5.17B, it can be seen that, 

within error, differences in the magnetisation of sites ML02-3 following structural 

corrections are insignificant, particularly when incorporating into this the effect of secular 

variation. The circle defining the potential corrected magnetic remanence for site MLOl 

only overiaps with that of site ML04, and thus may represent a real tectonic rotation 

between this site and ML02-3 (± ML04). This is supported by the fact that site MLOl was 

located in the centre of Komiigukuru village (in the school yard), at a distance from the 

remaining three Komii^ukuru lava sites, which were spread out along the road to the north 

of the village and comparatively spatially near to each other. 

5.13 Discussion 

5.13.1 Implications of westerly remanenccs 

The westeriy directed remanences are similar to those previously documented in the coeval 

Troodos and Baer-Bassit ophiolites (Moores and Vine 1971; Clube and Robertson 1986; 

Morris et al. 2002). The magnitudes of rotations in the Baer-Bassit ophiolite are similar in 

the north and increase towards the south, probably due to the effect of later post-

emplacement Neotectonic strike-slip faulting (Morris et al. 2002). The inclinations 

observed in all three ophiolite massifs would be expected to be similar assuming that the 

ophiolites had formed at similar times and in a similar palaeogeographic location. 
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Figure 5.17: Illustration of the effect of potential errors in measurement of pillow lavas 
propagating through analysis procedures, using the Komurcukuru pillow lavas as an example. 
A. Illustration of the method, as described in the text .15 degree error on the measurement of the 
palaeohorizontal (pole to palaeohorizontal shown by grey circles) and 10 degree error on the 
determination of the ChRM (black stars) are assumed, with a band drawn around the possible 
directions when incorporating these errors (black squares and line). 
B. Geographic remanence (without corner errors for clarity) shown for each lava site with bands 
drawn around the possible directions for the structurally-corrected remanence that would result 
from the discussed allowance for errors and using the method illustrated above. 
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However, declinations would only be expected to be similar i f the ophiolites had all 

undergone a similar rotation history. The well documented rotation of the Troodos 

microplate (section 4.4.3) was previously believed to be constrained to a small area not 

much more aerially extensive than the massif. This idea was supported by the similarity 

between the average original dyke orientation in Troodos (-E-W) and the similar present-

day average strike of the Hatay and Baer-Bassit SDCs (—E-W and more NW-SE 

respectively) which was believed to imply that these more easterly massifs are unrotated. 

The new palaeomagnetic results from the Hatay ophiolite show that layered gabbros, 

massive and pillowed lava flows of the main ophiolite share a common tilt corrected 

inclination with declinations strung out along a partial small circle through this inclination. 

The mean direction of Dec = 274**, Inc = 34° is indistinguishable from that commonly 

reported for non-transform tectonised parts of the Troodos ophiolite, with Dec = 276°, Inc 

= 32° reported by Vine and Moores (1969) and Dec = 274°, Inc = 36° by Clube and 

Robertson (1986) and from the northern part of the Baer-Bassit ophiolite (Morris et al. 

2002). The identification of westerly directed remanences in the Troodos, Hatay and Baer-

Bassit ophiolites suggests a common origin for some of this rotation is likely. This may be 

better established subsequent to analyses of the sedimentary cover sequences of the Hatay 

and Baer-Bassit ophiolites (Chapter Six). I f a common origin is the case, the implication is 

that the Troodos 'microplate' extends over a larger area than previously believed. 

5.13.2 Age implications of reverse/normal magnetisation components 

Figure 5.18 summarises the available age data for the Hatay, Troodos and Baer-Bassit 

ophioliles. Very few of the eastern Mediterranean ophiolites are dated directly by 

radiometric means (Robertson 2002), with the Troodos ophiolite being an exception 

(Mukasa and Ludden 1987). 
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Figure 5,18: Timing of events in the peri-Arabian ophiolites from various dating methods shown 
against the 2004 timescale for the Cretaceous period (Gradstein et al. 2004) and magnetic polarity 
reversal sequence (Cande and Kent 1992). Key to symbols: H = Hatay; T = Troodos; BB = Ba6r-
Bassit; S = Semail; F = age interpreted to represent ophlolite formation of ophiolite; E = age 
interpreted to represent ophiolite emplacement; M = dates from the metamorphic sole; ? = 
unreliable ages. 
1. Thuziat et al. (1981). 1a (S): Radiometric age for formation (97-94 Ma), lb (BB): Radiometric 
age for metamorphic sole (85-95 Ma) generally accepted as latest age of ophiolite formation 
assuming sole formed during initial detachment of oceanic crust near spreading axis (Whitechurch 
1977; Coleman 1981; Boudieretal. 1985). 
2 (T). Mukasa and Ludden (1987). U/Pb analyses on plagiogranites. There is some scattering in 
available radiometric dates (not shown), especially from pillows and dykes with some considerably 
younger than the 88-92 Ma age. 
3 (T). Blome and Irwin (1985). The upper constraint on the age of formation provided by Turonian 
radiolarian assemblages in the overlying Perapedhi Formation. 
4 (BB). Delaloye and Wagner (1984). Radiometric ages from SDC from K-Ar dating (73-99 Ma), 
either representing cooling age or possibly a metamorphic event during emplacement. 
5 (BB). The emplacement age bracketed by well-defined ages for youngest carbonates in 
underiying autochthon and oldest post-emplacement sediments. 
6 (H). Delaloye et al. (1980b). Broad span of unreliable radiometric ages from lavas (44-74 Ma); 
younger age interpreted as tectonic and older as more likely to be true formation age. 
7 (H). Coglu et al. (1975). Radiometric ages from gabbros. but not believed to be reliable. 
8 (H). Selcuk (1981). Dating of the youngest underiying platform sediments (95-83 Ma) and oldest 
overlying sediments (69-75) give constraints on the time of emplacement of the ophiolite. Longest 
period between emplacement and deposition of the overlying sediments is shown by the longer 
dark grey bars and youngest emplacement age and shortest period before deposition of the 
overiying sediments is shown by the shorter light grey bars. 
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Most ophiolites are indirectly dated using one or another of the following (Robertson 

2002): (1) radiometric ages for metamorphic soles that are assumed to have formed near 

the spreading axis where the crust was sufficiently hot to metamorphose underplated units 

up to amphibolite facies conditions (e.g. Searle and Cox 1999); (2) dating of pelagic 

sedimentary covers where preserved, commonly using radiolarians; (3) cross-cutting dykes 

or other intrusive rocks that can provide a minimum age constraint on ophiolite genesis, 

and (4) the regional geological setting e.g. timing of emplacement and dating of post-

emplacement cover sequences. Comparison of magnetisation polarity directions with the 

established magnetic polarity timescale (e.g. Hailwood 1989) can be invaluable in 

providing age constraints on the formation, detachment and emplacement ages, providing 

that the times of acquisition of magnetisation and remagnetisation episodes within the 

ophiolite are constrained. 

There are no reliable radiometric dates for the Hatay ophiolite and those that exist for 

Troodos and Baer-Bassit are useful but complications due to errors in these and to the lack 

of constraints of timing of magnetisation acquisition do not allow straightforward age 

assigrunents. The -90 Ma mid-late Cretaceous age of formation of the Troodos ophiolite 

is well-constrained and formation ages for Hatay and Baer-Bassit are expected to be 

similar on the basis of poorly defined K-Ar ages. Thus, all three ophiolites are believed to 

have formed during the Cretaceous Long Normal Period (LNP) and sites would be 

expected to be normally magnetised. Pre-deformational characteristic remanences in the 

Hatay ophiolite are almost all normally magnetised and are ubiquitously of normal polarity 

in the Troodos ophiolite, consistent with formation during the Cretaceous LNP. In Hatay, 

only the Antakya lavas (relationship to the main massif uncertain), the Isikli dykes and site 

JD03 from the ICisecik valley have negative inclinations implying a reverse polarity. This 

is in contrast to the Baer-Bassit ophiolile where samples with negative inclinations 

dominate the site-level data, with only four pillow lava sites displaying normal polarities 
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and 23 sites in the SDC having reversed polarity (Morris et al. 2002). Reverse polarity 

overprints are observed in the Troodos SDC (Gee et al. 1993), but are not ubiquitous and 

where they are present, normal polarity ChRMs are also isolated (Gee et al. 1993). The 

age of the Semail ophiolite also falls within the Cretaceous LNP (Cande and Kent 1992) 

and so remanences would be expected to be normal but both normal and reverse 

components are found in the SDC (Luyendyk et al. 1982). In contrast to Troodos, in Hatay 

where reverse polarity components were identified these appeared to be the oldest direction 

of magnetisation in the rock rather than a later overprint. 

The reverse polarity directions observed in the ophiolites represent either acquisition of the 

magnetisation off-ridge in the first reverse polarity chron subsequent to formation of the 

ophiolite (i.e. chron C33R; Figure 5.18), or during a poorly-documented reverse polarity 

interval in chron C34N, or altematively indicate an error in the age determination of the 

ophiolites. Some reversed-polarity components in Troodos are of pre-tilting origin which 

contradicts either the -90 Ma age or the presumed near-ridge crustal extension of the 

ophiolite (Gee at al 1993) indicated from field relationships (e.g. Varga and Moores 1985). 

I f the age of the ophiolite is applicable, then the reversed polarity overprint may be 

attributed to early stage, low temperature alteration acquired significantly off-axis (> 5-8 

Ma after crustal formation) and would have been restricted to a short period in chron C33R 

(Gee et al. 1993). A mixed polarity interval in chron C34N relies upon ill-defined short 

field reversal intervals and would not entirely explain the observations of reverse polarity 

in the Semail ophiolite (Feinberg et al. 1999) because the formation age is well-

constrained. Remagnetisation at a time younger than the Cretaceous LNP could explain 

the observations and reverse components are observed in the overlying sediments (Thomas 

et al. 1988) and in the 88-81 Ma volcanics, where they are attributed to hydrothermal 

alteration (Perrin el al. 1994), but this may not explain the reverse components of 

magnetisation observed in the deeper levels. From comparisons of the magnetisations of 
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the lower level of the ophiolite with that of the underlying metamorphosed sediments, 

Feinberg et al. (1999) postulate a similar time of magnetisation, linked to the hydrothermal 

wave generated by the emplacement of the ophiolite nappe onto the continental platform. 

The poorly-defined ages for the Baer-Bassit dykes span chron C33R (Delaloye and 

Wagner 1984). However, i f the 85-95 Ma age (within chron C34N) from the metamorphic 

sole is taken to represent the latest age of formation of the ophiolite (Whitechurch 1977; 

Coleman 1981; Boudier et al. 1985) then the observed reversed polarity would require a 

substantial (possibly > 30 Ma) age difference between Baer-Bassit and Troodos ophiolites, 

with the magnetisation of the former being acquired during the Early Cretaceous or within 

a poorly documented reverse polarity event within chron C34N (Hailwood 1989). 

Altematively, the sole may have formed during the initiation of subduction, before SSZ 

spreading began (e.g. Casey and Dewey 1984). This would reconcile the available 

radiometric age constraints and allow genesis of the Baer-Bassit crust and acquisition of 

pre-deformational magnetisations during chron C33R, with Neotethyan spreading therefore 

potentially occurring over a c. 10 Ma period prior to the start of microplate rotation in the 

Campanian (Morris et al. 2005). 

On balance, the reverse polarity ChRMs observed in both Hatay and Baer-Bassit imply that 

these may have formed later than the Troodos ophiolite to allow acquisition of some 

components of magnetisation during chron C33R, although without improved age 

constraints, this must remain uncertain. 

5.13.3 Implications of restoration of dyke strike to original orientations 

The present-day mean E-W orientation of the SDC restores back to a roughly N-S original 

strike when the large anticlockwise rotations are backstripped, either by using standard 

analysis procedures (section 5.8.2) or by using net tectonic analysis (section 5.11-I). This 
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has important implications for the history of the southern Neotethyan basin in which the 

ophiolites were forming as it suggests a primary variation in the orientation of dyke strikes 

between Troodos, Hatay and Baer-Bassit, with an average NE-SW and N-S trend 

respectively for the continuous and extensive SDCs of Troodos and Hatay. This indicates 

that the marginal basin setting where the ophiolites formed had a higher degree of 

complexity than previously believed, with the variation in dyke strike due either to 

temporal or spatial changes in spreading direction within the basin (see Chapter Nine for 

further discussion). 

5.13.4 Rotations about dyke-normal axes 

In the Hatay ophiolite, the large number of sheeted dykes both along the coast and in the 

Kara^ay valley that display steeper inclinations than expected indicates that rotations about 

a dyke-normal axis are not necessarily a minor localised occurrence. Any dyke-normal 

rotation would also have affected the palaeohorizontal sites but would have been accounted 

for in the standard tilt correction. Rotations about dyke-normal axes have been observed in 

the Baer-Bassit ophiolite (Morris and Anderson 2002; Morris et al. 2002; section 4.5.3) but 

do not affect the entire SDC. In Baer-Bassit these rotations affected only one locality with 

net tectonic rotation analysis indicating a shallow dyke-normal rotation axis potentially 

occurring during emplacement-related deformation (Morris and Anderson 2002). In the 

Hatay ophiolile, dyke-normal rotations appear more widespread, with the significant 

exposures both along the coast and in the Kara^ay aviley all displaying steeper remanences 

than expected. However, as in Baer-Bassit, these rotations similarly do not affect the 

entire ophiolite. For instance, dykes from the Kisecik locality have stratigraphic 

magnetisation inclinations indistinguishable from those of the cumulate sites within the 

same area (with declinations also similar) and sites from the Isikli locality have 

inclinations that correct to expected values after a standard tilt correction. A dyke-normal 
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rotation for E-W striking dykes would require horizontal axis of rotafion oriented N-S. 

Altemafively, a component of dyke-normal rotation may have occurred at an earlier phase 

in the deformation history about a dyke-normal axis that is not necessarily the same as the 

one suggested by using the present-day orientation of the dykes. These possibilities are 

discussed further in section 8.10 subsequent to identification of the major structural events 

to have affected the ophiolite. An important implication fi-om these results from both 

Hatay and Baer-Bassit is that dyke-normal rotations do not affect a region ubiquitously, but 

can affect small areas of dykes that in all other respects are similar to those of adjacent 

areas. 

5.14 Synthesis 

Specimens from 63 sites (557 cores) were demagnetised in the University of Plymouth 

laboratory. Demagnetisation diagrams show mostly simple rectilinear decay to the origin 

and site mean directions of magnetisation are unrelated to the local present day magnetic 

field. Westerly-directed remanences indicate that the ophiolite has experienced large 

anticlockwise rotations during its history. An inclination-only lilt test (Enkin and Watson 

1996) demonstrates that magnetisations are pre-deformational in origin, despite a complex 

history of low temperature seafloor alteration, intra-oceanic detachment, thrust 

emplacement and subsequent Neotectonic faulting. The new results from this thesis and 

Morris (2002) show that both Hatay and Baer-Bassit have experienced similarly large 

anticlockwise rotations to Troodos and previous conceptions of the size of the rotated area 

need to be revised. The implication from analysis of the SDC that the mean trend was 

originally N-S indicates that a primary variation in dyke orientation existed in the 

Neotethyan spreading system, which suggests a higher level of complication than 

previously assumed. A revised model will be discussed and presented in Chapter Nine. 
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CHAPTER SIX 

6. PALAEOMAGNETIC RESULTS F R O M T H E SEDIMENTARY COVER 

SEQUENCES OF THE H A T A Y AND BAER-BASSIT OPHIOLITES 

6.1 Introduction to chapter 

Palaeomagnetic analysis of the sedimentary cover sequences of both the Hatay and Baer-

Bassit ophioliles can provide important constraints on the timing of rotations within the 

underlying ophiolitic basement. As described in section 4.4.2, palaeomagnetic analysis of 

the in situ sedimentary cover of the Troodos ophiolite has documented the timing of 

rotation of the Troodos microplate. In contrast to this situation, however, the sedimentary 

covers of the Hatay and Baer-Bassit ophiolites post-date their emplacement and cannot 

therefore provide information on pre-emplacement rotations. However, i f large rotations 

are recorded by the sediments, this would indicate that a substantial component of the 

rotations seen in the ophiolite was post-emplacement in age. This chapter therefore 

describes the results of a palaeomagnetic investigation of the cover sequences and their 

interpretation, and the implication of these data for the timing of the large rotation 

described in the Hatay ophiolite in Chapter Five and for the Baer-Bassit ophiolite by 

Morris et al. (2002). 

6.2 Sampling and measurement procedures 

All sites from the sedimentary cover of the Hatay ophiolite were sampled using a standard 

portable petrol-driven rock drill, using water-cooled 25 mm diameter diamond-tipped drill 

bits. Each sample was orientated with both a standard magnetic compass and a sun 

compass. Each drilled core was cut into 22 mm lengths in the laboratory, ensuring that 

weathered surfaces were removed. 
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Samples from the sedimentary cover of the Baer-Bassit ophiolite were collected previously 

by hand sampling by A. Morris and M . W. Anderson. The orientation of the strike line of 

the top surfaces of the hand samples were drawn on in the field. Lines perpendicular to 

this were drawn on in the laboratory at around 10 mm spacing to give the direction of 

maximum dip of the surface. Up-dip Arrows were marked onto these lines and the 

samples were then set in concrete with the top surfaces flush with the top of the concrete. 

The cores were drilled perpendicular to this surface in the laboratory which gives a simple 

result for the ' f ield ' orientation of the drill core: the direction of the core is the strike of the 

hand sample's top surface minus 90° and the hade of the core is identical to the dip of the 

top surface. Finally, samples were cut to 22 mm length to produce standard 

palaeomagnetic specimens. 

The bedding of the sedimentary sequences sampled was measured in order for a 

stratigraphic correction to be applied to the palaeomagnetic data. In most cases bedding 

was not steeply dipping for either the Hatay or Baer-Bassit sedimentary sequences. 

Natural remanences were measured for all samples from the sedimentary covers of Hatay 

and Baer-Bassit al the University of Oxford palaeomagnetic laboratory using a 2-G 

Enterprises DC SQUID cryogenic magnetometer (noise level = 0.005 x lO'"' A/m) housed 

in a magnetically-shielded room (ambient field < 200 nT). 159 samples were subjected to 

altemating field (AF) stepwise demagnetisation using in-line coil systems and 44 samples 

were demagnetised using step-wise thermal demagnetisation. Characteristic components of 

magnetisation were found using orthogonal vector plots and principal component analysis 

(Kirschvink 1980) and site and locality mean remanence directions computed using 

Fisherian statistics (Fisher 1953). 
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6.3 Hatay sedimentary cover 

The results from palaeomagnetic analysis of the Hatay sedimentary cover are discussed 
below. The data from the sedimentary cover obtained for this thesis can be usefully 
compared with palaeomagnetic data from Kissel et al. (2003). This recent study by Kissel 
et al. (2003) sampled Palaeocene to Miocene rocks along a transect from the Arabian 
platform to the eastern Pontides in order to provide palaeomagnetic constraints on the 
Cenozoic evolution of the eastern Mediterranean. Thirt eight of their sites were sampled in 
the Hatay region, of which 13 were found to be interpretable. These provide an additional 
database of results to add to the sites sampled specifically for the purposes of this thesis, 
and so the data from Kissel et al. (2003) are also discussed in this section where relevant. 

6.3.1 Sampling localities 

Seven sites were sampled in the sedimentary cover within Neogene and Palaeocene 

sequences (Figure 6.1). Neogene site SNOl was located in sandstones and marls in the 

Kara9ay valley, SN02 in coarse-grained shelly sandstones on the road between Samandag 

and Antakya and SN03 in soft sandstones and siltstones in a quarry in the U9edik valley. 

The Palaeocene sequences are from pink-coloured limestone sequences, the base of which 

are possibly Eocene in age. Sites SPOl and SP02 are located on the road between 

Komurgukuru and Tahtakopru, where the sedimentary sequences unconformably outcrop 

above the ultramafics of the ophiolite massif Sites SP03 and SP04 are located to the NE 

of the ophiolite massif, in well-exposed extensive sequences of limestones along the road 

to the south of Belen. The 38 sites sampled by Kissel et al. (2003) were from Eocene fine

grained limestones and Miocene blue-grey marls (Figure 6.1), located on both sides of the 

Amanos fault with three of the Miocene sites located on the northern side of the ophiolite 

massif 
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Figure 6.1: Localities within the sedimentary cover of the Hatay ophiolite sampled for 
palaeomagnetic analysis. The labelled black stars show the 7 sites sampled within the sedimentary 
cover for this thesis and the white stars show the location of the 38 sites sampled from the 
sedimentary cover by Kissel et al. (2003). of which 13 were interpretable. Place names as on 
Figure 2.12. 
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6.3.2 Rock magnetic summary 

The seven sites from the sedimentary cover sampled for this thesis were not subjected to 

the exhaustive rock magnetic testing that the ophiolitic samples were subjected to at the 

Institute for Rock Magnetism (Chapter Seven), although tests were carried out on selected 

samples and standard demagnetisation data also provide a good indication of the rock 

magnetic mineralogy. Hysteresis loops were measured for 13 cores at the IRM. The 

hysteresis measurements for nine samples (four samples could not be measured as their 

magnetisations were too close to the noise level of the 2G cryogenic magnetometer used) 

show that the samples have a higher coerciviiy component than observed from the 

ophiolitic samples, probably due to haematite. Several samples from both Neogene and 

Palaeocene sites did not demagnetise to the origin following demagnetisation, again 

indicating the presence of a higher coercivity phase. The average ratio of Mrs/Ms is 0.2 and 

Hcr/Hc is.2.3 (with limits 1 < M^/Ms < 9) which plot in the pseudo-single-domain field on a 

Day plot (Figure 6.2A). Backfield coercivities are variable (37- 83 mT) with an average of 

64 mT: 74 mT for the Palaeocene sites and 53 mT for the Neogene sites. A low 

temperature sweep (cooling of a room temperature SIRM followed by warming of a low 

temperature SIRM) was carried out for sample SP0303 at the IRM (see section 7.3.2 for 

description of experimental procedure), with no evidence for either the Verwey or Morin 

transition apparent on warming or cooling curves of an SIRM (Figure 6.2B). 

The sites from Kissel et al. (2003) from the Hatay area are not discussed individually, 

although the results of selected samples from this area are shown in figures within Kissel et 

al. (2003) (Figure 6.2C). Acquisition of I R M and subsequent demagnetisation of the IRM 

(SIRM) were studied for all samples, with the majority described as acquiring 90% of IRM 

in fields less than 300 mT, indicating that the main magnetic carrier is a low-coercivity 

mineral (Kissel et al. 2003), almost certainly magnetite. 
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F igure 6.2: Selected rock magnetic data from sites within the sedimentary cover of the Hatay 
ophiolite. 
A. Day plot for all sedimentary samples where hysteresis loops were measured at the IRM. 
B. Low temperature RTSIRM-LTSIRM sweep: no evidence for Verwey point. 
C. Rock magnetic data from Kissel et al (2003; Fig. 6b) showing typical SIRM acquisition and 
demagnetisation curves with most samples saturating by 0.2-0.3 mT and a few (illustrated by 
TK234) showing a mixture of magnetic minerals. 
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As this result is not restricted to samples from Hatay it is not possible to determine whether 

these were consistent with the higher coercivity of minerals found from the sedimentary 

sites sampled for this thesis. 

6.3.3 Magnetic fabric analyses 

The fabrics of the sedimentary samples were measured prior to demagnetisation on the 

ICLY3 Kappabridge at the University of Plymouth and analysed using the Anisoft 

programs. At sample-level there is a mixture between oblate and prolate fabrics for both 

Palaeogene and Neogene rocks (Figure 6.3B) with a generally weak anisotropy. At site 

level, a mixture of fabrics was also observed. Of the seven sampling sites, two showed 

clear relationships between the bedding measured and the fabric (Figure 6.3A) with the 

minimum axes of anisotropy of the fabric perpendicular to the plane containing K^ax and 

Kim, with one of these sites Neogene in age (SN02) and one Palaeocene in age (SP02). 

This oblate fabric is common in sediments where clear sedimentary layering is developed. 

A further two sites showed a similar relationship although with greater scatter in data. Site 

SP04 shows kmax aligned with the plane of the bedding with kmin and kim approximately 

orthogonal i.e. basically a triaxial fabric. The remaining two sites had too great a scatter to 

determine the fabric relationship. 

Again, the paper by Kissel et al. (2003) does not describe the fabrics from the Hatay area 

individually, but anisotropy of magnetic susceptibility from all of the studied areas is 

described as characterised by an oblate magnetic fabric with a minimum axis of anisotropy, 

Kmin, perpendicular to the bedding plane. This indicates deposition in a low-energy 

environment. Stereonets of Kmax and Kmin fabric data from two samples from the Antakya 

area are shown by Kissel et al. (2003) with near-vertical Kmin and Kmax near-horizontal in 

both cases (Figure 6.3C). 
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Figure 6.3: Anisotropy of magnetic susceptibility for the sedimentary cover of Hatay. 
A. Selected anisotropy data for sites measured for this thesis. 
B. Corrected shape parameter versus anisotropy degree for all sites measured for this thesis. 
C. Selected anisotropy data from sites within the sedimentary cover of the Hatay ophiolite as 
analysed by Kissel et al (2003; Fig. 7). 
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6.3.4 Palaeomagnetic results 

NRM intensities are low for all samples from the sedimentary cover of the Hatay ophiolite. 

The average (geometric) NRM intensity for the older Palaeogene sites is 2.89 x 10"̂  A/m 

and is 1.95 x 10"* A/m for the Neogene samples, and these samples also have more variable 

NRM intensities. Five of the seven sites gave reliable palaeomagnetic results and include 

sites with both normal and reverse polarity. Figure 6.4 shows some representative 

demagnetisation plots from the interpretable sedimentary samples. The quality of the 

demagnetisation data varied from sample to sample, with some samples having large errors 

in the determination of the ChRM. However, as shown by Figure 6.4, enough samples 

yielded sufficiently high quality demagnetisation data to obtain reliable site mean 

directions for the majority, from both Neogene and Palaeogene sites. The average number 

of samples demagnetised per site is seven. The average number of samples included in the 

site ChRMs is reduced due to low NRM intensities, especially for the Neogene sites, 

resulting in analytical difficulties for certain samples. Combining the results from both 

Palaeocene and Neogene sites the average direction is: Dec = 343°, Inc = 49° prior to 

structural correction and Dec = 347° Inc = 36° following tilt correction, with an 095 of 16°. 

Site SN03 has been excluded from this analysis due to the limited number of samples 

(difficulties due to drilling in soft sediments) and also the poor quality of the 

demagnetisation data. Table 6.1 shows the site-level palaeomagnetic results for the Hatay 

sedimentary cover. 
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Figure 6.4: Sample demagnetisation plots for samples from the sedimentary cover of the Hatay 
ophiolite. 
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Site'' Lat ton. Sfr. n 
Dg kg a95g Ds Is ks a95s 

SN01 36.16 36.01 155/18 ^ 1 / 1 1 / / 1 / 
SN02 36.15 36.07 040/15 1 317.1 46.5 AAA 8.4 331.5 42.8 AAA 8.4 
SN03 36.31 36.18 140/28 / / / 1 / / / 1 / 
SP01 36.41 36.13 295/23 4 348.8 50.1 15.1 25.9 340.5 36.9 39.6 15.7 
SP02 36.37 36.18 012/20 7 176.5 -59.5 34.6 10.4 219.4 -61.1 34.7 10.4 
SP03 36.48 36.25 109/20 5 337.3 59.2 15.1 20.4 349.1 41.5 15.1 20.4 
SP04 36.48 36.24 050/16 6 162.3 -50.1 46.1 10.1 176.9 -42.1 46 10.2 

Table 6.1: Site palaeomagnetic data for the sedimentary cover of the Hatay ophiolite, as measured for this 
thesis. 
^The I St letter of the site labels indicate that the site is a sediment (S) and the 2nd letter refers to the site age: 
N = Neogene; P = Palaeogene. 
° Diagonal lines indicate an inability to obtain data from that site due to magnetisation levels below the noise 
level of the 2G magnetometer. 

Kissel el al. (2003) report extremely low magnetisation (< 10' A/m) from many of the 

Antakya sedimentary samples, discarding 162 out of 414 samples for this reason. Of the 

13 not discarded, nine sites have normal directions and four have reverse directions with 

some scatter in the data (Kissel et al. 2003). The average regional directions both before 

and after tectonic correction are slightly different to the direction of the present-day 

magnetic field, with a mean direction subsequent to correction having a declination of 

3480^ 70 ^ inclination of 4 4 ° . 

The reliable site means obtained from these 13 sites from the Hatay region can be 

combined with those obtained for the sedimentary cover of Hatay in this study, with a very 

good correlation between the two datasets. The results show that magnetisation direction 

is similar but slightly different to the present-day field direction. The average direction 

combining both datasets is: Dec = 344°, Inc = 47° in geographic coordinates and Dec = 

349°, Inc = 45° in stratigraphic coordinates. The average using only the data from Kissel 

et al. (2003) is: Dec = 345°, Inc = 43° in geographic coordinates and Dec = 348°, Inc = 44° 

in stratigraphic coordinates. 

Figure 6.5 summarises the directions from all reliable sites within the Hatay sedimentary 

cover from both Kissel et al. (2003) and the data from this study. Data include sites of 
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both normal and reverse polarity. These data, including those from the oldest (Palaeocene) 

sequences, indicate only minor anticlockwise rotation, with no differences in rotation 

magnitude or direction according the age of the sample. Large-scale rotations, such as 

those observed in the ophiolite are not observed in the sedimentary cover, with directions 

similar to those of the present-day magnetic field, although consistently rotated slightly 

anticlockwise. 

Site means 
N 

Tilt Corrected 
Lower hemisphere projections 

A Upper Hemisphere (Kissel et at. 2003) 

A Lower Hemisphere (kissel et al. 2003) 

O Upper Hemisphere (my data) 

• Lower Hemisphere (my data) 

Figure 6.5: Stereonets displaying the site mean magnetic remanences for sites from the 
sedimentary cover of the Hatay ophiolite, including data from this thesis and also from Kissel et al. 
(2003). The confidence limits for the means of the normal and reversed antipodes overlap, 
suggesting that the two means cannot be distinguished at the 95% level of confidence and the data 
pass a reversal test. 
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6.3.5 Timing of magnetisation acquisition (tilt tests) 

The data from the Hatay sedimentary cover sites include both normal and reversely 

magnetised samples that pass a reversal test: the means of the normal and reversed 

antipodes shown on Figure 6.5 have an angular separation o f 9.6° and their a95 error 

circles overlap. A positive result is obtained from an inclination-only tilt test performed on 

the sedimentary cover sites (Table 6.2 and Figure 6.6). The 95% confidence limits, 

although more spread than for the ophiolite (section 5.8), straddle 100% of untilting. The 

precision parameter k has a maximum of over 90 which is sufficiently high to be 

confident of the positive result (Enkin and Watson 1996) and implies the sediments 

acquired their remanence prior to deformation of the sampled sequences. 

Number of sites 
included 

Inclination Precision 
parameter k * 

95% confidence 
limits 

In situ 13 43 , o ± 4 . v 32.6 

Till-correcled 13 43.0° 94.8 63.2-123.4% 

Table 6.2: Results of the inclination-only tilt test formulation of Enkin and Watson (1996). 
^ The maximum likelihood estimate of the true mean inclination in degrees. 

The Fisher precision parameter. 

E 60 

N = 13 

95% confidence limits 
on degree of untilting i 
(1000 parametric 
resampling trials) 

Yo untilting 

150 

Figure 6.6: Results of an inclination-only tilt test performed on sites from the sedimentary cover 
of the Hatay ophiolite (after Enkin and Watson 1996). 
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6.4 Baer-Bassit sedimentary cover 

6.4.1 Sampling localities 

Palaeogene sequences are best exposed in the southwest of the study area, and eleven sites 

were sampled in this region within interbedded limestones and marls where clearly defined 

bedding could be observed (Figure 6.7). Sequences of limestones and marls of Neogene 

age are well developed in the east of the study area, but are generally poorly bedded and 

massive. Sampling was restricted here to eight sites where clear bedding could be 

observed, although samples were often collected from the less friable massive layers. 

6.4.2 Rock magnetic summary 

IRM acquisition curves reach saturation by applied fields of 200 mT, consistent with low 

coercivity magnetite as the remanence carrier in these rocks. Backfield IRM curves yield 

coercivities of remanence values of 30- 55 mT, consistent with magnetite grain sizes in the 

pseudo-single domain range (Figure 6.8). This is supported by median destructive fields 

during alternating field demagnetisation of natural remanent magnetisation (NRM) of 20-

30 mT. Low field magnetic susceptibilities of the samples are weak with a mean value o f 

1.5 X 10"̂  SI, indicating magnetite concentrations of less than 0.01 % by volume. 

217 



35'' 55' E 

in 
CO 

Turkey Mediterranean 
Sea 

Jebel Agra 

North 
Coast 

Qastal 
Maaf 

BAK/QT 

West 
Coast 

Quaternary Ophiol 

Metamorphic sole Neogene 

Palaeogene 

Late Cretaceous 

te (undifferentiated) 

° Baer-Bassit melange 

Arabian platform 

Figure 6,7: Geological map of the Baer-BassIt area, showing the distribution of Palaeogene and 
Neogene sequences of the neoautochthonous sedimentary cover and the location of 
palaeomagnetic sampling sites. Black stars indicate palaeomagnetic sampling localities within the 
Baer-Bassit ophiolite described by Morris et al. (2002). Map modified from Al-Riyami et al. (2000). 
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Figure 6.8: Rock magnetic results from the Ba6r-Bassit sedimentary cover (from Morris et al 
2005). 

6.4.3 Magnetic fabric analyses 

The fabrics from 15 sites from the sedimentary cover were measured on the Agico KLY3 

Kappabridge in the University of Plymouth laboratory. Both Palaeogene and Neogene 

sequences display a mixture of oblate and prolate fabrics at specimen-level, but 70% of 

Palaeogene specimens are oblate compared to 50% of the Neogene specimens (Figure 6.9). 
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Figure 6.9: Summary of the magnetic fabrics (anisotropy of magnetic susceptibility) of the 
neoautochthonous sedimentary cover of the BaSr-Bassit ophiolite. 
A. Bi-plot of shape parameter, T, against corrected anisotropy degree, PJ . This indicates weak 
magnetic fabric development (mean anisotropy of 2% (PJ = 1.02) with the presence of both oblate 
and prolate ellipsoids. 
B. Summary of the fabrics for Neogene and Palaogene sites displayed on stereographic 
projections. 
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This reflects the better development of bedding parallel laminations in the Palaeogene 

rocks, in contrast to the Neogene sequences where bedding is often poorly developed. 

Strength of anisotropy, Pj (Jelinek 1981; section 3.4.4), ranges from 1.005 to 1.05, with a 

mean value of 1.02 (i.e. 2% anisotropy). There is no preferred relationship between Pj and 

T, and no correlation between Pj and mean susceptibility, indicating that the degree of 

anisotropy is not dependent on ferrimagnetic concentration. 

Following correction of the bedding tilt the orientation of AMS principal axes can be 

plotted on a slereonet. Fabrics are generally well-defined despite an element of analytical 

noise due to the low susceptibilities of the sampled rocks and the weakly developed 

fabrics. For instance, two thirds of sites had at least one axis of anisotropy clearly 

clustered, which in all except one case was Kmin, with Kmax and Kim either spread along the 

orthogonal plane or also tightly clustered. The one site (BB30) where Kmin axes were not 

the most tightly clustered displayed a girdle distribution of K ^ i n and Kjnt axes with Kmax 

orthogonal to this plane. Kmin axes form strong clusters close to the vertical in both 

Palaeogene and Neogene sequences, whereas Kma.\ and Kint axes form girdles around the 

primitive. This suggests that AMS fabrics in both sequences are primarily related to 

bedding parallel petrofabrics, and that inverse fabric effects due to SD magnetite are not 

significant. This distribution is less well defined in the Neogene sequences, as may be 

expected given the relatively poor definition of bedding fabrics in these rocks. Within the 

Palaeogene data, a minor girdle of sub-horizontal, N W directed Kmin axes relates to the 

fabric developed at site BB17, where indistinctly bedded limestones and marls are cut by 

numerous NE-SW trending minor strike slip faults. This is the only site where the 

magnetic fabric shows a demonstrable response to tectonism. 
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6.4.4 Palaeomagnetic results 

NRM intensities are very low, with a mean value o f 2.8 x 10"̂  A/m. This value is raised, 

however, by significantly higher intensities at site BBI6 (mean = 24.2 x 10'̂  A/m). 

Remaining sites have a mean NRM intensity of 0.7 x 10'"* A/m. Despite the very weak 

intensities, stable components of magnetisation were isolated at 15 sites, following 

removal o f minor secondary components during initial demagnetisation. The remaining 

four sites (in Palaeogene sequences; sites BBI8 and 20-22) had NRM intensities too close 

to the noise level of the magnetometer to allow adequate demagnetisation. Figure 6.10 

shows representative demagnetisation plots for the sedimentary sites from the Baer-Bassit 

sedimentary cover and Table 6.3 shows site-level palaeomagnetic data. Normal polarity 

remanences are observed at all sites. One site (BB24) exhibited antipodal low coercivity 

reverse and higher coercivity normal components. Magnetisation directions at sites in the 

Palaeogene sequence are unrelated to the present geocentric axial dipolar field direction in 

NW Syria (Dec = 000°; Inc = 55°) and are divided into two groupings with NE and N W 

directed declinations. These large differences can only result from the effects of relative 

tectonic rotations of the sampled units subsequent to remanence acquisition (see below). 

Neogene sequences record magnetisation directions which cluster around north, displaying 

less variability than the Palaeogene sequences. Little or no between-site variability may be 

ascribed to the effects of secular variation, since this may be expected to be adequately 

averaged out at a site-level in these carbonate sediments. 
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Site Age^ n NRM Dg ig k ags Ds Is K orgs 

Palaeogene sites: 

BB17 Pal. 5 0.61 300/17 81.4 41.2 13.4 21.7 68.2 53.3 13.4 21.7 

BB19 Pal. 6 4.30 
075/34 & 
031/40 44.9 66.7 20.5 15.1 46.3 31.6 35.8 11.4 

BB24 Pal. 6 1.60 273/13 222 -59 26.8 14.7 200 -65 26.8 14.7 

Pal. 6 273/13 45.9 52.2 61.1 9.6 30 59.7 61.1 9-6 

Mean: 43.9 55.4 - - 25.5 62.3 - -

BB23 Pal. 4 0.19 190/11 341 32.7 30.2 17 336 42 30.2 17 

BB32 Pal. 8 0.43 272/21 336 39.3 33.7 9.7 324 28 33.7 9.7 

BB33 Pal. 8 0.47 193/10 329 34.8 112 5.3 323 41.7 112 5.3 

BB47 P . -E . 6 0.17 246/20 333 37.5 138 5.8 319 33.9 138 5.8 

Neogene sites: 

BB16 Plio. 8 24.00 217/22 352 45.3 27 10.9 329 57.7 27 10.9 

BB25 Aquit. 6 0.21 258/49 43.8 52.7 31.9 12.9 309 64.2 31.9 12.9 

BB26 Aquit. 6 0.16 336/15 346 59.6 35.4 11.4 343 44.7 35.4 11.4 

BB30 Aquit. 5 0.28 310/12 17.9 59.7 33.4 13.8 2 53.6 33.4 13.8 

BB27 Burd. 9 0.20 200/13 356 56.3 57.9 6.8 344 67.6 57.9 6.8 

BB28 Burd. 9 0.23 200/14 358 52.7 35.6 8.8 348 65.3 35.6 8.8 

BB31 Burd. 4 0.46 173/03 352 52.9 84.4 10.1 352 55.8 84.4 10.1 

BB29 H-T. 3 0.25 218/16 359 52.9 71.5 14.7 340 63.7 71.5 14.7 

Tabic 6.3: Site palaeomagnetic data for the neoautochlhonous sedimentary cover of the Bafir-Bassit 
ophiolite. 
^ Pal = Palaeogene; P-E = Palaeocene-Eocene; Piio = Pliocene; Aquit = Aquitanian; Burd = Burdigalian; H-
T. = Helvetian- Tortonian. 
^ Structure as dip direction/dip. 
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Alternating field demagnetisation plots 
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Figure 6.10: Examples of orthogonal demagnetisation plots from the sedimentary cover of the 
Baer-Bassit ophiolite, showing well-defined stable end point remanence directions isolated by 
alternating field treatment. Solid circles, horizontal plane; open symbols, vertical N-S plane. Note 
that the vertical projections are on the horizontal axes. 
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Tectonic rotations are specified by comparing site mean remanences with a reference 

vector derived from the APWP of Africa (section 3.6.2). An expected direction derived 

from the 40 Ma (Eocene) reference pole (Dec = 006°; Inc = 45°) is adopted for the 

Palaeogene sites, and a direction derived from the mean of the 10 and 20 Ma (Miocene) 

reference poles used for the Neogene sites (Dec - 006°; Inc = 50°). Confidence limits on 

rotation angles are calculated using the methodology of Butler (1992). Tilt tests indicate 

that magnetisation was acquired syn-deformation (section 6.4.5), with maximum likelihood 

of acquisition at 50% untilting. Comparison of mean magnetisation directions at 50% 

untilting for the Palaeogene sites with the reference direction indicates both anticlockwise 

and clockwise rotations have occurred post remagnetisation. Sites BB23/32//33/47 are 

rotated anticlockwise by statistically indistinguishable angles of 27° ±17°, 37° ±10°, 40° 

±6° and 40° ±7° respectively. Sites BE 17/19/24 have more variable clockwise rotations of 

71° ±25°, 40° ±19° and 33° ±14° respectively. 

Geographic mean magnetisation directions for the Neogene sites cluster around north 

(Figure 6.11) and are indistinguishable from both the Miocene reference direction and the 

present day geomagnetic field. The only exception is site BB25, which has a mean 

geographic inclination comparable to the other Neogene sites but a NE declination. This 

may indicate a post-remagnetisation, clockwise rotation of 37° ±17°. However, this seems 

geologically unlikely as site BB26 has a magnetisation in the main grouping and is within 

0.6 km of site BB25. No major structures were observed in the field between the sites, 

although an inferred NE-SW trending fault is shown on the published 1:50 000 map 

(Kazmin and Kulakov 1968). Moreover, the BB25 remanence migrates towards more 

northerly declinations as moderate percentages of untilting are applied. It therefore seems 

more likely that the remagnetisation of this site occurred during the last stages of tilting, 

and does not require an explanation invoking significant rotation relative to the other 

Neogene sites. 
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Figure 6,11: Stereographic projections showing the distribution of site mean directions of 
magnetisation within the sampled Neogene and Palaeogene sedimentary sequences of the Ba6r-
Bassit ophiolite. 
A. Data from Neogene sites are all of normal polarity and cannot be distinguished from the 
Miocene reference direction (white star) prior to tilt correction. 
B. Palaeogene sites are dominantly of normal polarity, except site BB24 (grey shading) where 
samples display both polarities. Directions of all sites are distinctly different from the (Eocene) 
reference direction (black star) suggesting significant rotation after magnetisation. Sites display 
both anticlockwise (4 sites) and clockwise (3 sites) rotations. The magnitude of rotation of the sites 
rotated anticlockwise are statistically indistinguishable, whereas the clockwise rotations are more 
variable. Ellipses = projection of Ogs cones of confidence around site mean remanences. 
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6.4.5 Timing of magnetisation acquisition (tilt tests) 

An inclination-only tilt test was performed on the Neoegene and Palaoegene samples from 

the Baer-Bassit sedimentary cover with results shown in Table 6.4 and Figure 6.12. Data 

from the Palaeogene sites (adopting the normal polarity component at site BB24) display a 

statistically insignificant increase in ic following tilt correction and the full tilt test is 

indeterminate. Stepwise unlilting in 10% steps, however, gives a maximum Ic value at 

50% untilting, constituting a clear syn-tilting result (Enkin and Watson 1996) indicating 

acquisition of remanence during deformation of the sampled succession. Data from the 

Neogene sites display a decrease in Ic following tilt correction suggesting that a post-

tilting magnetisation is held by these rocks. Stepwise untilting in 10% steps gives a 

maximum Ic value at 20% untilting. However, the inclination-only statistics at zero 

untilting are not sufficiently different from those at 20%> untilting to conclusively support a 

syn-tilting age of magnetisation in these sequences and magnetisations are therefore 

interpreted as essentially post-deformational in origin. Remagnetisation of the Palaeogene 

carbonates is likely to have occurred during folding (regional folding occurred in the mid-

Eocene; Al-Riyami et al. 2000). The data from the sub-horizontal Neogene sequences are 

inherently more difficult to interpret, since the distinction between northerly directed 

viscous overprints and unrotated Neogene magnetisations is impossible. 

Number of sites 
included 

Inclination f* Precision 
parameter Ic ^ 

a^s 

Neogene sediments 

In situ 18 119 5.1° 

20% untilting 18 177.3 

Tilt-corrected 18 31.6° 44.8 4.2° 

i Palaeogene sediments 

In situ 7 17.7 

50% untilting 7 40.6 

Tilt-corrected 7 20.1 

Table 6.4: Results of the inclination-only tilt test formulation of Enkin and Watson (1996). 
^ The maximum likelihood estimate of the true mean inclination in degrees. 
^ The Fisher precision parameter. 
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Figure 6.12: Results of inclination-only tilt tests (Enkin and Watson 1996) perfonmed on site 
mean directions of magnetisation from the sedimentary cover of the Ba3r-Bassit ophiolite from: A. 
the sampled Palaeogene sequences, which indicates a syn-folding age of magnetisation with 
maximum clustering at 50% of total untilting; and B. the Neogene sequences, which indicates 
magnetisation acquisition during or after the latest phases of tilting. 
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6.5 Summary of results from Hatav and Baer-Bassit sedimentary covers 

Inclination-only t i l l tests indicate that the magnetisations in the sedimentary sequences of 
the Hatay ophiolite are pre-deformational in origin. The palaeomagnetic results from the 
sedimentary cover of the Hatay ophiolite from both Palaeogene and Neogene sediments 
indicate that only minor rotations have occurred and that the sediments have not 
experienced the larger rotations observed in the underlying ophiolitic units (Figure 6.5). 
Inclination-only tilt tests on the sedimentary cover of the Baer-Bassit ophiolite indicate that 
magnetisations are either syn- (Palaeogene sites) or post- (Neogene sites) deformational in 
origin. The palaeomagnetic results from rocks of Neogene age of the sedimentary cover of 
Baer-Bassit, similarly show that only minor rotations have occurred since these sediments 
were remagnetised (Figure 6.11). The rotations of the older Palaeogene sediments of the 
Baer-Bassil sedimentary cover may be attributed to the effect of Neotectonic strike-slip 
fault systems. The fact that the older sediments analysed from the Hatay sedimentary 
cover do not appear to have been remagnetised alongside the observation that this area is 
not significantly affected by strike-slip faulting lends support to this idea. 

6.6 Discussion 

The new palaeomagnetic data from the Tertiary sedimentary sequences which 

unconformably overlie the Hatay and Baer-Bassit ophiolites are important for 

understanding the timing of the large rotations in the underlying ophiolites (Figure 6.13). 

As these ophiolites are believed to comprise part of the same sheet they are expected to 

have similar pre-emplacemeni histories. These neoautochthonous rocks can only have 

been affected by tectonic rotations that post-dale emplacement of the ophiolite. I f 

sedimentary cover rocks are unrelated or have experienced only minor rotations, the large 

rotations in the underlying ophiolites must have occurred prior to their deposition. 
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Figure 6.13: Tertiary palaeolatitudes for the Bafir-Bassit area predicted from the African 
apparent polar wander path (of Besse and Courtillot 1991), following minor correction for the 
effects of opening of the Red Sea . Thick solid line indicates the palaeolatitude derived from the 
mean inclination of the Palaeogene sites at 50% untilting, together with the associated 95% 
confidence limits (dashed lines). The Inferred mid Eocene timing of remagnetisation of these rocks 
is consistent with the timing of initiation of regional gentle folding in response to initial suturing 
between Arabia and Anatolia to the north. The hiatus refers to a hiatus in sedimentary deposition in 
the Baer-Bassit area. 
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Palaeomagnetic analyses of these sequences, therefore, provide the only means to assess 

the extent of Tertiary rotation(s) of the underlying ophiolitic units, and hence to compare 

the evolution of rotation of the Baer-Bassit and Hatay ophiolites with the well documented 

rotation of the Troodos microplate. 

The data from the sedimentary cover sequences of the Hatay ophiolite, including those 

from the oldest (Palaeocene) sequences, indicate only minor anticlockwise rotation. This 

contrasts with the large anticlockwise rotations observed in the underlying ophiolile, and 

confirms that most (c. 60-70°) of the rotation of the ophiolite occurred either in an intra-

oceanic setting and/or during tectonic emplacement in the Maastrichtian. The significant 

post-emplacement rotations of the Palaogene sedimentary sites of the Baer-Bassit ophiolite 

are attributed to the affect of Neotectonic strike-slip fault systems. Rotations of the 

sedimentary cover of the Hatay ophiolite may be expected to be of smaller magnitude as 

this has been less affected by Neotectonic strike-slip faulting. The more varied and greater 

rotations observed in the southern part of the Baer-Bassit ophiolile (Morris et al. 2002) 

may also partially be explained by these major strike-slip fault systems. 

6.7 Synthesis 

Analysis of palaeomagnetic data from the sedimentary cover of the Hatay ophiolile and 

from results taken from a paper by Kissel el al. (2003) as well as analysis of the Baer-

Bassil sedimentary cover show that the large rotations observed in the underlying ophiolite 

cannot be accounted for by Neotectonic rotations as the rotations experienced by the 

sedimentary covers of Hatay and Baer-Bassit are minor in comparison to those in the 

underlying ophiolites. The implication of this is that the majority of the large rotations of 

the ophiolites are pre-cover in origin. This supports the idea that at least a component of 

the large rotations occurred while the ophioliies comprised part of a coherent microplate. 
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CHAPTER SEVEN 

7. R O C K M A G N E T I C AND SCANNING E L E C T R O N M I C R O S C O P E 

A N A L Y S E S F R O M T H E H A T A Y O P H I O L I T E 

7.1 Introduction to chapter 

The demagnetisation analyses and tilt tests (Chapter Five) indicate that remanent 

magnetisations in the Hatay ophiolite are pre-tilting in origin and therefore have been 

stable throughout a complex tectonic history. To support this result as well as to gain 

further insight into the magnetic characteristics of oceanic cruslal rocks, a series of rock 

magnetic experiments, thin section analyses and scanning electron microscope analyses 

were performed on a cross-section of samples. Initial rock magnetic experiments and thin 

section analyses were performed at the University of Plymouth laboratory and were 

followed by a measurement programme at the Institute for Rock Magnetism (IRM) at the 

University of Minneapolis, U.S.A. The primary magnetic minerals that form in oceanic 

crustal rocks are subsequently affected by seafloor hydrothermal activity and are 

potentially altered by obduction-related processes and by subsequent tectonic events. 

From the positive inclination-only tilt tests it was anticipated that the remanence-carrying 

magnetic minerals would be of pre-deformational origin. The magnetic minerals carrying 

the pre-deformational remanence in the ophiolite are anticipated to be either those 

observed within present day in situ oceanic crust, or an inversion that allows early 

magnetisation to be retained, with potential variations in magnetic mineralogy between the 

different lilhologies sampled. In the Hatay ophiolite, the rocks being studied include most 

levels of the crustal pseudostratigraphy, from the ultramafic cumulates up through the 

gabbros and sheeted dykes to the extrusive rocks. Rock magnetic characteristics are often 

determined from studies of synthetic minerals and where research has been done on in situ 

present day oceanic crust it has tended to be concentrated on the more accessible upper 
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levels, i.e. pillowed and sheet lava flows and sheeted dykes. Prior to describing the rock 

magnetic results from the Hatay ophiolite, a brief description of the magnetic mineralogy 

of mafic igneous rocks and the processes by which magnetic minerals form within oceanic 

crust will be given in order for the terminology used in the description of experimental 

procedures and results to make sense to readers less familiar with rock magnetism. A basic 

description of the major rock magnetic parameters used in determining rock magnetic 

characteristics was given in Chapter Three and wil l not be repeated here. 

7.2 Magnetic minerals in ocean floor rocks 

7.2.1 Magnetic minerals 

Most magnetic minerals are either iron oxides or iron titanium oxides and fall within the 

ternary system T i 0 2 (rutile), FeO (wustite) and FezOs (haematite) (O'Reilly 1984) (Figure 

7.1 A). Magnetite is the most abundant mineral carrying natural remanent magnetisation in 

rocks, and its properties and behaviour have been extensively studied. Magnetite forms a 

cubic spinel structure at temperatures above the Verwey transition (~ 120 K) and so will be 

a cubic spinel at geologically relevant temperatures. A titanomagnetite can be represented 

by the formula Fe3.xTix04 (0 < x < 1). For example, the idealised titanomagnetile to form 

in oceanic crust has the formula Fe2.4Tio.6O4 and is referred to as TM60, (O'Reilly 1984). 

In reality, oxidation and substitution of the Fê "̂  and Fê "*" ions by Al"*" ,̂ Mg^"^ and Mn "̂̂  ions 

result in deviations from this idealised formula. No definitive boundary distinguishes 

between titanomaghemites and non-stoichiometric titanomagnetites. However, 

titanomagnetites that crystallise from the melt and cool from high temperature can only 

maintain a small degree of non-sloichiometry before separating into two end member 

phases of near-magnetite and near-ilmenile (O'Reilly 1984). 
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Figure 7.1: The composition of the magnetic minerals common in oceanic crust and their 
methods of formation (from O'Reilly 1984). 
A. The location of common oceanic magnetic minerals on a temary Ti02-Fe203-FeO diagram. 
B. Possible paths followed by a magnetite of composition Pe^J\S>^ (0 < x < 1) a s magma cools in 
an oceanic environment. Firstly, rapid cooling (path 1) produces a titanomagnetile of composition 
TM60 whereas slow cooling with no oxidation (path 2) would preserve a near-magnetite and near-
ulvospinel phase. Slow cooling with deuteric oxidation above Tc (path 3) preserves a near-
magnetite and near-ilmenite phase. 
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Maghemitisation, occurring at low temperatures, is capable of producing very high levels 

of non-sloichiometry. Both titanomagnetites and titanomaghemites can be described by 

the formula Fe(3.x)RTixRD3(i-R)04, where x now has different limits compared to the formula 

for ideal stoichiometry, 8/(9+x) < R < 1 (stoichiometry) and • are vacancies occurring in 

the cation sites of the structure, Titanomaghemites are produced by oxidation of 

titanomagnelites, either by addition of oxygen or by removal of iron. The degree of 

stoichiomelry is of^en described by the oxidation parameter, z, where z is the fraction of 

initial Fê"** oxidised to Fê "" (0 < z < I ) (O'Reilly 1984). When oxidation occurs by 

addition of oxygen, the addition of (z/2)(l+x)0 will have oxidised a fraction z of the initial 

Fê "̂ , producing an additional z(I+x)Fe^^ (O'Reilly 1984), although a detailed explanation 

of this wil l not be presented in this thesis. 

7.2.2 Formation processes of the magnetic minerals in oceanic crust 

The magnetic minerals in oceanic crust depend on variables such as the composition and 

cooling rate of the magma (Figure 7.IB). Both titanomagnetiles and lilanohematites 

crystallise at around 1300°C and are early in the crystallisation sequences of igneous rocks 

(Butler 1992). Rapidly cooled oceanic rocks (such as pillow basalts) often contain 

litanomagnetites with skeletal crystalline habits that are smaller than 1 ^m, whereas grain 

sizes in more slowly cooled igneous rocks can exceed 100 [im (Butler 1992). For a 

basaltic magma there are various theoretical paths that produce different magnetic minerals 

depending on variables such as magma composition and cooling rate. Total FeTi content 

of basalts is typically around 5% by volume, with approximately equal parts of 

titanomagnetite and titanohematile (Butler 1992). In a 'typical' basalt the litanomagnetite 

composition lies in the range 0.5 < x < 0.8 (O'Reilly 1984). Primary titanohematite will 

generally have a composition in the range 0,8 < x < 0.95 i.e. almost pure ilmenite and will 
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be paramagnetic under ambient surface conditions. Below, is an explanation of how 

possible rock magnetic carriers may form. 

Magnetite or titanomagnetite are the primary magnetic minerals with any composition 

between magnetite and ulvospinel possible at high temperature. Below the solvus, 

intermediate compositions are unstable, but very rapid cooling of submarine basalts 

preserves titanomagnetite with intermediate titanium composition (TM60) and magnetic 

grains will generally be skeletal in texture. TM60 is therefore expected to be found in 

extrusive rocks such as basaltic pillow lavas. 

Slower cooling with deuteric oxidation above the Curie temperature preserves an 

exsolution texture of near-ilmenite and near-magnetite lamellae (O'Reilly 1984) and is 

thought to occur at temperatures above around 750°C (Butler, 1992). Titanomagnetite has 

an irregular distribution of Fe*'"*" and Fê ^ on A sites and some B sites have Fe-*"̂  and Fe^^ 

and others have Ti''^. Exsolution is where at temperatures above the Curie temperature 

(To) the iron and titanium diffuse into regions of regular cationic arrangement and the 

cubic symmetry of the initial titanomagnetite is preserved. In nature, magnetite-ulvospinel 

intergrowths are uncommon, as usually litanomagnetite is oxidised in the melt by deuteric 

oxidation or oxyexsolution which results in an intergrowth of phases of near-magnetite and 

near-ilmenite. More of the magnetite phase is produced by oxyexsolution than by normal 

exsolution. Exsolution significantly reduces the effective magnetic grain size, with a large 

grain of homogenous composition transformed into fme-grained Ti-poor titanomagnetite 

in-between regions of Ti-rich paramagnetic titanomagnetite i.e. large unstable M D 

titanomagnetites are subdivided to produce stable SD magnetites. 

Low temperature oxidation of (titano)magnetite forms (titano)maghemite with a cubic 

spinel structure like magnetite but the overall chemical formula of hematite. 
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Maghemitisation can also result from slow cooling below about 400°C or by mild 

reheating in an oxidising environment. Maghemite contains vacancies in the spinel laUice. 

In the submarine environment, maghemitisation usually proceeds by leaching of iron by 

seawater. At room temperature magnetite has an unusually high electrical conductivity for 

an oxide mineral which occurs because electrons are continuously hopping between the 

Fe"** and Fê ^ cations in the octahedral sublattice giving an average valency of 2.5 to the B 

site cations. These electrons are therefore mobile and may contribute towards the process 

o f maghemitisation (O'Reilly 1984). At a crystal surface, locally mobile electrons may 

momentarily accumulate in sufficient numbers on an Fê"*" or Fe^^ cation to make it 

momentarily neutral i.e. it attains the atomic form Fe. The atom is then no longer 

chemically bound and can be leached away by seawater or pore fluids. Electrons have 

been lost to the system and diffusion within the grain and change of valency of some 

electrons is required to bring about homogeneity. Numbers of Fe"*̂  cations therefore 

increase at the expense of Fê ^ cations to allow more free electrons to take part in bonding 

and so the loss of one electron requires the loss of 3 Fe^^ cations and the gain of 2 Fe"*"*" 

cations. Fê ^ cations diffuse to the surface which allows the process to continue, leaving 

vacancies or gaps in the lattice structure in their original position. The position of oxygen 

atoms within the structure is unchanged and the lattice retains the spinel structure. 

Oxidation of magnetite to maghemite reduces the size of a unit cell as Fe^^ cations are lost 

and so the crystal shrinks and cracks during maghemitisation. Remanence remains 

unchanged during this process as none of the Fe"*"̂  cations in A sites have been affected and 

when B site Fê ^ cations change to Fe"*̂  their atomic dipoles are locked in through 

exchange interaction to the orientation of the primary A site Fe"*"*". Pillow lavas and the 

upper portions of lava flows are more susceptible to maghemitisation due to their higher 

porosity and permeability compared to the interior of lava flows. Interstitial glass can 

protect titanomagnetite grains from the maghemitisation process. 
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Maghemite is metastable and inverts to hematite at temperatures of between 350 to 750°C, 

depending on grain size, oxidation and impurities. This phase transition involves no 

chemical change but a change in crystal structure from cubic spinel to rhombohedral with 

only a small displacement of atoms. This reorganisation removes a remanence preserved 

in the maghemite prior to its inversion to hematite. Maghemite can alter to magnetite 

during subsequent low-temperature inversion (O'Reilly 1984). 

Other minerals can also undergo alteration during the cooling of an igneous body to 

produce magnetic minerals. Primary ilmenite wil l deulerically oxidise in the same manner 

as the ilmenite component of a deuterically oxidised titanomagnelite during the later stages 

(O'Reilly 1984), with haematite or a near-haematite member of the ilmenite-haematile 

series resulting alongside Ti02 and maybe Fe2Ti05. Iron-bearing silicates such as olivines 

and pyroxenes are susceptible to deuteric oxidation during the cooling of an igneous body 

(O'Reilly 1984). Iron oxides and oxyhydroxides can be produced during low-temperature 

alteration of silicates during the processes of serpentinisation and iddingitisation (O'Reilly 

1984). These exsolved magnetic minerals generally comprise only a small proportion of 

the rock, although they tend to be fine grained and as such can be effective palaeomagnetic 

recorders (Butler 1992). 

To summarise, major magnetic mineral sources that may carry the pre-deformational 

remanences preserved in the ophiolite are: 

• Primary titanomagnetite (TM60) 

• Titanomaghemite formed by low-temperature oxidation of TM60 

• Magnetite formed during exsolution or by subsequent low-temperature inversion of 

titanomaghemite. 

o Primary magnetite as inclusions in other minerals e.g. within silicates in gabbroic 

rocks. 
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7.3 Rock magnetic experiments 

7,3.1 Overview of experiments 

Rock magnetic analyses are an effective method for distinguishing between magnetic 

minerals, and include experiments such as hysteresis measurements, identifying low 

temperature inversions and Curie point determinations. Use of a combination of rock 

magnetic parameters is generally required due to non-uniqueness i f only one parameter is 

known. Many experiments have been done on both synthetic and natural magnetic 

minerals and deciding on the detailed characteristics of the magnetic mineralogy of a 

sample can be a matter of comparing results to the established database of previous results. 

Theoretical predictions of results are not necessarily sufficiently constrained to use alone, 

without reference to experimental results. For instance, the temperature at which the 

Verwey transition occurs is well known for stoichiometric magnetite, but differences in the 

shape of field cooled and zero field cooled warming curves are generally compared to 

experimental results from synthetic samples with known compositions. Rock magnetic 

experiments can be non-destructive and low temperature experiments and hysteresis 

measurements have the advantage that these approaches also avoid permanent chemical 

changes, whereas heating specimens can introduce mineralogical changes. The aim of the 

rock magnetic experiments is to distinguish the magnetic composition and grain size 

distributions and any variations of these properties between lithologies in order to establish 

the stability of the magnetic signal and the timing of its acquisition. 

The rock magnetic experiments that were carried out to find out the magnetic carriers of 

the rocks sampled for this thesis are described in Table 7.1 :-
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Experiment No. 
Samples 
measured 

Equipment Laboratory 
facility 
used 

Description of Measurements 

Hysteresis 
loops 

135 
(2 per site) 

Princeton Applied 
Research 
Vibrating Sample 
Magnetometer 
(VSM) 

IRM Loop; Saturation remanent 
magnetisation (Mrs); 
Coercivity of remanence (Her) 

Acquisition of 
isothermal 
remanent 
magnetisation 
(IRM) 
analyses 

63 
(1 per site) 

Molspin Pulse 
Magnetometer; 
Molspin fluxgate 
spinner 
magnetometer 

University 
of 
Plymouth 

IRM acquisition curve of 
remanent magnetisation against 
field 

Curie point 
(Tc) 
determinations 

(i) 51 
powdered 
samples 
(ii) 5 
samples 

(i) Princeton 
Measurements 
Micro Vibrating 
Sample 
Magnetometer 
(MicroVSM)(ii) 
AGICO KLY3 
Kappabridge with 
a fumace 

(i)IRM 
(ii) 
University 
of 
Plymouth 

(i) Magnetic moment against 
temperature 
(ii) Susceptibility against 
temperature to corroborate and 
add detail to a few of the 
measurements performed at the 
IRM 

Low 
temperature 
experiments 

(i) 54 
powdered 
samples 
(ii) 5 
selected 
samples 

Quantum Design 
Magnetic Property 
Measurement 
System (MPMS) 

IRM Thermomagnelic curves 
(i) cooling room temperature 
(RT) SIRM acquired in 2.5T 
field from 300-1 OK, and 
warming a low temperature 
(LT) SIRM acquired in 2.5T 
Held from 10-300K 
(ii) cooling and warming curves 
of RT SIRM and cooling curve 
both in field (FC) and in zero 
field (ZFC) 

Alternating 
current (AC) 
susceptibility 
as a function 
of frequency 

8 samples MPMS and the 
Lakeshore AC 
Susceptometer 

IRM In-phase and out-of-phase 
susceptibility against frequency 

Standard AF 
demag
netisation 
procedures 

6-12 
samples 
per site 

AF tumbling 
demagnetise^ 
Molspin fluxgate 
spinner 
magnetometer 

University 
of 
Plymouth 

Information on median 
destructive fields (MDFs) gives 
indication of coercivity and 
corroborates results from 
hysteresis and IRM acquisition 
experiments 

Standard 
thermal 
demag
netisation 
procedures 

Al least 1, 
usually 2 
samples 
per site 

Fumace; Molspin 
fluxgale spinner 
magnetometer 

University 
of 
Plymouth 

Information on unblocking 
characteristics of NRM 

Table 7,1: The rock magnetic experimenls carried out in the University of Plymouth and the Institute for 
Rock Magnetism (IRM). 

240 



7.3.2 Hysteresis of magnetic minerals 

The path of magnetisation in a sample as a function of the applied magnetic field is 

referred to as a hysteresis loop. Hysteresis experiments measure the magnetisation of a 

sample in field, with diagnostic points being the saturation magnetisation (Ms), field at 

which saturation magnetisation is reached and coercivity (He) as well as the shape of the 

curve. The Princeton Applied Research VSM enables saturation of remanent 

magnetisation (M^) and coercivity of remanence (Her) to be measured in addition to the 

parameters measured in field. 

Hysteresis parameters are commonly presented on a Day plot (Day et al. 1977), which 

plots the ratio of saturation remanence to saturation magnetisation, M^/Ms, against the 

ratio of remanent coercive force to coercive force, Hcr/Hc. The magnetisation ratio is 

generally accepted to have more discriminating power than the coercivity ratio (Dunlop 

and Ozdemir, 1997). This plot is used to discriminate magnetic domain state and is 

divided up into regions of different magnetic domain sizes: single domain (SD); pseudo-

single-domain (PSD); multidomain (MD). This plot is not definitive in terms of domain 

slate, which can be affected by such variables as composition and internal stress introduced 

in sample preparation (Dunlop 2002). For example, the PSD trend for TM60 is narrower 

and occupies a different region in the Day plot from the PSD trend for magnetite (Dunlop 

2002). 
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Domain state Hcr/Hc Mrs/Ms 
M D High 

Boundary > 5.0^ o r - 4 ^ 
Low 
Boundary < 0.02"^ or 0.05^ 

PSD Medium (between SD and 
M D regions) 

Medium (between SD and 
M D regions) 

S D Low 
Boundary < 2.0^ o r - 1 ^ 

High 
Boundary > 0.5^^ 

SP (if present) Higher than expected: 
measured coercive force is 
lowered by SP grains 

Lower than expected: 
Ms is raised by SP grains 

Tabic 7.2: The division of magnetic minerals into domain state using Hcr/Hc and Mrs/Ms ratios to aid 
diagnosis. The table indicates whether the ratios are high or low for each domain state and displays the values 
commonly assigned to the boundaries between fields on the Day plot. Due to the number of parameters that 
have been found to affect the value of these ratios they are used as a guide rather than a definitive boundary 
and thus boundaries between fields on a Day plot are not definitive and different values have been suggested 
by different authors. 
^ Recent values for the field boundaries (Dunlop 2002). 
^ Conventional values for the field boundaries (Day et al. 1977; Dunlop and Ozdemir 1997). 

One hundred and twenty three standard palaeomagnetic cores were measured on the 

Princeton Measurements V S M with the pole pieces set wide enough apart for the sample to 

fi t between them. The absolute value of magnetisation is not entirely accurate due to the 

machine being designed to measure point dipoies rather than whole rock specimens. 

However, the measured value of Ms and Mrs wi l l give a good indication of the correct 

value and the ratios Mrs/Mg wil l not be affected. The magnetic field of the VSM ranges 

from 0 T to 1.6 T with a sensitivity of 2 x 10'̂  Am^. For 63 cores with higher intensities 

the range of the equipment was insufficient to measure the magnetisation. For these cores, 

a Times Ten' device (designed by Jim Marvin) was attached to the machine output in 

order for the magnetisation to be recorded. Six of the pillow lavas thai were sampled using 

the 'cork method' were measured in the VSM, subsequent to being cut down to a cube of 

similar size to a standard palaeomagnetic core. Six sediment samples were also measured 

(results discussed in Chapter Six). 

In rare cases, a sample did not contain a high enough quantity of ferromagnetic minerals to 

measure the hysteresis parameters and the magnetic fraction in the sample appeared to be 

composed primarily of paramagnetic minerals. 
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7.3.3 Acquisition of isothermal remanent magnetisation (IRM) analyses 

Isothermal remanent magnetisation (IRM) experiments measure the remanent 

magnetisation (out of field) remaining in a sample following exposure to a magnetic field. 

The shape of the acquisition curve can indicate the magnetic mineralogy; for instance 

magnetite saturates by around 300 mT whereas haematite does not saturate until over 1 T. 

The return path can also be measured, enabling coercivity of remanence or backfield 

coercivity (Her) to be found. IRM demagnetisation data may not be representative of the 

original carriers of natural remanence because when the specimen is exposed to the direct 

field, all grains capable of being magnetised wil l become magnetised in this direction, even 

though some of these grains may not have contributed to the net remanence. IRM analyses 

therefore involve potential carriers of NRM rather than necessarily being limited to those 

grains that actually carry the remanence. 

IRM experiments involve the use of a pulse magnetometer and a Molspin spinner 

magnetometer. The sample needs to be completely demagnetised initially and so IRM 

analyses are usually carried out subsequent to standard demagnetisation procedures. The 

sample is subjected to a unidirectional magnetic pulse, imparted along the z axis of the 

specimen, and this is increased in steps, with measurement of the remanent magnetisation 

(out of field) made subsequent to each step. Following the maximum applied field, which 

is 800 mT for the equipment in the University of Plymouth laboratory, the experiment may 

be repeated with fields applied in the opposite direction (sample turned upside down). 

This procedure results in forward and backfield IRM acquisition curves with the shape of 

the forward curve indicative of the magnetic mineralogy and the backfield curve defining 

the coercivity of remanence. 
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Some IRM acquisition curves were also measured on the MicroVSM at the University of 

Minneapolis in order to check consistency with the larger number of IRM curves obtained 

from earlier measurements at the University of Plymouth laboratory. 

7.3.4 Curie point determinations 

The Curie temperature (Tc) is indicative of mineralogy, although care must be taken due to 

non-uniqueness of Tcs (Table 7.3). Diagnostic features of high temperature experiments 

are temperatures at which changes in susceptibility/magnetisation are observed, for 

instance a sharp decrease corresponding to the Curie temperature, or mineralogical 

transformations during heating. 

Compositiofi/ process 
Magnetite - 5 9 0 ° C 
Haematite esô c 
Addition of titanium T c lowered 
TM60 --MO^C 
Maghemite" 640°C 
Maghemitisation" Tc raised 

Tabic 7,3: The Curie temperatures for the main magnetic minerals and the effect of the addition of 
titanium and of maghemitisation processes. 
^ Published data for Curie points can be variable depending on factors such as measurement procedures as 
well as differences due to exact compositions. 
^ Measurement of Tc can be difficult due to the conversion of maghemite to haematite below this 
temperature at around 300 to 400°C (estimates of different authors vary). 

Single domain grains can be diagnosed i f there is evidence of a 'Hopkinson Peak' where 

an increase in magnetisation/susceptibility is observed immediately prior to the Curie point 

due to unblocking of the magnetisation due to the SD grains reaching their narrow 

spectrum of unblocking temperatures (TB) just prior to reaching Tc- The relationship 

between Tc and oxidation degree (z) and for different compositions of Ti content (x) can 

be plotted as calibration curves (Nishitani and Kono 1983). Alteration of the magnetic 

minerals shows up as a discrepancy between the heating and cooling curves. More than 

one component to the curve suggests either the existence of two minerals or different 
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compositions of the same mineral with different Tcs or the inversion of one mineral to 

another during heating. Curie points were determined by using the tangential intersection 

method i.e. a tangent was constructed either side of the area of the curve with the highest 

gradient with the intersection point of the two tangents giving the temperature of interest. 

Natural samples may show a range of Curie temperatures and so the effective Curie 

temperature has been taken to be the point at which the rate of decrease of magnetisation or 

susceptibility was maximum. 

The MicroVSM with furnace attachment was used to measure samples with measurements 

taken every 1°C between 20°C and 700°C, measuring the induced moment versus 

temperature in a 250 mT field. The 250 mT field was expected to saturate all except the 

highest coercivity minerals. I f haematite is present and not saturated, the resultant 

temperature of Tc could be affected slightly. The value for the appropriate field strength to 

use was obtained by analysis of hysteresis loops prior to measurement o f Tc. Hysteresis 

loops were obtained both prior to and subsequent to the measurement o f Tc in order for 

any mineralogical changes to be identified. 

Analyses measuring the variation of either magnetisation or susceptibility with temperature 

should give identical results, although various authors have reported some discrepancies. 

It is possible for the thermocouple in the furnace of the Micro Vibrating Sample 

Magnetometer (VSM) to be easily nudged slightly out of position due to its high 

sensitivity. This produces results that will plot curves at slightly higher or lower 

temperatures than the real temperatures, out by a small consistent factor. This is easy to 

correct for by measurement of a standard sample in the MicroVSM or by a corroborating 

measurement carried out plotting susceptibility against temperature using a Kappabridge. 

A number of specimens measured for this thesis suffered from such a misalignment of the 

thermocouple in the VSM and were accurately corrected by repeating measurements of 
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selected samples using the University of Plymouth ICLY3 Kappabri'dge system. For 

example, sample CD0605 had a Tc of 615°C measured using the MicroVSM and 595°C 

measured using the Kappabridge (similarly 350°C and 330°C respectively for the lower 

temperature component). This result, in conjunction with the other checks implies that the 

thermocouple misalignment of the VSM produced an overestimate of 20°C. One cumulate 

sample (ICC0107) and one lava sample (ML0106) were dominated by paramagnetic 

minerals resulting in a noisy high temperature curve. 

7.3.5 Low temperature experiments: the Venvey transition 

Low temperature experiments enable any low temperature transitions occurring in the 

magnetic minerals to be observed. The transition that is particularly expected from oceanic 

crustal rocks is the Verwey transition, which is diagnostic of magnetite. The precise 

temperature and nature of the transition is affected by the amount of titanium in the sample 

as well as by oxidation and the degree of recovery of magnetisation through the transition 

is affected by the size of the magnetic grains. So, the transition is sensitive to the effects of 

non-stoichiometry, cation substitution and grain size (Muxworthy and McClelland, 2000). 

The Morin transition occurs at around 250 IC due to the loss of spin canting in haematite on 

cooling below room temperature and magnetisation decreases across the transition. 

The Verwey transition (Tv) occurs in magnetite (Verwey 1939) due to the transformation 

of magnetite from a cubic structure to a lower symmetry, probably monoclinic structure 

(e.g. Ozdemir et al. 1993). Magnetite also has a magnetic isotropic point (T;) at around 

130 K (Kakol and Honig 1989). At the isotropic point, the first order magnetocrystalline 

anisotropy constant becomes zero as it changes sign and the easy directions of 

magnetisation change their orientation (Moskowitz et al. 1998). These transitions produce 

a distinctive magnetic signature in both remanence and magnetic susceptibility. 
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Remanence above or below Tv or Tj wil l be partially demagnetised on cycling through 

these transitions. Magnetic susceptibility is at a maximum at Tj , where the anisotropy 

energy is a minimum and susceptibility drops rapidly below Tv (Moskowitz et al. 1998). 

The exact controls on the transformation of remanence across the cubic-monoclinic phase 

transition remain unclear (Ozdemir et al., 2002). 

Composition Venvey transition 
Sythetic stoichiometric magnetite 120 K 
Natural magnetite samples Often-110 to below 100 K 
Small degrees of non-stoichiomelry (z < 0.05) Lowered to < 100 K (T; not affected) 
Higher degrees of non-stoichiometry (z > 0.1) 
e.g. produced by low-temperature 
maghemitisation 

Transition smeared out in submicron-sized 
particles (eventually suppressed at z > 0.3) 
(Ozdemir etal. 1993) 

Increasing titanium content Transition becomes smeared out and is not 
observed for compositions x > 0.4 (Kako! et al. 
1991) 

Table 7.4: The temperature and nature of the Verwey transition for various magnetic mineral 
compositions. 

The variation of remanence over the Verwey transition depends on the temperature at 

which the remanence was produced and the direction in which Tv is approached (Ozdemir 

et al. 2002). Therefore, low temperature experiments ideally approach the transition from 

both directions. The behaviour of magnetite on crossing the transition is dependent on 

grain size. An SIRM acquired at room temperature (RT SIRM) shows a gradual decrease 

in magnetisation on cooling to Tv, by amounts that increase as grain size increases 

(Ozdemir et al., 2002), but an SIRM acquired at low temperature (LT SIRM) scarcely 

changes with heating until Tv is reached and the curves are grain size independent. For 

both submicron and millimelric grains of magnetite, i f SIRM is imparted into the 

monoclinic phase and Tv is approached from below, the shape of the curves is almost 

independent of grain size, except for the memories (recovery of remanence following re-

cooling/warming), whereas i f a room temperature SIRM is imparted to the cubic phase, the 

memories and shapes of the curves are strongly dependent on both domain slate and grain 

size (Ozdemir et al. 2002). For magnetite with a low temperature SIRM warmed through 
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Tv, demagnetisation at Tv is almost total and the isotropic point Tj is unimportant, whereas 

for magnetite with room temperature SIRM cooled through the transition, Tj and Ty both 

play a role in the demagnetisation mechanism (Ozdemir et al. 2002). The reason for these 

differences is due to the different domain structures above and below Tv; below Tv, spins 

lie along a single axis whereas above Tv, spins have a choice of six or eight easy directions 

(Ozdemir et al. 2002). Spins during a change from cubic to monoclinic symmetry 

therefore have a possibility of realigning to only two directions whereas on warming 

through the transition from a monoclinic symmetry, spins may realign to any of eight easy 

directions, resulting in a greater destruction of remanence across the transition. 

The Morin transition in haematite occurs at 260 K (-15°C) in pure haematite due to a 

change in orientation of the antiferromagnetic spin structure, with haematite displaying 

spin canting at room temperature. The temperature at which the transition takes place 

varies with both composition and grain size (O'Reilly 1984). The transition temperature 

falls as grain size is reduced and the introduction of other species of cations also usually 

lowers the transition (O'Reilly 1984). The Morin transition is more evident on cooling 

subsequent to imparting a RT SIRM than on warming subsequent to imparting a LT SIRM. 

Samples cooled and warmed in zero fields can behave differently, with the nature of the 

differences influenced by grain size. Experiments measuring behaviour on warming 

following cooling of a RT SIRM in both zero field (ZFC) and in field (FC) can aid 

diagnosis of rock magnetic characteristics. For example, the percentage recovery of 

remanence during cooling and warming a RT SIRM in zero field is an indicator of grain 

size in magnetite; ranging from 86% for synthetic 0.037 ^m magnetite crystals to 55% for 

0.22 | im magnetite crystals (SD/SP at room temperature) (Ozdemir et al. 2002). The loss 

of remanence cooling from room temperature to Tv is also a grain size indicator, ranging 

from 5% for 0.037 ^im to 35% for 0.22 ^m grains (Ozdemir et al. 2002). 
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Standard low temperature experiments measure one cycle of a RT SIRM through Tv and 

one cycle of a LT SIRM through Ty so the magnetisation of the sample is measured 

approaching Tv from both directions following the imparting of a saturation magnetisation 

to the sample. This standard low temperature experiment was used in this thesis for most 

samples (described earlier) and is referred to as a RT-LT SIRM cooling-warming cycle or 

temperature sweep. Longer experiments were carried out on selected samples to allow 

more information to be gained regarding the magnetic characteristics of a sample crossing 

Tv. Longer experiments for this study measured warming curves of a sample in zero field 

following cooling both in (FC) and out of field (ZFC) followed by measurement of a RT 

SIRM cooled and re-warmed in a zero field. The resultant FC and ZFC curves were 

compared to those of synthetic magnetites of known composition, and the percentage 

recovery of remanence (magnetic memory) found from the cooling and warming curves of 

the RT SIRM was used as an indication of grain size. 

Low temperature experiments were carried out using the Quantum Designs MPMS2 at the 

IRM which has a temperature range of 2.1 to 300 K and a magnetic field ranging from 0 to 

5 T and a sensitivity of 1 x 10'" Am^. The lowest temperature used for samples from this 

study was 10 K as, for temperatures below this, the machine requires a long time period to 

equilibrate and it was unnecessary to perform measurements al such low temperatures for 

the purposes of this study. 

Figure 7.2 displays LT SIRM curves for synthetic titanomagnelites with varying titanium 

concentrations, showing the ^smearing out' of the transition with higher concentrations 

(e.g. TM60). 
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Diagram from the IRM Rock magnetic bestiary (www.imn.umn.edu/bestiary) 
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Figure 7,2: LT SIRM curves for synthetic titanomagnetites with varying titanium concentrations 
that can be used for comparison with the natural samples measured for this thesis. 
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7.3.6 Alternating current (AC) susceptibility measurements 

Alternating current (AC) susceptibility measurements at either different frequencies or 

different field strengths can be useful in characterising magnetic minerals. AC 

susceptibility experiments involve superimposing a small AC field on a DC field and 

measurement of the resulting AC moment. The induced sample moment is time-dependent 

and so AC measurements can yield information about magnetisation dynamics that are not 

obtained by DC measurements. There is an in phase (k ' ) and an out of phase or quadrature 

(k" ) component of these measurements. 

For this study, frequency dependent susceptibility curves were measured for selected 

samples with the field held constant. Differences between the susceptibility of a sample 

measured at different frequencies are produced by several methods, with two of particular 

significance for geological samples: viscous decay wi l l result in a constant difference with 

the higher frequency generally lagging behind, and the effect of low temperature/weak 

field hysteresis loops wil l result in variable differences observed between frequencies. 

Viscous decay will produce frequency dependency in both in phase and out of phase 

components, whereas low temperature hysteresis wi l l only introduce frequency 

dependency to the out of phase signal. The Verwey transition can be picked out in the in 

phase AC susceptibility measurements by a change in susceptibility. In stoichiometric 

magnetite, the out of phase susceptibility also shows a singularity across the transition (e.g. 

Skumryev et al. 1999) for millimetric size crystals, although temperature variation of k " 

has not been reported for synthetic fine-grained magnetites or for the magnetites of natural 

samples (Kostervov 2001). The in phase graph in haematite is strongly dependent on grain 

size, with larger grains showing a higher increase in susceptibility around the Morin 

transition than smaller grains, with the increase disappearing for the finest grains. 
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The AC susceptibility measurements for this study were carried out at the IRM using the 

Quantum Designs MPMS at three different frequencies and the Lakeshore AC 

susceptometer at five different frequencies. 

7.3.7 Sample preparation 

The sample preparation for rock magnetic experiments depends on the exact experiment 

being carried out. The rock magnetic results from standard demagnetisation procedures as 

well as for the IRM analyses and the majority of the hysteresis measurements used 

standard 2.5 cm diameter whole rock cores. Some hysteresis measurements were carried 

out using the MicroVSM as part of the high temperature experiments and samples for these 

were prepared as for the high temperature experiments (see below). 

For the Curie point determinations and the low temperature experiments, samples were 

measured in powder form. Powder was produced by using a pestle and mortar to crush a 

small rock chip into powder. The sample probe of the furnace of the MicroVSM can only 

take samples weighing a few tens of milligrams. 

For high temperature experiments using the MicroVSM, cements were made from the 

powders and attached to a specially designed ceramic sample holder. The cement was 

made by mixing a small quantity of the powdered sample with a few drops of 'cement 

liquid' in roughly equal proportions before leaving to set on the sample holder ovemight. 

Alternatively, the process can be hastened by heating the cement paste to 100°C in a 

fumace, although must be done with caution due to the potential for mineralogical changes 

to occur even during heating to this low temperature. Only two test samples for this thesis 

were heated to I0O°C, and avoided for all subsequent samples to ascertain mineralogical 

changes did not occur, although in the test samples no difference in results was observed 
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between the heated samples and unhealed samples that had been left to cool overnight. For 

high temperature experiments using the KLY3, a few centimetres of powder was added to 

a test tube which was then filled with argon gas to minimise the possibility of 

mineralogical changes due to oxidation, before being attached to the furnace of the ICLY3, 

The powders for the low temperature experiments were used to fill 2 cm glycerin 

medical/pill capsules which were then inserted into a straw in the correct position for the 

MPMS equipment to measure accurately. 

7.4 Rock magnetic results and discussion 

The rock magnetic characteristics of the ophiolite wi l l be discussed in sections 

corresponding to crustal level as differences in magnetic mineralogy for the different 

lithologies are possible. These sections are most simply from deepest to shallowest: 

cumulate gabbros; sheeted dykes, and extrusives. The rock magnetic results from the 

gabbros samples that were taken from gabbro screens located at the base of the SDC have 

been included with the cumulate gabbro section. The initial results from the experiments 

carried out at the University of Plymouth will however be discussed first. Figures 7.3 to 

7.6 show the results for representative samples for the rock magnetic experiments and wil l 

be referred to in the following sections. 

7.4.1 Preliminary rock magnetic results from the University of Plymouth 

The rock magnetic experiments and demagnetisation procedures carried out in the 

University of Plymouth laboratory prior to the more comprehensive measurements at the 

IRM enabled an initial diagnosis of the rock magnetic carriers to be made. 
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Figure 7.4: Representative low temperature curves for each lithology, showing the Venwey 
transition (where present). 
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Analyses of the acquisition of isothermal remanent magnetisation for at least one sample 

per site indicated a dominance of low coercivities for all samples. Saturation 

magnetisations were reached by around 200 mT, consistent with the presence of low 

coercivity magnetite. Stepwise thermal demagnetisation of natural remanences indicated 

differences in unblocking temperatures ( T B ) between lithologies. The deeper levels 

(gabbros and cumulate gabbros) had unblocking temperatures near SSCC suggesting the 

presence of Ti-poor magnetite. Unblocking temperatures for the pillow lavas were 

generally lower, suggesting a higher titanium content. More variable T B S were observed 

for the SDC with a maximum Tg of 560-580°C, but also in some samples a lower 

temperature component was observed to unblock at 350-400°C. Altemating field 

demagnetisation characteristics were consistent with the presence of both MD to SSD 

grains with median destructive fields ranging from 5 mT to >40 mT. 

7.4.2 Cumulate gabbros and isotropic gabbros 

Curie points in the cumulate gabbros and isotropic gabbros are generally higher than in the 

sheeted dykes and extrusives. Tcs in the isotropic gabbros are on average around 590°C 

which is consistent with the Tc of Ti-poor magnetite. Heating and cooling curves are 

generally reversible (Figure 7.3A-B); all curves in the isotropic gabbros are reversible and 

no curves display two components. However, two curves for the cumulate gabbros have a 

second component at temperatures 370°C and 390°C. The non-reversible curves in the 

cumulate gabbros show variation between those where the magnetisation of the cooling 

curve is greater than that of the wanning curve and those where the opposite applies. 

Low temperature experiments were carried out for four isotropic gabbro samples and 11 

cumulate gabbro samples. The Verwey transition occurred at around 110 K in the majority 

of samples, and can be seen in both heating and cooling curves (Figure 7.4A-B). The step 
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was smeared out in some of the cumulate gabbro samples (e.g. KC0107) which suggests 

that the magnetite in these may have undergone some oxidation. The smearing will not be 

due to the addition of titanium in this case as the high temperature experiments show Curie 

points around 590°C which are too high for anything other than a Ti-poor magnetite/pure 

magnetite. Some of the cumulate gabbro samples (e.g. JC0103) display curves that are 

typical of magnetite and their curves are not smeared out. A few samples in the cumulate 

gabbros have cooling curves that display an initial gradual increase from 300 K 

downwards to less than 200K.. This increase can be explained by the presence of 

titanomagnetites that lose ordering near room temperature, and as such do not contribute to 

the natural magnetic remanence. A similar feature is observed in a few samples from the 

extrusive sequences, but is not observed in any of the sheeted dyke or cumulate gabbro 

samples. FC and ZFC warming curves for the cumulate sample ICC0IO7 display little 

difference and the recovery of remanence on rewarming through Tv is around 70%. AC 

susceptibility experiments show evidence for Tv in the cumulate gabbro samples; for 

example sample JC0103 shows Tv very clearly. 

The gabbros have heating and cooling curves that are typical of magnetite, with no 

smearing out of the transition. The longer experiment carried out on gabbro sample 

KG0304 that determined both the heating and cooling curves of RT SIRM shows a low 

recovery of remanence following the second transition through Tv (second memory), 

which suggests the presence of MD grains. Remanence recovery for this sample is around 

50%. The FC cooled warming curve plots above the ZFC warming curve which is a 

feature observed for synthetic MD magnetites. The AC susceptibility curve for gabbro 

sample KG0205 shows evidence for Tv around 110 K suggesting the presence of magnetite 

or Ti-poor lilanomagnetite. 
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A slight decrease in magnetisation is observed on the cooling curves for three of the 

cumulate gabbro and isotropic gabbro samples, at temperatures between 200 to 250°, 

which corresponds to the loss of spin canting in haematite as the samples are cooled below 

room temperature. 

Hysteresis parameters for the gabbroic samples plot in the PSD region on a Day plot 

(Figure 7.5). Points lie in a rough line with M^/Ms ratios inversely proportional to Hc/Hc 

ratios. Average coercivity of remanence for the 30 cumulate gabbro and gabbro samples 

measured combined is 29.5 mT, consistent with PSD magnetite/Ti-poor titanomagnetite. 

7.4.3 Sheeted dykes 

Tcs are consistent with the presence of Ti-poor magnetite with a mean Tc value of 590°C 

and heating and cooling curves are reversible for the majority of samples. Several samples 

show evidence for two components (Figure 7.3C). Three curves show clear evidence for a 

lower temperature component and five curves show a slight decrease in magnetisation at a 

lower temperature: all of these components occur between 335 and 400° with an average of 

365°C. For the three non-reversible samples (of the 19 samples measured in total), 

excluding those displaying two components, the cooling curves showed a slight increase in 

magnetisation, suggesting the possibility of a mineralogical change during healing. 

Low temperature experiments were carried out on 27 dyke samples, with FC and ZFC 

curves measured for one sample. The Verwey transition occurred at around 100 to 110 K 

in most samples and could be observed on both warming and cooling curves (Figure 7.4C). 

Fourteen samples showed a very slight 'bump' on the cooling curve between 200 and 

250°C due to the presence of a small amount of haematite causing magnetisation to 

decrease as spin canting is lost. The amount of haematite is likely to be small due to the 
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absence of this bump in the majority of samples and the fact that it is extremely shght in 

those samples where it is observed, although it should be noted that the Morin transition 

can be absent from finer grained haematite grains. In a very few samples, the warming 

curve showed a continuous decrease beginning at 10 K and continuing until temperatures 

just above the Verwey transition, rather than a sharper decrease over the transition. 

However, the cooling curves for these samples show the Verwey transition clearly and the 

warming curve trends are interpreted to be due to the effect of a small amount of 

superparamagnetic minerals causing an initial decrease in moment and so disguising the 

decrease due to the Verwey transition in the larger grain sizes of the titanomagnetites. 

Field cooled and zero field cooled warming curves for sample CD0605 are very similar. 

There is a loss of memory on rewanming through the Verwey transition, which indicates 

grain sizes larger than SD for the sample measured, although the recovery is better than for 

the cumulate gabbro and isotropic gabbro samples. 

Certain components of the AC susceptibility measurements performed on sheeted dyke 

samples are not straightforward to interpret as they do not correspond simply to curves for 

known synthetic minerals. Their characteristics are probably due to a combination of 

paramagnetic decay, antiferromagnetic minerals and magnetite. An initial sharp decrease 

in susceptibility observed for sample CD0I03 was linked to the magnetic minerals causing 

an initial decrease on the warming curve of the low temperature experiment, corroborated 

by the fact that the same features were also observed in sample CD0605 (Figure 7.6) 

although to a lesser extent. The initial sharp decrease may be explained by the presence of 

superparamagnetic minerals. The three samples for which AC susceptibility curves were 

measured all displayed an increase in susceptibility for the in phase component around 100 

K, interpreted as the Verwey transition and the quadrature component peaked below 100 K 

which is similarly observed in synthetic titanomagnetites. 
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Hysteresis parameters show some variation with the majority of samples plotting within 

the PSD field, but a few samples lying within the M D region (Figure 7.5). The dyke 

samples consistently (with only a few exceptions) have low M^/Ms ratios. Average 

coercivity of remanence for the 64 samples measured is 32 mT, consistent with PSD 

magnetite/Ti-poor titanomagnetite. 

7.4.4 Extrusive rocks 

Tcs in the pillow lavas range from 475 to 560°C with a mean Tc value of 530°C (Figure 

7.3D). These Tcs are lower than that for magnetite or a Ti-poor titanomagnetite and 

suggest the presence of a more Ti-rich titanomagnetite. These Tcs are still above that 

expected for TM60, which has Tc of around 140°C. One sample shows a lower 

temperature component at 340°C and three samples show a very slight decrease in 

magnetisation on the heating curve at temperatures between 310°C and 360°C. The 

cooling curves for several samples have a higher magnetisation than the warming curves, 

although the difference is only large for one sample. 

Low temperature experiments were carried out on 11 lava samples. The Verwey transition 

is not present in all samples and where it is present, it shows more gradual decrease across 

the transition on warming: it is smeared out (Figure 7.4D). Two samples show evidence of 

a sharper decrease in magnetisation across the transition, although not as sharp as observed 

in the deeper levels of the ophiolite and also at temperatures below 100 K. In conjunction 

with the lower Tcs, this smearing or total absence of the transition suggest a more Ti-rich 

titanomagnetite than observed in the other lithologies. Some temperature sweeps have a 

significant initial decrease in magnetisation, with a corresponding decrease observed on the 

warming curve, which may be due to a superparamagnetic fraction. None of the samples 

show evidence for haematite as the cooling curves are smooth over the temperatures of the 
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Morin transition. A feature of several cooling curves in the lavas is an initial gradual 

increase in magnetisation observed on the cooling curves which is caused by the presence 

of titanomagnetites that lose ordering near room temperature (as previously discussed for 

cumulate gabbro sample JC0408). FC and ZFC warming curves are similar for both 

samples for which they were measured. 

The single AC susceptibility curve shows evidence for titanomaghemite, although this is 

not necessarily a constituent of all lava samples and may not be a significant component of 

the magnetic minerals in the lava analysed as concentration cannot be accurately 

determined from the AC susceptibility experiments. The susceptibility peaks below 100°C 

on the out of phase component of the AC susceptibility plot for the lava sample measured 

(TL0407), which is comparable to synthetic Ti-rich tilanomagnelites. There is a strong 

correlation between the shape of the in phase and out of phase curves for sample TL0407 

which implies that the contribution from the superparamagnetic faction is small. The 

Verwey transition is not observed on the in phase curve of the AC susceptibility 

measurement. 

Hysteresis parameters plot within the PSD field on a Day plot. Points are fairly evenly 

distributed within the PSD field. Average coercivily of remanence for the 26 samples 

measured is 26.8 mT, consistent with PSD magnetite/low-Ti titanomagnetite. 

7,4.5 Summary of rock magnetic results 

The results obtained at the IRM are compatible with the presence of fine magnetic grain 

sizes capable of retaining a stable magnetisation throughout the complex history of the 

ophiolite, with PSD grains dominant in the majority of samples. There is a difference in 

magnetic mineralogy depending on the crustal level. The clear Verwey transitions and 
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high Tcs of the deeper levels of the crust indicate that Ti-poor titanomagnetite/magnetiie is 

the major carrier of the magnetic signal, and the absence of the Verwey transition and 

lower Tcs of the higher crustal levels indicate the presence of a more Ti-rich 

titanomagnetite. These mineralogies are compatible with acquisition of stable remanences 

on the seafloor soon after genesis of the ophiolitic crust at an oceanic spreading centre. 

A Day plot of the saturation magnetisation ratio against the coercivity ratio demonstrates 

that the majority of samples of all lithologies lie within the PSD field (Figure 7.5). The 

SDC shows more variation with some samples falling in the M D field. The average 

coercivity of remanence for all lithologies is around 30 mT, indicating a dominance of low 

coercivity minerals for all lithologies. 

Curie point determinations (Figure 7.3) showed that the deeper levels of the ophiolite had 

Curie points near that of Ti-poor magnetite with a mean Tc value close to 590°C in both 

the gabbros and the SDC. Heating and cooling curves were reversible in the majority of 

samples. The pillow lavas had Tcs ranging from 475 to 560°C with a mean Tc of 530°C. 

These lower temperatures suggest the presence of a higher titanium phase than for the 

gabbros, although these Tcs are higher than that of TM60, Two components were 

observed in some samples at temperatures between 335 and 400°C, with all except two of 

these samples being from the SDC. 

The dykes and lower crustal lithologies all displayed clear low temperature transitions in 

the vicinity of 110 K, indicating a Verwey transition temperature of low-Ti 

titanomagnetites. In some of the cumulate gabbros the step was 'smeared' out, probably 

due to the presence of more oxidised magnetite (Ozdemir et al. 1993, 2002). In the pillow 

lavas, the Verwey transition was generally not clear, and a considerably more gradual 

change in magnetisation was seen on the warming curve. This, combined with the lower 
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Curie temperatures, implies that a higher degree of titanium substitution in the pillow lavas 

minimises the effect of the Verwey transition. Figure 7.4 shows representative plots for 

each level of the ophiolite. 

7.4.6 Discussion of rock magnetic results 

Most grain sizes from all lithologies fall within the PSD range on a Day plot and PSD 

grains are generally accepted as being capable of retaining stable magnetisations over 

geological time. PSD behaviour was first used to explain the transitional properties of 

magnetite over a broad grain size range between SD and truly M D by Stacey (1962). The 

origin of PSD grains is debated. Dunlop (2002) notes that on a Day plot, mixtures of M D 

and SD grains are capable of fitting the data from most well-sized PSD grains. Other 

theories for the microscopic origins of PSD behaviour include (Dunlop 1998 and 

references therein): permanent SD moments in M D grains; imbalance moments of 

irregularly shaped grains; surface moments which change with changes in body domain 

structure; and exotic micromagnetic structures unlike either classic SD or MD structures. 

However, the importance of PSD grain sizes in all lithologies of the Halay ophiolile is that, 

whatever the origin, these grains behave magnetically similarly to SD grains and, as such, 

are capable of retaining stable magnetisations. 

A good agreement was found between the IRM acquisition curves and remanent 

magnetisation and coercivity of remanence measured on the VSMs at the Institute for Rock 

Magnetism with the IRM acquisition curves and coercivities of remanence measured in the 

University of Plymouth laboratory. For instance, coercivity of remanence in many cases 

displays less than a one or two mT discrepancy between the two measurements and is less 

than twenty percent different in more than 75% of the 55 samples compared. 
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Fourteen Tc curves obtained from this study, mostly from the sheeted dykes, display two 

components in the heating curve. The magnetisation on the return cooling curve is greater 

for five samples (four of which are lavas), decreased for four samples and similar for five 

samples. The five samples where the magnetisation of the cooling curves is below that of 

the heating curves are similar to some identified by Kosterov (2001) in work on the low 

temperature properties of basalt samples and are interpreted in this case as resulting from 

an irreversible change in the domain structure of ferromagnetic grains rather than from 

chemical alteration, for the reason that no irreversible changes in saturation magnetisation 

occurred in this temperature range. Saturation magnetisation was measured for this study 

both before and after the Tc experiment. None of the samples where the magnetisation had 

decreased showed any irreversible change in Ms between hysteresis measurements before 

and after heating. Only one of the 14 samples with two components displayed any 

significant change in Ms between heating and cooling curves although He showed a 

significant change for six samples, although again not in any sample where the 

magnetisation had decreased. Ten samples with only one component showed a significant 

change in Ms subsequent to heating and two thirds of samples showed a significant change 

in coercivity. The samples where significant changes were observed were spread across all 

lithologies and there is no apparent simple correlation between the reversibility of the high 

temperature curves with the samples where there were significant irreversible changes in 

Ms or He. 

7.5 Thin section analyses under the polarising microscope 

Thin section analyses were carried out on 20 samples (at least three samples per lithology) 

using a polarising microscope. The gabbros, dykes and lavas are consistent with a 

tholeiitic composition. The dykes range from basaltic to doleritic and sphene is a common 

accessory mineral. There is no clear distinction in mineralogy between the grey suite of 
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dykes and the younger brown suite. The opaques observed are often skeletal or cubic, 

suggesting that they are primary in origin, and they are also generally quite abundant. 

Skeletal textures are formed when the mineral cannot grow to form cubes due to rapid rate 

of chilling. The opaques within the lavas varied from small opaques and opaques 

contained entirely within the groundmass to samples displaying larger skeletal opaques. In 

two cumulate samples from the Kara^ay river section, the opaques are not abundant, 

although some contain skeletal and cubic opaques, again suggesting a primary origin. 

Certain of the cumulate gabbros from the Karagay river and Kisecik valley sections show a 

degree of serpentinisation. A few opaques in one lava sample and two cumulate samples 

have a reddish colouration to the crystals suggesting the possibility of a different mineral to 

that of the generally black opaques, although distinguishing between opaque minerals is 

not possible without scanning electron microscope analyses. Several of the olivines 

observed in the cumulate gabbros show evidence of alteration to fine grained iron oxides 

along crystal boundaries. 

7.6 Scanning electron microscope (SEM) analyses 

In order to provide further constraints on the rock magnetic mineralogy of the Hatay 

ophiolite, a JSM6100 Scanning Electron Microscope with an Oxford INCA x-ray 

microanalyser was used at the University of Plymouth to study representative samples. A 

scanning electron microscope (SEM) is a useful aid in determining more precisely the 

magnetic minerals within a rock, with the magnetic minerals (heavier atomic weights) 

showing up on the image as lighter coloured areas. Backscattered electron (BSE) images 

were used to image specimens, with x-ray analysis of selected grains carried out to aid 

identification of the elements present and elemental mapping of selected regions also 

carried out. The resolution limit ranges from around 1 ^m in x-ray images to 1 nm for 

secondary electron (SE) images under favourable circumstances. The maximum useful 
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magnification ranges from 1000 (for 1 ^im resolution) to 100 000 (for 1 nm resolution) 

(Reed 1996). 

The rocks being imaged for this study are basalts, gabbros and ultramafic cumulates. 

Therefore, pyroxenes, plagioclase and olivine wil l be expected to comprise the majority of 

the rock. A number of accessory magnetic phases could be present, as described earlier in 

this chapter. Certain distinctive elements are used to aid in mineral identification (Reed 

1996):-

• Olivine by high magnesium 

• Clinopyroxene by high calcium, low aluminium 

• Plagioclase by high calcium and high aluminium 

• Magnetite by high iron 

• llmenite by high titanium 

Most of the magnetic minerals that carry the remanent magnetisation are expected to be 

either magnetite, lilanomagnetites or titanohematites. The SEM work can pick out whether 

any Ti is present in the high atomic number crystals observed. 

In looking at the Fe oxides, it is not only important to assess the concentrations of the 

elements within them, but also to see how they are distributed. For instance, it is necessary 

to find out whether there are any exsolution textures within the crystals, as even i f the x-

ray count shows that there is a significant amount of titanium in the selected area, this 

could either all be confined to exsolulion lamellae, or comprise part of the main structural 

make-up of the crystal. 

I f exsolution is observed, the crystal is expected to be separated into a near-ilmenite end 

member and a near-magnetite end member, with the ilmenite lamellae appearing darker 
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than the surrounding crystal. I f the melt was not oxidised during the exsolution process, 

the intergrowths would be a near-magnetite phase and an ulvospinel phase. However, this 

is a less likely scenario than exsolution occurring with deuteric oxidation or oxyexsolution 

occurring in the melt. Exsolution may be more likely in the deeper levels due to slower 

cooling. In the lavas, exsolution is less likely to be observed due to faster cooling leading 

to higher possibility of primary titanomagnetite being preserved. 

7.6.1 Sample preparation 

The samples used for SEM analysis were polished thin sections that were then carbon 

coated in a vacuum chamber. Preparation is identical as for ordinary thin sections in the 

first stages apart from use of a stronger adhesive to attach the rock slice to the glass slide 

due to the stress of polishing. The thickness of the slides is around 30 ^m. Carbon coating 

is necessary as the specimens are non-conductive so coating the specimen allows a path 

through for the electrical current of the beam. Studying the specimens under the SEM 

without the carbon coating resulted in charging effects interfering with the image. Carbon 

is commonly used due to its minimal effect on the x-ray spectrum with an optimum 

thickness of carbon of about 20 nm. The carbon coating can be easily removed to 

subsequently examine the sample using optical microscopy with a fine polishing medium. 

For both x-ray analysis and BSE imaging it is desirable to avoid topographic effects and so 

specimens should be flat and well polished as irregularities of less than 1 |im can have a 

significant effect on results. 

7.7 Scanning electron microsconc results and discussion 

Grains capable of carrying the magnetic signal in the ophiolitic rocks are expected to be 

FeTi oxides and will be of higher atomic number than the surrounding minerals. 
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Therefore, under the SEM FeTi oxide crystals wil l appear brighter than the other minerals. 

Although information was gained during SEM analyses on all mineral compositions in the 

rock, these were previously described from analysis of thin sections under the polarising 

microscope and the following descriptions therefore concentrate on the crystals of higher 

atomic number: their size, texture and elemental concentrations. 

7.7.1 Cumulate rocks and isotropic gabbros 

SEM analyses confirm the presence in the gabbros of near-magnetite and near-ilmenite in 

very well-developed exsolution lamellae in large grains (< I mm), with skeletal and cubic 

crystals common (Figure 7.7). Isotropic gabbro samples displayed many large 

titanomagnelite crystals (< 2 mm), which generally showed little alteration and clear 

exsolution textures (Figure 7.7A). The lamellae were more Ti rich than the surrounding 

crystal. Some crystals also showed greyer areas around edges, or parts o f the edge that 

were higher in Ti . Some of these were titanium silicates (sphene) and some lamellae had 

also altered to sphene. A general lack of iron oxides were observed in cumulate gabbro 

samples from the Kara9ay valley, possibly due to large crystal size resulting in an 

unrepresentative section. Few titanomagnetites were observed. Many of the areas of 

higher atomic number were copper sulphates. A l l these crystals were small, whereas the 

magnetites expected in the cumulate gabbros would be large. The olivines in this slide had 

Fe growing in the cracks (Figure 7.7C). The x-ray profiles for the high atomic number 

minerals in a cumulate gabbro sample from the Kisecik valley show only Fe and O and no 

titanium, suggesting they are magnetite. The magnetite exists as patches of small rounded 

grains within larger patches of crystals that could have formerly been a single crystal 

(Figure 7.7H). The areas between these small rounded crystals are not Fe rich. Some of 

the larger and clearer looking crystals are a chromatite spinel (Fe, Cr, O). 
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Figure 7.7 Examples of typical iron oxide grains in isotropic gabbros and cumulate gabbros and 
ultramafics as observed under the SEM 
A-D. Four examples of typical iron oxide grains from the Karacay valley. A-B are examples of large 
skeletal crystals common within the gabros, which almost all display an exsolution texture 
C-D. show examples of the less common iron oxide crystals occurring in a different form, such as 
located in cracks in olivine crystals, as in C 
D. A titanomagnetite grain with the the top half Ti-poor and bottom half Ti-rich 
E-F Iron oxide (white) and titanite (grey) observed in cumulates from the Karacay valley 
G-H. Examples of iron oxides forming later in the history of the grain (G) and displaying a large 
degree of alteration (H). both from the Kisecik valley. 
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7.7.2 Sheeted dykes 

The dykes contained a mixture of near-magnetite grains, more titanium rich grains, as well 

as some grains displaying exsolution. Figure 7.8 shows some typical crystals observed 

under the SEM in the sheeted dykes. 

Most crystals in a sample analysed from the SDC in the Karapay valley are of similar size 

and are on average around 30 by 30 ^im. Some crystals are larger than this and tend to 

have a more irregular shape, while the smaller crystals are more cubic (Figure 7.8A). No 

crystals display obvious exsolution, although some display hints of it, especially at higher 

magnifications where it is difficult to be certain. In the crystals where lamellae can be 

observed at lower magnifications, the lamellae do not contain Ti Fe oxides but instead are 

Mg, A l , Fe silicates. 

The high atomic number minerals in a sample from the coastal SDC contain some titanium 

as well as the iron (Figure 7.8C). Both large and small crystals of magnetite and some 

crystals containing Ti are evident. The smaller crystals are around 10 | im and show no 

evidence of exsolution. Some of the larger crystals, however, show exsolution textures. 

A l l crystals are smaller than 200 pm. 

7.7.3 Extrusive rocks 

The pillow lavas were observed to contain grains with higher levels of titanium, as 

concluded from the rock magnetic results. Figure 7.9 shows some typical crystals 

observed under the SEM in the extrusive rocks. 
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Figure 7.8 Examples of typical iron oxide grains in the sheeted dyke complex as observed 
under the SEM 
A-B. Examples of cubic crystals of magnetite in sheeted dykes from the Karacay valley. Cubic 
crystals were common in dykes from all locations and were also observed in other lithologies 
C Example of a low-Ti iron oxide in a sheeted dyke sample from the Karacay valley. 
D. The element concentration plot showing the existence of a small Ti concentration in sample C. 
E-F Examples of iron oxides (white) and titanite (grey) in the sheeted dyke complex from the coast 
and the Karacay valley. 
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Figure 7.9 E x a m p l e s of typ ica l i ron ox ide g ra ins in t he p i l l owed lavas a n d lava f lows as 
obse rved under the S E M . 
A - B . T a h t a k o p r u lava t i t anomagne t i t e w i th the a c loser v i ew o f t he s a m e crys ta l s h o w n in B. 
C. T h e e l e m e n t x- ray spec t ra for the crysta l in A - B . 
D. A cub ic t i t anomagne t i t e c rus ta l f r om the A n t a k y a local i ty 
E. An takya lava t i t anomagne t i t e 
F. Represen ta t i ve x- ray spec t ra for iron ox ides wi th in the lavas , m o s t of w h i c h con ta in s o m e Ti a n d 
m a n y crys ta ls con ta in a s igni f icant propor t ion of T i . 
G-H An A n t a k y a lava t i t anomagne t i t e w i th an oxygen k a lpha m a p for th is s a m e crysta l i l lustrated 
in H. 

274 



A sample f rom the Tahtakoprii valley contains areas o f large high atomic number crystals, 

which are shown by x-ray analysis to be iron oxides, generally containing some titanium 

(Figure 7.9A-C). There is no obvious exsolution, indicating that the titanium evident f rom 

the x-ray counts is forming titanomagnelites and is not l imited to exsolution lamellae. A 

lava S£imple analysed f rom the Antakya locality contains scattered bright crystals that are 

uniform throughout the slide. Some crystals show exsolution wi th titanium rich lamellae 

and cubic crystals are also present (Figure 7.9D). Generally, these contain more titanium 

than the lava f rom Tahtakoprii. Many o f the crystals in this slide display areas that are 

more titanium rich (Figure 7.9E), either titanium-iron oxides or titanium silicates (sphene). 

7.7.4 Discussion of scanning electron microscope analyses 

From the rock magnetic experiments it was expected that there would be a difference 

between the rock magnetic grains between the different lithologies. These results are 

supported by the SEM analyses, wi th additional information on the textural relationships 

also provided. SEM analyses show that both skeletal and cubic crystals are common in 

most samples and are observed in all liihologies (Figure 7.10). 

From rock magnetic experiments, the cumulate gabbros were expected to contain Ti-poor 

litanomagnetites, some o f which may have undergone a degree o f oxidation. This 

conclusion is supported by SEM analyses which indicate that 20-60 ^ m sized grains o f 

magnetite or Ti-poor titanomagnetites are present in the cumulate gabbros. It is not 

possible to tell how oxidised these crystals are f rom SEM work; however, the results do 

not contradict the inference f rom the I R M work that they are oxidised magnetites. Fe 

oxides appeared to be completely absent f rom one o f the cumulate samples, a feature 

which is consistent wi th analysis under the polarising microscope. 
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Figure 7.10 S E M i m a g e s of exso lu t ion tex tures , o b s e r v e d in al l l i tho log ies of the ophio l i te . f r o m 
the lavas to the u l t ramaf i cs T h e y are mos t c o m m o n a n d m o s t w e l l - d e v e l o p e d in the isot ropic 
gabb ros and c u m u l a t e g a b b r o s 
A -B Exso lu t ion is ex t reme ly c lear in a large n u m b e r of g ra ins w i th in the g a b b r o s and is par t icu lar ly 
we l l - deve loped in large ske le ta l i ron ox ide crys ta ls , as in the e x a m p l e . 
C. The exso lu t ion l ame l l ae c o m p n s e a nea r -magne t i t e a n d nea r - i lmen i te p h a s e , a l though this lat ter 
phase is c o m m o n l y a l te red or par t -a l tered to t i tani te. 
D. The lame l lae a re p i cked out by T i m a p s and a lso by Si a n d C a m a p s if a l te red 
E-F. Exso lu t ion tex tu res a re a lso obse rved in lava a n d d y k e s a m p l e s , a l though they are less 
c o m m o n a n d s o m e t i m e s not as we l l - deve loped , as s h o w n by t he e x a m p l e s . 
G-H Lame l l ae m a y have h igher concen t ra t i ons of Si a n d C a as we l l as Ti imp ly ing a l tera t ion to 
t i tanite 
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The gabbros had rock magnetic characteristics that were most typical o f pure magnetite/Ti-

poor magnetite crystals wi th recovery o f remanence during low temperature experiments 

suggesting the presence o f some M D grains. The existence o f large (up to 200|im) crystals 

o f iron-titanium oxides and coarse exsolution lamellae, as observed under the SEM 

supports this. The exsolution displays end members o f lamellae o f a Ti-r ich 

titanomagnetite (probably near-ilmenite) and lamellae o f Ti-poor titanomagnetite (near-

magnetite) and varies between very coarse in some crystals, to finer in other areas, with 

grains that are compatible wi th sizes in the PSD region. 

SEM analysis o f samples f rom the SDC indicate that a mixture o f grain sizes and 

compositions are present which supports the inference f rom rock magnetic experiments 

that mixtures o f several different magnetic compositions may be the cause o f the more 

varied features observed, particularly in the frequency dependent A C susceptibility 

experiments and the two components observed in the Tc curves. Exsolution is not 

common, but is observed in a few crystals. 

The rock magnetic results f rom the lavas indicated the presence o f more Ti-r ich 

titanomagnetiles and SEM analysis corroborates this, demonstrating that the lavas contain 

more Ti-r ich titanomagnetites than the deeper lithologies. The lavas contain generally 

smaller (-30 \im) magnetite and titanomagnetite crystals and some crystals show 

exsolution textures. 

Most o f the minerals studied using the SEM were at least 10 | i m in size. Due to the 

resolution limits o f the SEM it is possible that other smaller grains existed that were not 

identified. Natural magnetic minerals have not been extensively studied using the SEM, 

partly due to their small grain size- often less than 5 | i m ( X u et al. 1997). The average size 

o f the magnetic grains in p i l low lavas from four sites near the mid-Atlantic Ridge that can 
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be resolved by BSE imaging is 1 to 10 ^ m (Xu et al. 1997). The lavas may show a 

difference in grain size and texture between samples f rom the outsides o f lava f lows and 

pillows where cooling was fastest and those f rom the interior where cooling would have 

been slower; for instance Kosterov and Prevot (1998), found larger and more regularly 

shaped grains from the central parts o f lava f lows and Zhou et al. 2000 observed low-Ti 

magnetite intergrown wi th ilmenite lamellae (-50 | i m long) in massive dolerites. Euhedral 

litanomagnetite/titanomaghemite grains are the dominant opaque mineral in ocean floor 

basalts wi th grains that usually have cruciform or dendritic quenched structures (Zhou et 

al. 2000; Wang and Van der Voo 2004), consistent wi th quenching from high temperatures 

(Somboonsuk and Trivedi 1985). Their size varies f rom less than 1 | i m to a few tens o f 

micrometres in fine grained basaltic lavas (Zhou et al. 2001) to "-40-200nm in coarse

grained massive basalts (Zhou et al. 2000). 

Following medium-grade deuteric oxidation during initial cooling (indicated by lattices o f 

octahedrally oriented ilmenite lamellae), medium temperature (100 to 300°C) 

hydrothermal alteration w i l l be expected to produce either areas o f fine (~ 1 \im) granules 

o f anatase, rutile or titanite or the variable replacement o f the ilmenite lamellae by titanite 

(Hall and Muzzatti 1999). The replacement o f some ilmenite lamellae by titanite was 

observed in some o f the exsolulion textures in the Hatay ophiolite lithologies (Figure 

7.10G-H). 

SEM results for the cumulate gabbros failed to show the skeletal magnetite grains observed 

in the isotropic gabbros and also observed in the thin sections f rom the cumulate gabbros 

analysed under the polarising microscope. This is not interpreted to be representative o f 

the lithology; instead the lack o f magnetic grains is probably the result o f their large size 

and dispersion in comparison to the area o f the rock possible to examine under the SEM, 

resulting in d i f f i cu l ty in selection o f a representative section for analysis. 
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7.8 Discussion of results from rock magnetic and supplementary analyses 

The results from the rock magnetic experiments carried out in this study give much 
information on the magnetic composition and behaviour o f the magnetic component o f the 
ophiolitic lilhologies, which has in all cases been supported by the SEM and thin section 
analyses. Important details regarding the location and formation o f the magnetic grains 
were obtained f rom these complementary analyses; for example the observation o f 
exsolution textures using the SEM and observation o f fine grained iron oxides around 
olivine crystals f rom thin section analyses. Although differences were observed between 
ophiolitic lithologies, all results are consistent wi th magnetisation being acquired soon 
after formation at a spreading ridge, wi th magnetic grains capable o f holding a 
magnetisation stable over geological time. Volcanic rocks are generally regarded as the 
most reliable recorders o f the palaeomagnetic field, wi th rocks in which the 
tilanomagnetite has undergone high temperature deuteric oxidation to form submicron 
sized magnetite-rich lamellae and ilmenite-rich lamellae being particularly reliable 
recorders (e.g. Haggerty 1978). Small SD or PSD grains are then capable o f preserving 
their magnetisation over tens and hundreds o f mill ions o f years (Banerjee 1991; Dunlop 
and Ozemir 1997). The formation o f magnetite through the process o f deuteric oxidation 
also ensures that the primary N R M o f a rock is a thermoremanent magnetisation (TRM) . 

7.9 Comparison with the magnetisation of modern oceanic crust and ophiolites 

Rocks broadly comparable to those o f the upper levels o f the Hatay ophiolite have been 

recovered during several ODP legs. The primary remcmence carried by magnetic minerals 

in igneous rocks is a thermomagnetic remanence and this is accepted to be true for the 

uppermost 500 to 600 m o f oceanic extrusives (Hal l and Muzzatti 1999). However, there 

is considerably less agreement on the mechanisms and timings o f magnetisation 
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acquisition in the remainder o f the crust. Generally, the accepted constituents o f modem 

oceanic crust are titanomaghemite or maghemite in p i l l ow lavas (e.g. X u et al. 1997), 

magnetite in the SDC (e.g. O'Donovan and O'Rei l ly 1983; Pariso and Johnson 1989, 

1991) and SD magnetite formed by high temperature oxidation in the gabbros (e.g. Kent et 

al. 1978; Dunlop and Prevot 1982). 

7.9.1 Comparison with oceanic crustal rocks of the modern day oceans 

Table 7.5 describes the rock magnetic characteristics observed wi th in modem day oceanic 

crust, as observed by various authors. The upper levels o f the oceanic crust are most 

accessible and thus more information is available on magnetic minerals within these, 

especially for M O R B . ODP Hole 504B is the only d r i l l hole that extends continuously 

from the top o f oceanic crust into the SDC and there are very few studies on the rock 

magnetic properties o f gabbroic or deeper cmstal rocks from the modem day oceanic crust. 

For lavas in the modem oceanic crust, Tcs are generally lower than for the deeper levels 

and this is similarly observed in the Hatay ophiolile. However, values in modem day 

oceanic crust remain lower than observed in the Hatay extrusive rocks, suggesting these 

either contain a comparatively lower degree o f titanium or alternatively have experienced a 

higher degree o f maghemitisation. The Hatay extrusives display similarity wi th older 

cmstal rocks i.e. higher but more variable degrees o f maghemitisalion. The observations 

o f low-Ti magnetite in upper cmstal rocks (Wang and Van der Voo 2004) is consistent 

with the magnetic properties observed in the Hatay extmsive rocks and also with previous 

studies on submarine massive doleritic basalts and intmsive rocks (Dunlop and Prevot 

1982). 
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Depth Characteristic Reference Description 
Upper 
crust 

Maghemitisation'^ Bleil and 
Peterson 
1983; 
Johnson 
and Pariso 
1993 

An important process in the upper crustal levels of modem 
oceanic crust and may account for the decrease in NRM 
observed with age of the crust. However, maghemistisation 
does not appear to be ubiquitous, neither do rocks of the same 
age display the same oxidation ratios. 

Upper 
crust 

Maghemitisation/ 
composition 

Zhou et al. 
2000 

Gradual increase in oxidation observed with age of dredge and 
drill cores of MORB- no alteration in young lavas (< 20 ka) to z 
< 0.35 for Quaternary samples (< 2 Ma) to z = 0.9 for older 
samples (1 Os of Ma). Older samples display more variability. 

Upper 
crust 

Maghemitisation/ 
composition 

Xu and 
Peacor 
1997 

Younger lavas (10 km from MAR) contain nearly unoxidised 
titanomagnetite; older samples contain near end-member 
titanomaghemite (900 km from MAR). 

Upper 
crust 

Maghemitisation/ 
composition 

Shau et al. 
2000 

Younger rocks may display no maghemitisation e.g. TMO 
observed in ODP Hole 504B, suggested to have formed by: (i) 
oxidation-exsolution and hydrothermal alteration (ii) oxidation-
exsotution, a second stage of oxidation-exsolution and 
hydrolhermal alteration. Primary TM60-70 thus evolved to end-
member magnetite coexisting with e.g. titanite (sphene), 
ulvdspinel and ilmenite on a submicroscopic scale. NRM 
carried by exsolved TM10-20 subsequent to CRM acquisition. 

Upper 
crust 

Alteration Zhao et al. 
2002; Zhou 
etal. 1999 

Samples with high z values ofren contain abundant clay 
minerals altered from silicates and glass. Alteration may occur 
at different rates (even within same sample) due to variations in 
the level of protection from surrounding matrix and in grain 
size/ permeability. 

Upper 
crust 

Tc Xu and 
Peacor 
1997 

Tcs range from 180-350°C, increasing away from the spreading 
ridge. These are higher than values predicted assuming no 
oxidation (e.g. Readman and O'Reilly 1972; Nishitani and 
Kono 1983). 

Upper 
crust 

Composition/ Tc Wang and 
Van der 
Voo 2004 

Low-Ti magnetite is thought to have originated during early 
high-temperature (deuteric) oxidation and is intergrown with 
ilmenite lamellae. Tcs for these samples are typically > 500**C 
(530-585°C)- significantly higher than TM60, even if oxidised 
to titanomaghemite. 

Upper 
crust 

Grain size Zhou et al. 
2000; 2001 

Two groups of grains identified: (i) grains that crystallise in 
equilibrium with the melt with grain sizes increasing from ~ l 
^m near pillow margins to 10s of ^ms towards interiors; (ii) 
grains embedded in interstitial glass with submicrometer SP/SD 
grains, again increasing in size towards the centre of pillows (to 
few 10s of pms). SEM observations support this revealing: (i) 
100 |im sized titanomagnetite grains; (ii) micrometer to 
submicrometer sized grains. 

Upper 
crust 

Grain Size Shau et al. 
2000 

Ocean ridge basalts of Hole 504B contain TMO of extremely 
fine grain size (30-100 nm), primarily in the PSD range. 

SDC Composition Hall and 
Muzatti 
1999 

Magnetite forms by two main processes with the resulting 
grains difficult to distinguish between. The second type is 
recognised by swelling/ pinching of ilmenite lamellae, prolusion 
of ilmenite into the surrounding silicates, and the presence of 
more small dark inclusions than in the first type. The second 
type becomes more common at depth, as also observed in the 
Troodos ophiolite. 

Gabbros TUBS Worm 
2001 

ODP Hole 735B gabbros have TUBs slightly below the Tc of 
magnetite, with NRMs that are suggested to be extremely stable 
over geological time. 

Gabbros MDFs Kikawa et 
al. 1996 

Mean MDFs of 28.6 mT are found in ODP Hole 894G gabbros. 

Table 7.5: Magnetic properties of modem oceanic crust for comparison with those of the Hatay ophiolite. 
Synthetic experiments have simulated the maghemitisation process, both by the addition of oxygen (e.g. 

Ozdemir and Dunlop 1985) and, more rarely (although how maghemistisation proceeds on the seafioor) by 
the removal of iron (e.g. Worm and Banerjee 1984; Kelso et al. 1991). Low and medium degrees of 
oxidation (z < 0.7) of SD titanomagnetites should not affect the original NRM directions of submarine basalts 
(Ozdemirand Dunlop 1985). 
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Exsolution in the Hatay dykes is generally not well-developed and it is hard to be certain 

which type o f exsolution (as described by Hall and Muzatt i 1999) is observed. However, 

ilmenite lamellae display alteration to titanite in places indicating that the process o f 

altering to the second type has begun. TUB and M D F values measured in the deeper levels 

o f the modem oceanic cmst (Kikawa et al. 1996; Worm 2001) are similar to those o f the 

Halay gabbros and cumulate gabbros. These are consistent w i th magnetite formed by high 

temperature oxidation, as generally expected for the deeper levels o f the cmst (e.g. Kent et 

al. 1978; Dunlop and Prevot 1982). 

7.9.2 Comparison with other ophiolitcs 

Following the work o f Moores and Vine (1971) in the Troodos ophiolite, the magnetic 

properties o f ophiolites have been o f interest for researchers investigating the source o f the 

marine magnetic anomalies. Original magnetisations may be irregularly preserved within 

an individual ophiolitic massif (Gnos and Perrin 1996; Hagstmm and Jones 1998). 

Alteration o f the primary magnetic minerals may occur both as a result o f seafioor 

hydrothermal processes and during obduction and subsequent events, wi th the former more 

significant in the upper cmstal rocks and obduction processes more likely to affect the 

magnetisation o f the lower crustal rocks. 

Originally, it was thought that the sheeted dykes in the Troodos ophiolite would be 

unsuitable for palaeomagnetic study due to the destmction o f titanomagnetite by 

hydrothermal processes (Moores and Vine 1971). Stable components o f magnetisation 

have been identified in both zeolite and greenschist facies dykes and from extmsive 

samples, wi th hydrothermal alteration appearing to have little effect on primary T R M 

(Morris 1996). Reverse components o f magnetisation have been found in the Troodos 
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ophiolite and suggest acquisition o f a C R M some time subsequent to original formation o f 

the rocks (Gee et al. 1993). 

Feinberg et al. (1999) investigated remagnetisation during seafloor and obduction 

processes affecting the Semail ophiolite. Earlier studies (e.g. Thomas et al. 1988; Perrin et 

al. 1994) lead to the conclusion that successive episodes o f remagnetisation occurred at the 

base o f the nappe whilst on the seafloor, although some results are ambiguous (Luyendyk 

and Day 1982; Thomas et al. 1988). The gabbros and peridotites o f the Semail ophiolite 

are dominated by PSD magnetite with occasional alteration to secondary haematite 

(Feinberg et al. 1999). Curie temperatures range f rom 548° to 578*'C suggesting magnetite 

or Ti-poor titanomagnetite, wi th a mean M D F value near 50 m T and 90% o f the remanence 

destroyed at 560°C consistent with a magnetite-dominated mineralogy (Feinberg et al. 

1999). Primary magnetite is found mainly in the high-level gabbro (Luyendyk and Day 

1982) but most o f the magnetite is o f secondary origin and reaches the highest 

concentrations in the ultramafics. The lower levels (mantle section) o f the Semail ophiolite 

in the southeast are found by Feinberg et al. (1999) to be remagnetised f rom the base up to 

the layered gabbros, wi th remagnetisation inferred to have occurred as a consequence o f 

hydrothermal alteration during emplacement o f the ophiolitic nappe onto the continental 

platform. The deepest crustal rocks analysed for this thesis were cumulate gabbros and the 

implication o f the results regarding remagnetisation in the Semail ophiolite is that these 

would not have been affected by remagnetisation during obduction processes. 

7.9.3 Timing of magnetisation acquisition 

The importance o f characterising the magnetic carriers in a rock, irrespective what they are 

is to understand whether these are capable o f carrying a remanence stable over geological 

time and how long after crustal genesis this was acquired. Some studies suggest that 

283 



magnetisation can be acquired in the deeper levels at considerable l ime after initial crustal 

genesis (e.g. Hall and Muzzatti 1999; Hole 5048; Gee et al. 1993; Troodos), although the 

t iming o f alteration to secondary magnetite is poorly constrained. Hal l and Muzzatti 

(1999) concluded that it may either occur early at the spreading axis, or up to around 2.5 

Ma subsequent to genesis. From the 88-92 M a age o f formation indicated for the Troodos 

ophiolite, fa l l ing wi th in the Cretaceous LNP chron, the fact that reverse components o f 

magnetisation are observed indicates acquisition o f magnetisation 5-9 Ma after genesis. 

7.10 Synthesis 

The rock magnetic data f rom the Hatay ophiolite are consistent with the magnetic minerals 

forming on the ocean floor. Exsolution textures have been observed in all lithologies in the 

Hatay ophiolite and have also been observed in all stmctural levels o f modem oceanic 

cmst. The lower crustal levels, the sheeted dykes and gabbros are less affected by 

hydrothermal alteration whilst on the seafloor. The rock magnetic properties o f lavas f rom 

the seafloor often show hydrothermal alteration and many lavas have titanomaghemite as a 

major constituent, whereas the titanomaghemile concentration o f lavas in this study did not 

appear to be significant. However, higher concentrations o f titanium were observed in the 

magnetic minerals wi thin the upper cmstal rocks (extmsives) o f the Hatay ophiolite, 

consistent wi th observations in the modem oceans. 
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CHAPTER EIGHT 

8. S T R U C T U R A L A N A L Y S E S A N D S Y N T H E S I S O F S T R U C T U R A L AND 

P A L A E O M A G N E T I C D A T A 

8.1 Introduction to chapter 

The key aims o f this chapter are to investigate the structural development o f the Hatay 

ophiolite and relate this to the rotations identified by the palaeomagnetic work (see 

Chapters Five and Six) in relation to the different phases in the evolution o f the ophiolite. 

To this aim, a comprehensive series o f structural measurements were obtained from key 

localities f r om all levels o f the ophiolite and the sedimentary cover (Figure 8.1). No 

previous studies have concentrated on fault analysis wi th in the ophiolil ic basement o f the 

Hatay ophiolite in relation to rotations. It is therefore important for an independent study 

o f the structures within both the ophiolile and sedimentary cover to be carried out in order 

to constrain both the pre- and post-emplacement structural history. The ophiolite has a 

complex history and is expected to have experienced deformation as a consequence o f 

seafloor spreading, initial detachment o f the ophiolite, emplacement onto the Arabian 

margin and post-emplacement deformation associated wi th the development o f the current 

plate configurations in the eastern Mediterranean. The legacy o f this is a complicated 

pattern o f structures within the Hatay region, and in order to link these structures with the 

successive deformation phases experienced, the regional structure o f the ophiolite is 

discussed in the context o f both pre-existing and new observations. Fuller details on the 

structural evolution are provided by a palaeostress analysis performed on the new 

structural data acquired. Finally, the concluding section o f the chapter aims to synthesise 

the results f rom all aspects o f the structural and palaeomagnetic research and discuss their 

implications for the evolution o f the eastern Mediterranean. 
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inc luded M u c h of the s t ruc tura l samp l i ng w a s ca r r i ed out a l ong road sec t ion t ransec ts , w i th the 
ma jo r o n e s s h o w n by t w o s tars l inked by a l ine. 
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8.2 Structural sampling localities and nature of data 

Much o f the structural sampling was carried out in similar areas to the palaeomagnetic 
sampling localities, both due to the quality o f outcrops in these areas and the importance o f 
being able to correlate the structural data wi th the palaeomagnetic data, but measurements 
were also obtained f rom new localities, particularly wi th in the sedimentary cover 
framework. The three main settings for structural sampling were: 

(i) the basal shear zone o f the ophiolite 

( i i ) the main body o f the ophiolite 

( i i i ) the sedimentary cover framework 

The basal shear zone and limestones o f the Arabian platform o f the ophiolite are exposed 

in an erosional window near Komiir^ukuru (section 2.7.5). As such this area represents an 

important locality for interpreting the structures relating to emplacement o f the ophiolite, 

particularly as the lack o f a metamorphic sole prevents mineral lineations and fo ld 

vergence directions being used to identify the emplacement direction ( c . f Baer-Bassit; A l -

Riyami el al. 2002). Faults within the main body o f the ophiolite record the signature o f all 

phases o f the deformation experienced; thus analysis o f the structural development o f the 

ophiolite is incomplete without knowledge o f these structures. Investigation o f faults 

affecting the cover framework provides constraints on post-emplacement deformations, 

important both for the determination o f sequential structural events and to allow back-

stripping o f these younger structural events in the ophioli l ic basement prior to the 

recognition o f earlier pre-cover phases o f deformation. Structural measurements included 

the measurement o f 617 faults, with 452 o f these f rom the ophiolitic basement and shear 

zone, 165 from the cover framework and three f rom the ophiolite-sedimentary cover 

boundary. Measurements included wherever possible the orientation o f the shear planes 
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and their associated slip vector and movement direction, referred to as ' faul t slip data', in 

order to use these to provide kinematic constraints on the deformation in the Hatay region. 

8.3 Regional structure 

8.3.1 Outcrop patterns and topographic expression 

The Hatay ophiolite massif forms a broad NE-SW trending antiformal structure wi th the 

deepest structural levels o f the ophiohte outcropping in the centre o f the massif and the 

extrusive sequences o f the ophiolite tectonically separated f rom the main massif and 

outcropping in small areas in the north (see section 2.7 for a detailed discussion). The 

major faults o f the ophiolite are illustrated on the published map (Pipkin et al. 1985), on 

which the geology and faults o f Figure 8.1 are based. The ophiolite consists o f two 

structurally distinct massifs that are separated by the N W - S E striking steeply dipping 

Tahtakoprii fault wi th the main massif lying to the west o f this fault. The t iming and 

nature o f the fault are not constrained, although Dilek and Thy (1998) propose that it 

represents a fossil transform structure (section 2.8). 

The boundaries between the deeper levels o f the ophiolite (tectonites, gabbros and SDC) 

run NE-SW and have been variously interpreted (section 2.7.1). The three main 

possibilities are shown on Figure 8.2. Many o f the major contacts between the deeper 

lithologies are characterised by large gullies, as observed along the coast, trending roughly 

NE-SW at a high angle to the coastline (Figure 8.3A-B). Smaller faults adjacent to major 

contacts also pick out this direction; for example faults oriented NE-SW are observed north 

o f the gully separating the SDC f rom gabbros [0759022; 4007029]. Dilek and Thy (1998) 

suggest that many o f the contacts between lithologies can be explained by primary seafioor 

spreading tectonics e.g. detachment faults (cross-section 8.2A). 
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Figure 8.2 Various possible models for the outcrop pattems observed within the Hatay ophiolite. 
Boundaries between major ophiolitic units trend N E - S W and have been variously interpreted by 
different authors. 
A. The interpretation of Dilek and Thy (1998) that the structures within the Hatay ophiolite represent 
seafloor spreading tectonics 
B. Boundaries interpreted a s nonnal faults fonmed during Neotectonic faulting, rather than on the 
seafloor prior to emplacement . 
C . Boundaries interpreted a s reverse faults, most-likely linked to thrusting during emplacement of 
the ophiolite 
C r o s s - s e c t i o n s A and B boXt) explain the outcrop pattem using normal faulting, but with differing 
interpretations of the origins of the faulting. Normal faurted boundaries v^ukJ better explain the 
steep dip of the cumulate layering w h e r e a s reverse faulting would more easily explain the apparent 
lack of tilt about a horizontal axis suggested by the s t e e p dip of the S D C An additional possibility is 
that folding alone may explain the outcrop pattem. However , this appears unlikely due to the 
number of faults observed running parallel to the boundaries (section 8 3.2). S o m e previous 
research h a s suggested that at least s o m e contacts are primary magmatic contacts, although this 
cannot explain all due to the lower levels of the ophiolite (e.g. Ultramafic complex) outcropping at 
higher topographic levels than the higher levels (e.g. S D C ) to both s ides of the ultramafic core 



Another possibility is that mciny of the contacts are marked by reverse faults (cross-section 

8.2B). Reverse faults may cause minimal rotation of footwall rocks v^hich would account 

for the apparent lack of rotation about a horizontal axis suggested by the consistently steep 

dip of the SDC. However, normal fauhing under a Neotectonic phase of deformation 

(cross-section 8.2C) is favoured by the work of this thesis due to the parallelism of the 

strike of the cumulate layering and the strike of Neotectonic faults identified from this 

study (section 8.5), with the moderate-steep dip of the layering also favouring normal 

rather than reverse faulting. 

The sedimentary cover is transgressive over the ophiolite (section 2.7.4) and the NE-SW 

trending Halay graben discussed in section 2.2.3, stretching from Antakya in the NE to the 

Mediterranean coast in the SW, can be clearly seen on Figure 8.1 (SE of the main ophiolite 

outcrop) from boundary-parallel faults marking its extent. The contact between the 

ophiolite and the sedimentary cover can be observed in several places, including localities 

along the Antakya-Allinozu road and to the south o f the Antakya graben (Figure 8.3C). 

8.3.2 Inherited structure of the ophiolitic basement 

The Hatay ophiolite has a well-developed (generally sub-vertical) SDC oriented on 

average E-W in present-day coordinates (Figure 8.4), and as such is oblique to the general 

NE-SW trend of the outcrop partem. Dykes around Isikli in the NW are shallower and 

have more variable strikes (Figure 8.4). Along the coast dykes generally dip northwards in 

the north and southwards in the south. Most previous workers (e.g. Tinkler et al. 1981; 

Pipkin et al. 1990) reach similar conclusions regarding the structure of the SDC. Dilek and 

Thy (1998), however, suggest that a first generation of diabasic dykes observed along the 

coast strike NE-SW and a second population of grey basaltic dykes strike NNW-SSE. This 

orientation is parallel to the NE-SW trending seafloor graben these authors propose to 
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explain the structures observed within the SDC, but the average E-W orientation of the 

SDC measured for this thesis does not tie in so nicely with their model. 

Along the coast, measurements of discrete rodingilised dykes within the gabbros and 

ultramafic complex taken during this project showed that the consistency in strike is poor, 

although a broadly NE-SW orientation is apparent. It is possible that these discrete dykes 

are linked to an episode of deformation, although the lack of consistency of strike lessens 

the likelihood of this. 

The layering in cumulate gabbros was measured in all areas where palaeomagnetic drill 

sites are located, with additional measurements taken during structural sampling (Figure 

8.5). Al l measurements of cumulate layering were taken from the SE limb of the antiform 

due to the quality of exposures and easier access (although there is mention in the literature 

of minor outcrops of cumulates in the Isikli area in the north). On average, the cumulate 

layering dips towards the NW at 57° (e.g. Kara9ay valley). However, there is a degree of 

variation, even within the same area; for example layers in the cumulate rocks along the 

coast vary from dipping towards the NW through to layers dipping southwards, although 

the average remains a moderate NW dip. 

8.3.3 Structural indicators of tectonic rotation 

The dip of sedimentary sequences within the Hatay region may be used as an indication of 

the amount by which the Neotectonic faults have tilted the successions. During the 

structural sampling programme, the orientations of over one hundred beds (121) were 

measured to provide a gauge on the degree of rotation resulting from the faulting. The dip 

of the sedimentary sequences is generally low with over a third of beds dipping between 

20° and 30°, and an average dip of 25.4° (Figure 8.6). 
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Figure 8.3: The nature and orientation of major contacts within the Hatay ophiolrte. 
A. Photo showing the contact Ijetween the isotropic gabbros (to the NW) and the SDC (to the SE) 
exposed along the coastal road between Cevlik and Isikli [0759022; 4007029] with a NE-SW 
striking gully forming a topographic low along the contact The sedimentary cover can be seen 
transgressing the uttramafic hills in the background 
B. Rose diagram of the trend of gullies assumed to mark major fault planes, as observed along the 
coastal road 
C. Photos illustrating the nature of the contact between the ophiolitic basement and sedimentary 
cover. Antakya-Altinozu road (photo 0917_204513) showing the contact with conglomerate 
containing ophiolitic detritus above. 
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Figure 8.4 Geology map and stereonets showing the orientation of dykes within the SDC and 
discrete dykes within gabbros and ultramafic cumulates by locality in order to recognise any spatial 
variation Structural data are displayed by locality in order to recognise any spatial variations in 
orientation, with poles to the dyke margins contoured Key to map and place names is as shown on 
Figure 2.12, The average orientation of the SDC is E-W in present-day coordinates. This 
consistent E-W orientation is illustrated by the coastal and Karacay valley SDC. Dykes in Isikli are 
shallower with more variable orientations, on average NW-SE and broadly parallel to those in 
Kisecik and Gulderen valleys (although only limited data are available for these latter localities) 
The coastal, Karacay and Kisecik dykes are steep and dip to both N and S whereas dykes towards 
the north (e.g. Isikli. Gulderen) have a higher proportion of dykes dipping N. Dykes within the 
deeper levels of the ophiolite (gabbros and ultramafic complex) display more variable orientations 
Dykes within the cumulate gabbros and ultramafics in the Karacay valley have similar orientations 
to the average trend of the SDC. although strike ENE-WSW rather than E-W. 
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Figure 8.5 Geology map and stereonets showing the orientation of cumulate layering and 
pillowed and sheet lava flows (extrusive palaeohorizontals) by locality in order to recognise any 
spatial vanation The summary rose diagrams at the top illustrate that cumulate layering stnking 
NE-SW dominates (e.g. in the Karagay valley), with layering striking E-W (e.g. in the Kisecik valley) 
also a significant trend. From the measurements taken of pillow lavas and sheet lava flow 
orientations, an ENE-WSW trend appears dominant, although a more limited number of 
measurements were taken. Key to map and place names as shown on Figure 2.12. 
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Figure 8.6 Geology map and stereonets showing the orientation of bedding planes by locality in 
order to recognise any spatial variation (with the number of planes measured indicated below each 
plot). Measurements within the Hatay graben were taken from along the Samandag-Antakya road, 
along the Antakya-Altinozu road (E end of graben), from the southern limit of the Karacay valley 
and from a quarry near Ucedik (NE end of graben). The beds along the Samandag-Antakya road 
are located on the NW axis of the graben near the centre and predominantly dip NE, whereas beds 
along the Altinozu-Antakya road, in the Karacay valley and near Ucedik predominantly dip SE 
Outside the graben, sedimentary sequences in the north (SE of Belen) predominantly dip S, 
although display considerable dispersion with a small cluster of NE dips; substantial steepening in 
the immediate vicinity of a fault is common South of Belen (locality H04) beds dip consistently 
eastwards and in Isikli beds dip NW. Using the method outlined by Woodcock and Naylor (1983). 
only the datasets for all beds and for the Belen area show significance regarding whether the data 
forms a cluster or girdle distribution. A weak girdle distribution is indicated for all beds and a 
stronger girdle and cluster respectively indicated for Belen H04 and Belen road localities. A general 
shallow dip of bedding is apparent in all localities. From the summary rose diagram (top) a 
significant dispersion in bedding orientations is apparent, although ENE-WSW, E-W and NW-SE 
trends are observed Key to map and place names as shown on Figure 2.12 
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The Hatay graben is a major Neotectonic graben that has resulted in significant vertical 

displacements, thought to be in the order of several kilometres (Tinkler et al. 1981; Lyberis 

et al. 1992). The major graben-bounding faults are expected to produce horizontal axis 

rotations in the blocks adjacent to the faults; the orientation of bedding within the graben 

may be used to indicate the degree of rotation (although syn-tectonic deposition may be a 

factor). Movement on the graben-bounding fault between Harbiye and Antakya is thought 

to induce a general E/SE dip in Miocene sediments within the graben (Lyberis et al. 1992). 

Bedding measurements within the Hatay graben were taken for this thesis from various 

localities (Figure 8.6) with dips rarely above 25°, although locally beds up to vertical are 

observed in some instances immediately adjacent to a fault. The key conclusion from 

these measurements is that the degree of variability in orientation and dip makes an 

assumption of a simple coherent tilt towards the main graben-bounding fault in the SE 

inaccurate. 

For sedimentary sequences not restricted to those within the Hatay graben. Tinkler el al. 

(1981) refer to a general regional eastwards dip of sedimentary layers. However, 

measurements for this study found considerable variability. For instance, sedimentary 

sequences in the north (SE of Belen) predominantly dip southwards, on the turn-off to 

Komur^ukuru (locality H04) beds dip consistently eastwards and in Isikli beds dip towards 

the NW (Figure 8.6). A 40° dip for beds 7 km south of Belen for the Maaslrichtian 

sediments and 20° for the Miocene conglomerate and limestones is referred to by Tinkler 

et al. (1981). Within the wider region, to the east of the study area, Lyberis et al. (1992) 

describe a change in dip within Neogene sediments across the Amik basin (north of 

Antakya) from E/SE in the south to a W/NW dip closer to the Amanos range to the north 

and west (Lyberis et al. 1992), again indicating significant variability within restricted 

areas. 
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The degree of variability observed in the dip of sedimentary sequences prevents simple 

backstripping of younger tilts from the earlier structural data. This lack of consistency in 

the orientation suggests that local smaller-scale faults are influencing the horizontal axis 

rotations to at least an equivalent degree to the more major faults within the region. 

The orientation of palaeovertical and palaeohorizontal indicators within the ophiolite can 

be used to indicate the degree of rotation, as was discussed in relation to the 

palaeomagnetic data (section 5.8). For example, the on-average near-vertical dykes of the 

SDC indicate potentially limited tilting of the complex, whereas the on-average moderate-

steep NW dip of the cumulate layering and the variable (generally SE) dip of 

palaeohorizontals measured in extrusive rocks within the Tahtakoprii and Komur9ukuru 

areas (Figure 8.4) suggest more significant tilting. The relationship between these 

palaeohorizontal and palaeovertical indicators can be insightful. For instance, the average 

strikes of dykes in the SDC and the strike of cumulate layering within adjacent areas are 

not parallel and the angle between these palaeohorizontal/vertical indicators is not 

orthogonal. This implies that a simple rotation to simultaneously restore layers to 

horizontal and dykes to vertical is not possible and more complex rotations varying 

spatially are likely. The order of tilting is important in analysing the influence of originally 

palaeovertical/palaeohorizontal layers on subsequent faulting. For instance, faults 

occurring prior to the main tilting of originally horizontal units will not be influenced by 

the structure. 

8.3.4 Faults and shear zones 

The structures within the ophiolite are dominated by brittle faults. Major faults are 

characterised by considerable erosion and landslip, and streams and rivers often follow 

these major structures, particularly within the ophiolitic basement. The nature of the fault 
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zones varies, some being marked by continuous, linear planes and some by undulose 

surfaces. The majority of faults are marked by clear planes, with deformation mostly 

confined to the narrow region of the plane. However, some faults, particulariy within the 

gabbros and ultramafic rocks in the Isikli area, and within areas of the sediments south of 

Belen, are characterised by wider areas of deformation and the development of breccia 

within the zone. Slickenlines observed on fault planes are sometimes mineralised and 

sometimes marked by steps indicating the sense and direction o f movement, particularly in 

the sedimentary cover. The movement direction could be distinguished for 42% of the 

faults measured and from this it is clear that the majority of faults, both in the ophiolitic 

basement (55 %) and particularly within the sedimentary cover (88 % ) , are normal faults 

and that strike-slip faults are slightly more numerous than reverse faults. Spatially, the 

different fault types are not confined to any one area but are ubiquitous, with the 

occasional absence of either a strike-slip or reverse fault from a locality explained by their 

small number rather than a difference in structural history. 

The basal shear zone is characterised by sheared serpentinites containing large 

allochthonous limestone blocks, A limestone gully, deeply incised by a river is observed at 

the topographically lowest point accessible within the valley from the Komiir^ukuru 

direction, and interpreted as the limestone of the Arabian platform (e.g. Aslaner 1973). 

The shear zone is marked by the development of s-c fabrics associated with brittle 

structures (Figure 8.7). Lineations are defined by serpentinite mineralisation in the 

serpentinites and carbonate mineralisation in the limestones. 
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Figure 8.7: Synoptic diagram of stmctures expected to fonm within a shear zone, and as were 
measured within the basal shear zone of the Hatay ophiotite. 
A. Plan view of a simple shear zone with homogenous flow. 
B. Plan view of a shear zone where stretching also occurs. The development of more than one 'c' 
plane is Illustrated. 
C. Cross-section view of the features Identified in the field that aid interpretation of the movement 
direction within the shear zone include the development of *s* fabric. R = Riedel shears; R" = 
Reverse riedel shears; Y = shear-zone bounding parallel surfaces; P = 'P' shears; S = s fabric with 
shape of the's' an indication of movement direction. 
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The majority of the measured lineations in the basal shear zone are either SE or SW 

plunging, although there is considerable dispersion (Figure 8.8). The SE lineations are 

slightly dominant and associated with top-to-the SE indicators in the fabric (Figure 8.8) 

and brittle SE and NW dipping fauhs, whereas the SW lineations were not obviously 

associated with any larger scale fault structures. In a few localities N-S lineations and top-

to-the N fabrics dominate, and these seem to be in the areas nearest to the tectonically 

overlying extrusive sequence (Figure 8.9). These lineations appear to be earlier and are 

more strongly associated with the fabric development. The basal shear zone is overlain by 

the extrusive sequence along tectonic contacts. Where observed, these contacts dip 

shallowly to the NW and may be associated with the brittle SE and NW dipping faults. 

The traces of faults illustrated on the published map of the Hatay region (Pi$kin 1985) can 

be seen in Figure 8.1. Generally, trends observed from the published map are corroborated 

by the results obtained independently from measured structures for this thesis. Minor 

variations in direction between the two datasets are explained by the published map 

compilers using valleys to map major faults rather than actual measurements of fault 

surfaces. From the published map the exact strike of over one hundred (146) faults was 

measured with the size, nature and units displaced noted. There are comparatively few 

faults marked on the published map that are confined to the basement and trends observed 

should thus be interpreted with caution. Both the number and the total length of faults in 

each orientation were analysed with potential differences providing an indication of the 

degree to which movement is taken up on a fewer number of large faults or, alternatively 

by numerous smaller faults (Figure 8.10). A generally clear correlation between the 

prominence of faults in a certain orientation when regarding either the number or total 

length of faults in that orientation indicates that no particular trend is different in terms of 

fault size. The faults measured for this study are also split according to the location where 

they are found in order to recognise spatial variations in fault trends (Figure 8.11). 
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Lineations (271) 

Komurcukuru (photo 1011^030040). 
SE lineations in basal shear zone are shown 
by short black lines on the c plane on which 
they were measured, with the edge of this 
plane picked out by the longer black line. 

C planes (14) 

Komurcukuru (photo 1014_235000). 
Top to SW fabric and NE dipping c planes in 
basal shear zone 

Fault planes (47) 

Komurcukuru (photo 1010_225759) 
SE dipping brittle fault displacing large 
coherent blocks 

Figure 8.8: Photos (LHS) of the kinematic indicators measured within the basal shear zone of 
the Hatay ophiolite, with the stereonet and rose plots (RHS) illustrating the orientation of these 
structures These structural measurements can provide insight into the emplacement history of the 
ophiolite A dominance of lineations in a SE-NW direction, with a subsidiary set oriented NE-SW is 
apparent C planes display more variability, although these same trends can also be picked out 
Brittle fault planes display a dominant NE-SW trend. 
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Figure 8,9 Kinematic indicators and their spatial distribution within the basal shear zone 
(Komurpukuru) area. The majority of the measured lineations are either SE or SW plunging, with a 
spread from SE through S to SW directions (and a smaller number of lineations plunging in the 
opposite direction i.e. NW through N to NE). Although a large degree of variability is observed, the 
dominance of lineations towards the SE can clearty be seen. Lineations are associated with either 
top-to-the SW or top-to-the SE indicators in the fabric. The top-to-the SE lineations are associated 
with brittle SE and NW dipping faults, whereas the top-to-the SW lineations are not obviously 
associated with any larger scale fault structures. Both normal and reverse SE dipping faults were 
observed. Lineations trending N-S and a few localities where top-to-the N fabrics are observed 
appear to become more dominant towards the contact with the overiying pillow lavas These N-S 
lineations appear to t>e eariier and are more strongly associated with the fabric development 
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Figure 8.10: Comparison between published map fault strikes and those measured during 
stnjctural sampling for this thesis. Many of the discrepancies are explicable by fault traces of major 
faults being used to compile the published map rather than the smaller faults used by this thesis. 
Note should also be taken of the limited basement fault dataset obtained from the published map. 
A. Stereonets comparing the strike of faults. E-W trending faults are a more significant trend in the 
faults measured for this study whereas the NW-SE trend is picked up more clearly by the published 
map faults. In the ophiolitic basement, the influence of the E-W trending SDC and the NW-SE 
trending layering in the cumulate rocks Is clear. The cover displays a wider dispersion of fault 
orientation. 
B. Histograms illustrating the dominant trends in fault strikes from the published map (Piskin 1986) 
when analysing either the number of faults in a category (LHS) or the total length of faults in that 
category (RHS). A general correlation is apparent, although some trends differ, for instance E-W 
trending faults are more significant when fault length is considered. 
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Figure 8.11: Geology map and rose diagrams illustrating fault strikes separated into localities in 
order to recognise any spatial variations in orientation. Key to map and place names as shown on 
Figure 2.12. 
The darker grey shows faults measured within the ophiolitic basement and the lighter grey 
indicates faults measured within the sedimentary cover, with the number of faults included in the 
rose diagram plot listed below each plot Although, there is some variability in fault strike between 
localities, most identified trends (see text) are picked up across the ophiolite and cover indicating 
that the faults are not spatially discrete. 
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From consideration of the 617 faults measured for this thesis and the fault traces illustrated 

on the published map, it is apparent that although fault strikes display considerable 

dispersion in orientation, four main trends can be identified: 

(i) E-W striking 

(ii) NE-SW striking 

(iii) NW-SE striking 

(iv) N-S striking 

(i) E-W striking faults 

E-W trending faults are a clear trend when considering those faults measured for this study 

(Figure 8.10). The structures are less significant from analysis of the published map, 

although become more dominant when fault length is considered, implying that for this 

category larger faults dominate. Lineament analysis in the Hatay region (Over et al. 

2004b) identifies a similar trend, with identification of a major -75 km ENE-WSW 

lineament branching into three main segments trending 60°, 90° and 70°. Regarding the 

faults measured for this thesis, E-W striking faults are slightly more dominant within the 

basement than the cover. These faults are especially dominant within the SDC (Figure 

8.1 OA) indicating the influence of the steep present-day E-W striking dykes on fault 

development. Dyke margins commonly display evidence for utilisation as a fault surface. 

Spatial analysis shows that the E-W striking trend is picked out by a small number of E-W 

striking faults in most areas of the ophiolitic basement, but is most significant in the 

southern coastal exposures. Immediately to the north within the deeper structural levels of 

the ophiolite (gabbros and ultramafic rocks), the E-W fault trend dies out, again suggesting 

the strong influence of the SDC on fault orientation. In the cover sequences, E-W striking 

faults are a significant trend in the sandstones and limestones along the road to the SE of 

Belen 
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(i i) NE-SW striking faults 

NE-SW striking faults are a trend that is clearly picked up by the faults measured for this 

study, particularly within the basal shear zone (Komur9ukuru area) and within the 

Gulderen valley, but less so for the more evenly distributed published map faults where the 

NW-SE and N-S categories are equally as significant (Figure 8.1 OA). Lineament analysis 

(Over et al. 2004b) also recognises this trend, with NE-SW trending lineaments between 

30-40° and 50-60° most numerous, although with a smaller total length than the lineaments 

observed between 70-90°. The dominant strike of faults within the cumulate gabbros and 

ultramafic rocks is NE-SW, parallel to the average layering observed in the cumulate 

rocks. I f many of these faults are post-tilting the cumulate layering may have influenced 

the development of the faults in a similar way to that observed within the SDC. Within the 

cover framework, this trend is clear within the U9edik valley, although slightly more 

NNW-SSE in orientation, and dominates in the muddy siltstones measured on the turn-off 

from Belen to Komiir^ukuru (locality H04). From analysis of the published map it appears 

that NNW-SSE striking faults are spatially ubiquitous. 

(iii) NW-SE striking faults 

NW-SE trending structures are clearly identified from analysis of the published map but 

less significant when considering the complete dataset of faults measured for this study 

(Figure 8.10). They become clearer when analysis is restricted to the cover framework 

alone and when the faults are separated into the areas where they were measured. For 

instance this trend is very clear within the U^edik valley and in the sandstones and 

limestones along the road to the SE of Belen, although slightly more NNE-SSW in 

orientation. From the published map it appears that NNE-SSW trending faults become less 

significant towards the west of the study area. 
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(iv)N-S striking faults 

N-S faults are clearly identified from analysis of the published map but less significant 

when considering the faults measured for this study (Figure 8.10). When separated into 

cover and basement, this N-S trend becomes clearer. Spatial analysis highlights faults in 

this orientation as in some areas the faults measured within the cover framework are almost 

N-S (e.g. to the SE of Belen), although it cannot be known from initial analyses whether 

these faults comprise a real N-S trend or part of the NW-SE or NE-SW trends observed in 

adjacent areas of the cover. From study of the published map, it can be seen that N-S 

striking faults are more prevalent towards the north, around Belen, and to the east of the 

Hatay area. The N-S faults become increasingly prevalent eastwards, which suggests a 

link with movements along the Dead Sea Fault (DSF) zone to the east of the area and 

implies that the DSF zone has limited influence within the study area. 

8.3.5 Summary and discussion of regional structure 

From the above analysis of regional structures, several important patterns become 

apparent. There is a clear NE-SW orientation of both outcrop boundaries and comprising a 

dominant fault trend. The strikes of the different terrains within the Amanos range, of 

which the Hatay ophiolite forms part, similarly trend NE-SW (Pipkin et al. 1986). The 

present-day average E-W strike of the SDC in Hatay is thus oblique to this trend. As a 

general rule, sedimentary sequences have shallow-moderate (< 30°) dips towards the east, 

although the degree of variability results in backstripping younger rotations using bedding 

orientations being inaccurate. A large dispersion of fault orientations exists, as expected 

due to the complex tectonic history of the region. However, it is possible to identify four 

main trends, with faults trending E-W and NE-SW recognised as significant in both 

ophiolite and cover, NW-SE trending faults more significant within the cover framework 
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and N-S trending faults clearest from analysis of the published map. The dominant NE-

SW and NW-SE trends identified appear to have a slightly different orientation in the 

cover, being more NNE-SSW and NNW-SSE respectively, with either one o f these trends, 

or both (e.g. in the U9edik: valley), dominating each cover locality. Generally, in each area 

there is a spread of orientations, although one or two directions usually dominate. There is 

no spatial pattern in fault orientation; for instance, fault trends in the south of the area are 

not consistently similar and distinct from fault trends in the north of the region, although 

spatially adjacent localities may show different trends. However, the N-S faults are more 

prevalent to the east and as such may be linked with the roughly N-S trending DSF. The 

dominance of normal faults within both the ophiolite and cover framework ties in with the 

observation from the review of literature on the region (section 2.2.4) that the Neotectonic 

history has been dominated by extension/transtension. To analyse these structures fiarther 

requires more detailed structural analysis using the fault slip data measured in the field. 

8.4 Palacostress analysis 

The general patterns from the 617 faults measured within the ophiolitic basement and 

cover framework discussed in the preceding section gives a good indication of the 

structural patterns, but palaeostress analysis provides a more in-depth and subtle analytical 

technique and can provide significant insights into the structural phases affecting the 

ophiolite and cover. For example, from analysis of fault strikes alone it is difficult to 

determine whether faults in the same orientation or within a selected area formed under a 

single event whereas this is possible using palaeostress analysis techniques. The outcome 

of palaeostress analysis in a region known to have had a complex structural history is 

expected to be the recognition of a series of distinct structural events with associated 

palaeostress axes. 
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8.4.1 Methodology of palaeostress analysis 

There are many different ways of reconstructing palaeostresses from field data, many of 

which are based on faults and their associated slip vectors- 'fault-slip' methods (see 

Angelier 1994 for a review). These methods use the observed direction of slip to indicate 

the direction of the resolved shear stress vector that acted on the plane of the fault with the 

required field data input into these methods consisting of the orientations of the fault 

planes and their associated slip directions. Palaeostress analysis of all but the smallest 

datasets makes use of various computer programs; the program used to analyse the Hatay 

data is TectonicsFP version 1.6 by Franz Reiter and Peter Acs, based on TeclonicsVB, by 

Hugo Ortner for Apple Mackintosh. This program is a standard palaeostress analysis 

package following those principles outlined above, with the required input parameters 

being the orientations of the fault and fault-slip vector. The output of the analysis gives the 

directions on the principal stress axes [a\ (P), 0 2 (B) and 0 3 (T)], as well as the stress ratio: 

[(D = ( 0 2 - 0 3 ) / (oi - 0 3 ) ] and confidence limits on the solutions. 

The inclusion of a large number of faults in palaeostress analysis from an area with a 

complex structural history (as for Hatay) is expected to result in a large array of faults that 

do not have palaeostress orientations that conform precisely to those for the main structural 

events. Principal stresses for these faults are expected to be dispersed and overlap with 

principal stresses from the main structural events, potentially obscuring them. This 

necessitates clear limits to be set on the confidence limits acceptable for any palaeostress 

event identified with clear determinations of criteria for the inclusion or exclusion of faults 

from the final datasets. The lower limit of confidence for any group of faults identified as 

acting together under a single structural event is set at 80% (where 100% would be 

complete agreement between palaeostress axes), irrespective of which stress axis is being 

considered. The inclusion of a greater number of faults may lower the confidence levels; 
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conversely datasets with fewer faults may give misleadingly high confidence limits. The 

optimum result is clearly a sufficiently large dataset to be confident of the stress 

determination with high confidence limits, as illustrated extremely well for the post-

emplacement events recognised within the cover framework (section 8.5.5). 

8.4.2 A s s u m p t i o n s and l imitat ions 

Assumptions of the palaeostress method are that the stress field is homogenous, that there 

is parallelism between shear and the slip vectors on a fault plane, and that fault sets 

forming under a discrete event are independent from pre-existing faults, as first proposed 

by Wallace (1951). It is assumed that the faulting obeys the Coulomb criterion that: x = C 

+ jiGn, where T is the shear stress, Op the normal stress, C the cohesion and \x the coefficient 

of internal friction. The palaeostress method cannot determine the complete stress tensor 

(six variables), but determines the reduced stress tensor, consisting of three variables 

specifying the orientation of the principal stresses and their ratio. No information is gained 

on the magnitude of the stresses and friction of the fault surfaces is not considered to be 

important (Angelier 1994). A stress-system will preferentially develop two sets of faults in 

a conjugate arrangement (due to the symmetry of the stress tensor) with oi as the bisector 

of the acute angle between the two fault planes implying plane strain with zero 

deformation along the intermediate stress axes (Angelier 1994). Palaeostress analysis 

assumes that faulting can be treated as a stress phenomenon, which leads to different 

predictions of fault patterns than i f faulting is treated as a strain phenomenon (Twiss and 

Unruh 1998). I f faulting is controlled by strain, multiple fault patterns are predicted (e.g. 

Reches 1983, 1987; Marrett and Allmendinger 1990; Twiss et al. 1991, 1993). The 

palaeostress analysis assumes that multiple fault patterns are produced by two or more 

events of faulting with the principal palaeostress changing orientation in each event. 

However, this simple scenario may- be complicated by potential reactivation of earlier 
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structures in each successive event (Bott 1959) or in a single three dimensional strain 

producing an orthorhombic four-fault pattern with two slickenline sets on pairs of 

conjugate faults (e.g. Reches 1978, 1983; Krantz 1988). Alternatively, complex interaction 

between pre-existing planes of weakness and blocks forming under one or more events 

under either two or three dimensional strain (Nieto-Samaniego and Alaniz-Alvarez 1997) 

may result in non-plane strain. 

The orientation of slip vectors may display variation even within the same fault plane due 

to fault-slip directions close to fault segment boundaries recording local strain patterns at 

fault lips (Roberts 1996; Roberts and Ganas 2000). Thus, the assumption in palaeostress 

analysis that a measured slip vector is representative of the mean movement on a particular 

fault should be used with caution. 

Rotation of earlier structures in subsequent events and interaction between faults adds 

greater complexity and ambiguity into a simple analysis procedure. Ideally, the rotations 

associated with successive events should be identified, allowing backstripping of these 

rotations prior to a palaeostress determination being performed on older faults. I f rocks are 

folded, for instance i f a dome structure is present, structures around this may be rotated 

back to the appropriate pre-tilting orientation prior to analysis. In reality incremental 

rotations and the relative timing of structural events are difficult to constrain and the 

assumption is often made that the errors resulting from using the uncorrecled/partially 

corrected dataset are sufficiently minor for palaeostress orientations to be distinguished. 

Ideally, coeval fault sets should be identified, usually on the basis of their orientation in 

cases where detailed chronological information is absent. The sub-division of measured 

faults into meaningful categories by the analyser may introduce bias. Even numerical 

methods designed for heterogeneous fault data (e.g. Yamaji 2000) cannot separate out fault 
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populations without some decision by the inputting geologist regarding the most 

appropriate parameters to use. 

It is a requirement of palaeostress analysis to only incorporate faults where all 'fault slip' 

parameters are constrained and it may be impossible to constrain all of these accurately in 

the field. For instance, in the Hatay area, larger faults in particular are often picked out by 

topographic lows due to erosion of the scarp; the fault plane is commonly obscured. The 

assumption is therefore made that measuring faults on a smaller-scale wil l produce results 

that are representative of all faults. A power-law scaling relationship between smaller and 

larger faults is hypothesised to exist, with greater numbers of smaller faults in the same 

orientations as larger ones (e.g. Walsh and Watterson 1992). There may be a reason why 

there is difficulty in measuring a certain parameter for a population of faults. For example, 

the movement history on an earlier generation of faults may be difficult to measure due to 

degradation of the fault plane over time. 

8.5 Descr in t ion of data and results of pa lacost rcss ana lys is 

8.5.1 O v e r v i e w of data 

Just over a third of the 617 faults in the complete dataset have been included in the 

palaeostress analysis, with 148 basement faults and 71 cover faults suitable for palaeostress 

analysis: the 'palaeostress subset'. A significant number of the measured faults (398 of 

617; 65%) from the Hatay area have been excluded from the palaeostress analysis due to 

the inability to measure one of the required parameters. The degree to which the 

palaeostress subset is representative of the complete dataset may be indicated by 

comparing parameters such as fault strikes. The correlation between dominant trends in 

the fault strikes using the complete dataset compared and fault strikes restricted to the 
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palaeostress subset (Figure 8.I2A-C) indicates that it is a reasonable assumption that the 

faults suitable for palaeostress analysis are representative of all faults measured. 

The four trends identified previously (section 8.3.4) are similarly observed in the 

palaeostress subset and become slightly clearer when regarding only the cover faults in the 

subset (i.e. the data are less dispersed). The trends of basement fault strikes in the 

palaeostress subset are almost identical to the complete dataset, with a very slight increase 

in the dominance of the NW-SE trend being the only difference; this trend also increases in 

comparative significance for the cover faults in the subset. Comparison of the complete 

and palaeostress subsets of faults in different localities also indicates that the subset is 

representative (Figure 8.12D). The percentage of faults included in the palaeostress 

analysis from the basement and cover units differs slightly with 33% (148 of 452) of 

basement faults included and 43% (71 of 165) of cover faults included. The greater 

percentage of faults in the cover framework suitable for palaeostress analysis is anticipated 

due to their younger age with the likelihood of being affected by fewer structural events. 

The large number of faults necessitates division of these faults into categories prior to 

performing a comprehensive palaeostress analysis. I f the entire dataset of faults used in 

the palaeostress analysis is plotted on a slereonet (Figure 8.13), there is a large dispersion 

in fault strikes and linealions with no particular patterns distinguishable. Palaeostress 

analysis produces extremely low confidence levels on principal palaeoslress axes and the 

directions identified have no geological relevance (Table 8.1). These faults can be broken 

down according to a variety of parameters e.g. fault type, strike of the fault plane, 

orientation of the slip vector or dip of the fault. 

Initially faults were separated into ophiolitic basement and cover framework as the faults 

confined to the cover units are only affected by post-emplacement events and should be 
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more straightforward to interpret. Figure 8.13 shows that it remains difficult to identify 

patterns, especially within the ophiolitic basement where a greater number of structures 

were measured and overprinting of pre-emplacement events by post-emplacement events is 

expected. Faults were also separated into normal, reverse and strike-slip faults prior to in-

depth analysis as the nature of the palaeostress analysis and the dependence of the vertical 

principal axis (oi , 0 2 or 0 3 ) on fault type make it easier to analyse these separately. 

Unit Faults Level^ 0 , (R%) 0 2 (R%) 03 

(R%) 
No. Faults 

All All 1 63/162 
(017) 

04/065 
(04) 

19/288 
(07) 

219 

Basement All 2 48/165 
(06) 

05/075 
(13) 

32/300 
(01) 

148 

Basement Normal 3 88/268 
(64) 

00/259 
(26) 

04/352 
(27) 

82 

Basement Reverse 3 02/155 
(46) 

04/061 
(38) 

79/295 
(57) 

32 

Basement Dextral 
strike-slip 

3 04/338 
(49) 

84/167 
(83) 

03/061 
(46) 

19 

Basement Sinistral 
strike-slip 

3 04/356 
(54) 

77/097 
(81) 

15/272 
(50) 

15 

Cover All 2 85/080 
(61) 

04/003 
(31) 

01/079 
(48) 

71 

Cover Nonnal 3 87/024 
(80) 

03/187 
(48) 

03/084 
(47) 

59 

Cover Reverse 3 47/077 
(70) 

03/342 
(60) 

32/253 
(91) 

2 

Cover Dextral 
strike-slip 

3 15/123 
(52) 

69/005 
(87) 

26/217 
(52) 

5 

Cover Sinistral 
strike-slip 

3 04/320 
(62) 

80/000 
(80) 

09/072 
(64) 

5 

T a b l e 8.1: Orientations of palaeostress axes for all faults and for the initial breakdown of data into 
basement and cover and fault types. 
^. The level of division of data (as shown on Figure 8.13). 
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F igure 8.12: Comparison between the fault strikes of all faults measured compared to the strikes 
of faults limited to those used in the palaeostress analysis. 
A-C. Separated into all faults, basement faults and cover faults respectively. The data is shown as 
histograms (LHS) and rose diagrams (RHS) of strike of faults for easy comparison between 
datasets and as contoured stereonets (middle) for the presentation of both fault dip and strike. An 
extremely good comparison between the complete dataset with faults restricted to those used in 
palaeostress analysis indicates the validity of results from using a smaller subset. 
D. Comparison between the complete dataset (LHS) and palaeostress subset (RHS) for the coastal 
locality, illustrating the representabitity of the subset. 
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Level 1 
All faults 

N 

Level 2 

Basement faults 
N 

Level 2 

Cover faults 
N 

Level 3 

Reverse faults 
N 

Normal faults 
N 

32 82 
Strike-slip faults 

Dextral Sinistral 

Reverse faults 
N 

Normal faults 
N 

Strike-slip faults 
Dextral Sinistral 

F igure 8.13: Stereographic projections illustrating the necessity of categorising data prior to a 
palaeostress analysis. The stereonet on the top level shows all faults used in the palaeostress 
analysis prior to any breakdown of the data. Separating them into ophiolitic basement and cover 
categories indicates that further division Is necessary. For palaeostress analysis, the faults are 
analysed separately in relation to their movement direction. The lower eight stereonets illustrate the 
dominance of normal faults throughout the ophiolite and cover sequences, but particularly for the 
sedimentary cover. If all faults where the sense of movement is constrained are considered, the 
percentages of these included in the palaeostress analysis of the basement is: 80% of normal 
faults; 96% of strike-slip faults and 80% of reverse faults, and for the cover these statistics are: 
84% of normal faults; 66% reverse faults and 100% of strike-slip faults. These percentages are 
similar for all fault types (with the higher inclusion of basement strike-slip faults and higher 
exclusion of cover reverse faults likely due to low numbers of faults in these categories) which is 
another indication that the palaeostress subset of faults is representative of all faults. 
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Figure 8.13 and the low confidences apparent from Table 8.1 indicate that even following 

the two initial separations of the data, further breakdown is necessary to prevent clouding 

of the dataset by successive faulting events resulting in large errors and a geologically 

irrelevant palaeostress result. Although, in all but the simplest scenario, each stress system 

is expected to produce faults in more than one orientation, a preferred strike is expected to 

dominate and the development of conjugate fault sets can be invaluable for identifying 

palaeostress events. 

Therefore, it seems valid as an early categorisation of faults into subsets to break them 

down into faults of similar strikes. This analysis of dominant strikes, especially i f 

conjugate sets can be identified, is a good first step towards finding the stresses that have 

resulted in the measured faults and is particularly valid for the cover where the breakdown 

into fault types immediately allows trends in strike to become apparent. A feature of a 

significant number of basement faults is the fact that none of the three principle 

palaeostress axes is vertical, whereas a common assumption in palaeostress analysis is that 

one stress axis will be vertical. Analysis of these faults is discussed in section 8.5.8. 

8.5.2 Palacostrcss maps 

The palaeostress results subsequent to the separation of faults into normal, reverse and 

strike-slip faults can be illustrated on a geological map of Hatay to provide a clear picture 

of both the spatial distribution of these faults and the variability of palaeostress orientations 

and plunges. The principal horizontal palaeostress for each individual fault cinalysed is 

plotted on the map (Figure 8.14) with each fault type shown on a separate map for clarity. 

The palaeostress maps enable all faults used in the analysis to be observed. 
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Palaeostress axes for the normal faults display a wide range in orientation as would be 

expected from their greater number. However, NW-SE and NE-SW striking orientations 

of 0 3 axes are both evident as significant trends in both the ophiolitic basement and cover 

framework, although there is some variation in exact direction. A N-S orientation of 0 3 

axes is also apparent, picked out most clearly along the coast within all lithologies from the 

SDC in the south to the ultramafics further north. This northerly trend is mirrored by a 

number of faults within the Belen area within the cover framework. In the Gulderen valley 

area within the ophiolitic basement, the faults measured are spatially close to the 

sedimentary cover, located on the southern edge of the ophiolitic massif In this area, the 

palaeostress orientations on the map closely resemble the trends observed in the cover and 

major gullies cutting the valley also have similar trends. 

The reverse faults display a wide distribution around a mean southeriy direction: from the 

map it can be seen that almost all of the reverse faults swing between SE to SW directions. 

In a few localities, reverse faults with near-orthogonal palaeostress axes occur spatially 

adjacent to each other (e.g. along the coast). This is generally a strong indication of two 

separate compressional events, although exceptions to this arise from such events as 

emplacement of ophiolilic nappe sheets over a continental platform where considerable 

variability in thrusting direction might be expected, along with complicated inclined axes 

of rotation (Macdonald 1980; Allerton 1998). 

318 



(i) normal faults (sigma 3 axis) (ii) reverse faults (sigma 1 axis) 

_ Nonnal | 0(M)9 \ 

Sinistral Q. 4(^9 x 

(iii) strike-slip faults (sigma 3 axis) (iv) Strike-slip faults (sigma 1 axis) 

F igure 8.14 The orientation of the horizontal palaeostress axis identified from the palaeostress 
analysis for eacti individual fault analysed. Maps (i) to (ii) show normal and reverse faults 
respectively, with maps 0") to Ov) showing sigma 3 and sigma 1 axes respectively for easy 
comparison with both normal and reverse faults. The key to the maps and the localities and place 
\abe\s have been omitted for clarity; these were displayed on Figure 2.12. 

319 



Strike-slip faults are not numerous and, although these may represent separate events, they 

may have formed under the same extensional and compressive events that produced the 

normal and reverse faults. Strike-slip faults within the cover generally appear to have 0 3 

axes oriented either roughly NE-SW or NW-SE (or oi oriented NW-SE or NE-SW). These 

orientations of 0 3 axes resemble the trends observed for 0 3 axes of the normal faults within 

the sedimentary cover and similar orientations are also observed for the strike-slip faults 

within the basement. The similarity between many of the 0 3 axes of the normal and strike-

slip faults suggests that these faults may result from the same stress systems. However, 

comparison of oi axes of strike-slip faults with those of reverse faults also indicates that 

certain strike-slip faults may have formed under the same events. Strike-slip faults within 

the basement have less consistent trends than faults within the cover with 0 3 axes also 

oriented E-W and N-S (or oi oriented N-S and E-W). Either of these has the potential to 

be a distinct event, that might be determined by subsequent detailed palaeostress analysis 

of the faults. 

8.5.3 Separation into categories: cover framework 

From the general trends observed in strike from all faults measured within the sedimentary 

cover (section 8.3.4), four different directions appeared dominant, with clusters of strikes 

oriented roughly N-S, NE-SW, NW-SE and E-W. In places in the cover, the NE-SW and 

NW-SE trends display a slight variation in strike to more NNE-SSW and NNW-SSE. 

Following separation into fault type, the initial separation of the 71 cover faults suitable for 

the palaeostress analysis was done using these categories in order to determine i f there is a 

simple division of palaeostress according to faults with similar strikes acting under a single 

event. 
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It was found that division into NNE-SSW oriented faults and NNW-SSE oriented faults 

immediately results in the determined stress axes having a much higher confidence, with 

many of the roughly N-S faults also falling within these groups. However, the E-W 

striking faults have no coherent pattern in orientation of the stress axes and also display 

disparate directions of slip vectors. 

8.5.4 Separation into categories: ophiolitic basement 

From the general analysis of the structural patterns, significant groups of dominant strikes 

recognised within the basement were faults striking NE-SW, E-W and a slight peak of 

faults striking NW-SE. Due to the more protracted (and therefore more complicated) 

history of the basement units, with each successive event potentially causing older faults to 

be reactivated, rotations to occur and faults to interact, it would be expected for patterns to 

be less readily identified than in the cover rocks. From the large number and variation in 

strikes of basement faults (Figure 8.13), it is apparent that an important step in performing 

a robust analysis is to recognise faults forming under post-cover events within the 

basement and to backstrip these from the basement dataset. 

Subsequent to separation into fault type, basement faults were further split using the 

dominant orientations recognised previously (section 8.3.4), as in the cover framework. 

However, in the case of the basement faults, as a result of the higher number of faults and 

more complicated history, the division into these categories did not yield confident 

palaeostress determinations. Faults in the cover almost invariably have one near-vertical 

palaeostress axis, but a significant number of those in the basement do not. Therefore, a 

further division was made into those faults with a near-vertical palaeostress axis and those 

without (with one palaeostress axis > 60° arbitrarily used as the deciding factor). This 

resulted in the identification of two clear events with high confidence levels for a NW-SE 
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trending group of faults and a NE-SW trending group of faults, interpreted to relate to the 

two well-constrained post-emplacement events recognised from analysis of the cover. 

Although there is a slight variation in orientation of the stress axes, the basic similarity 

between both fault strikes and axes of minimum principal stresses between these basement 

and cover groupings cleariy suggests formation under the same events. 

In order to analyse earlier events, these NW-SE striking and NE-SW striking normal faults 

were subtracted from the dataset before carrying out more detailed analysis of those 

remaining faults. The exclusion of faults where all three palaeostress axes are intermediate 

between horizontal and vertical may not be so valid for earlier events. However, the 

justification for leaving these faults out of the analysis (initially) is the theory that, at least 

for the youngest basement events (as for the cover events), the stress axes should not have 

been rotated significantly from vertical. Therefore major palaeostress events can still be 

recognised even i f certain faults forming under them may have been excluded. Section 

8.5.9 presents further discussion and analyses of these excluded faults and reinforces the 

validity of this assumption. 

Following this categorisation using stress axes, and then repeating the breakdown of data 

using the main trends identified from earlier analysis, three main pre-emplacement groups 

are clearly identified: an E-W striking normal fault group, a conjugate strike-slip group and 

a group of reverse faults striking NE-SW. The peak in NE-SW striking faults identified 

from pre-palaeostress analysis of the basement thus comprises NE-SW striking faults from 

a posl-emplacement NW-SE extension event augmented by faults from the NE-SW 

trending reverse fault group. 
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8.5.5 Identified structural events 

As a result of the palaeoslress analysis, it was possible to identify five clear structural 

events to have affected the Hatay ophiolite, with two of these post-dating the emplacement 

of the cover (Figure 8.15). These five groups within the ophiolilic basement with the 

orientation of their principal stress axes and confidences from earliest to latest are shovm in 

Table 8.2. Figures 8.16 and 8.17 display photos of faults from pre-cover and post-cover 

events respectively, illustrating characteristic examples of faults from each of identified 

event. 

There is a slight change in orientation of the faults and palaeostress axes observed between 

the two post-emplacement structural events obser\'ed in the cover compared with the same 

events within the ophiolitic basement, particularly for Event 5, which may be due to either 

a slight spatial variation in palaeostress between the sampling localities within the 

basement and cover or to differences in the inherited structure of the basement and cover 

resulting in the same stress being taken up slightly differently, or potentially merely an 

artificial difference due to the particular faults sampled. This last possibility is lent support 

by a group of NE-SW trending faults observed within the cover rocks with orientations 

displaying more similarity with those observed in the basement. These may be added to 

the clearly defined cover event resulting in greater similarity in the orientations of the 

principal stress axes accompanied by a slight decrease in confidence level. I f faults from 

both basement and cover for the two events recognised in both units are analysed in 

conjunction confidence in the determination remains high. 
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Unit Identified 
Event 

Evt oi 
(R%) 

02 
(R%) 

03 
(R%) 

Con. 
Angle 

Stress 
Ratio 

No. 
Faults 

Basement N-S 
Extension 

\ 82/13 
4(87) 

07/272 
(88) 

03/002 
(85) 

57 0.33 11 

Basement NW-SE 
Contraction 

2 00/33 
3(96) 

02/242 
(93) 

052/88 
(92) 

58 0.08 6 

Basement N-S 
Compression 

3 06/00 
2(81) 

86/159 
(87) 

04/272 
(80) 

55 0.02 11 

Basement NW-SE 
Extension 

4 86/06 
9(87) 

03/217 
(88) 

04/307 
(89) 

75 0.60 14 

Basement NE-SW 
Extension 

5 83/32 
1(92) 

06/133 
(87) 

01/042 
(87) 

65 0.03 12 

Cover NW-SE 
Extension 

4 81/00 
5(91) 

08/205 
(91) 

02/115 
(90) 

53 0.80 18 

Cover NE-SW 
Extension 

5 85/29 
6(83) 

03/162 
(87) 

04/071 
(87) 

62 0.66 19 

Cover̂ ^ NE-SW 
Extension 

5a 89/34 
9(81) 

01/330 
(70) 

04/060 
(80) 

/•̂  / 26 

Combd." NW-SE 
Extension 

4b 84/02 
0(89) 

06/210 
(88) 

00/300 
(88) 

/ / 32 

Combd.*' NE-SW 
Extension 

5b 84/30 
7(86) 

04/151 
(79) 

03/060 
(84) 

/ / 31 

Table 8.2: Orientations of palaeostress axes and other parameters for the five identined groups. 
^. The identified group within the cover incorporating a group of additional faults in a slightly different 
orientation. 
^. The faults from both cover and basement for Event 4 combined. 
^. The faults from both cover and basement for Event 5 combined. 
°. The conjugate angles and stress ratios have not been calculated for groups where these values are not used 
in further analysis. 

324 



Event 1 

Event 2 

Event 3 

Location of faults in final palaeostress analyses 
^ipiieit avw* in bhck; c»«f evente in talci 

N-S extension (11) 
NW-SE compression (6) 
N-S compression (12) • 
NW-SE extension 14 N I V - S E extension fiej 
ME-SW extension 12 NE-StVexfens/on (19) * 

Event 4 

N W - S E Extension 

B a s e m e n t 

Event 5 
N E - S W Extension 

Basement 

Cover 

C o v e r 

Figure 8.15: T h e five final events identified within the ophiolitic b a s e m e n t and cx)ver frameworl^ 
of the Hatay ophiolite. 
A. T h e geology map s h o w s the location of the faurts included in the final groups identified by the 
pa laeostress ana lys is ( same symbol s h a p e = s a m e fault orientation; s a m e colour = s a m e event). 
K e y and locations on map are a s on Figure 2.12/8 1 
B - C T h e stereonets illustrate the five events identified from the pa laeost ress ana lys is , three only 
affecting the ophiolitic basement (upper L H S ) and two younger post -emplacement events 
observed within both the ophiolitic t>asement (lower L H S ) and cover framework (lower R H S ) . 
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Figure 8.16: E x a m p l e s of faults from e a c h pre-cover structural event identified within the 
ophiolitic basement . 
A. Event 1: N-S extension, coast (photo 1001_003642) . G P S [0761786 ; 4003659) . A n E - W striking 
fault parallel to the S D C is ot>served cutting through an exposure of moderately dipping dykes , 
marked in this instance by a d e a r planar fault t race. 
B. Event 1: N-S extension, coast (photo 1012_223010) E - W striking faults are particularty 
dominant in the S D C . 
C . Event 2: N W - S E compression, coast (photo 1003_014530) G P S (0757702 ; 4009120] S E 
dipping reverse fault of event 2 within gabbros oriented 150/44 d isp laces a N W dipping dyke 
oriented 346/52 with a reverse s e n s e of displacement. 
D Event 2: N W - S E compression. Komurcukuru (photo 1018_203948) . N W dipping fault with 
indication of reverse movement, possibly acting a s a riedel shear . Not included in pa laeost ress 
analysis due to lack of constraints on sl ickenside orientation. 
E . Event 3: N-S compression, near Guk leren (photo 1017_212618) . Sinistral strike-slip fault striking 
N N E - S S W and included in final ana lys is 
F . Event 3: N-S compression, K a r a c a y Valley E side (photo 0916^020210) S t e e p N N W - S S E 
trending strike-slip faults (no movement direction obtained) 

326 



Neotectonic faults: ophiolitic basement Neotectonic faults; cover framework 

Figure 8.17 Photos of faults of the Neotectonic events identified within the ophiolitic basement 
and cover framework. 
A. Event 4: Neotectonic N W - S E extension, coast (photo 0930_230340) . N W dipping fault cuts 
S D C 
B. Event 4: Neotectonic N W - S E extension. Altinozu (photo 0923_194707 ) . S E dipping fault in 
muddy sediments. 
C . Event 4: Neotectonic N W - S E extension, near Gulderen (photo 1018_013350) . S E dipping fault 
cuts S D C 
D Event 5: Neotectonic N E - S W extension, Ucedik (photo 0928_021820) . S W dipping nonnal fault 
in sandy c lays and marls 
E . Event 5: Neotectonic N E - S W extension, near Gulderen (photo 1018_023815) . Incorporates 
reactivated E - W striking faults a s strike-slip faults, here character ised by breccia development N E -
S W faults dominant within river valley, itself potentially c a u s e d by a Neotectonic fault. 
F Event 5: Neotectonic N E - S W extension. K a r a c a y River (photo 0927_221922) . S W dipping smal l 
normal fault in sandstones in s a m e orientation a s larger simiiariy dipping faults within the mainly 
shaliowty-dipping sediments located at the southem end of the K a r a c a y river valley. 
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8.5.6 Description of identified structural events: cover framework 

Both structural events recognised within the cover are characterised by normal faults, often 

in conjugate arrangement. Events 4 and 5 are characterised by NNE-SSW and NNW-SSE 

striking faults respectively, with well-constrained stress directions with a3 axes oriented 

respectively ESE and ENE. These represent two discrete structural events affecting the 

cover rocks, which appear to be temporally rather than spatially discrete, although it is not 

possible to determine the relative age of these two events unequivocally from the structural 

analyses because cross-cutting relationships between two clearly consistent planes from 

each event were not found (Figure 8.18). Generally the NNW-SSE striking faults appear 

to be younger. This is suggested from several localities where both orientations of faults 

can be observed in the near-vicinity of each other but the NNW-SSE striking faults are 

more consistent in orientation than the NNE-SSW striking faults. 

There are a few localities, notably along the Antakya-Altinozu road where the NNW-SSE 

striking faults are observed to cross-cut faults in other orientations whereas the NNE-SSW 

faults do not appear to cross-cut other faults. Analysis of the spatial distribution of faults 

identified in the two well-constrained structural groups of cover faults can aid 

determination of whether the identified events are spatially discrete. Faults from both 

groups are observed over the entire area studied which indicates that the two fault groups 

are not spatially discrete and so, by implication, must be temporally discrete. This 

conclusion is supported by palaeostress analysis of the cover faults separated into localities 

as resultant palaeostress axes lack any coherency and have extremely low confidences. 
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360/45 • \ \ 1 4 0 / 6 1 

150/65 

HO 0? 

198/74 
180/73 

NE Cross-section view S W 
(redrawTi from field sketch) 

3 m 

Figure 8.18: Faul ts of Neotectonic post-emplacement events and cross-cutt ing relationships 
within the cover framework (top four p>hotos) and ophiolitic basement (bottom two photos) 
A - B . Locality H04 (photos 0925_010035 and 0925_021403 ) . A Dominant fautt set a cross-cutting 
set b, B. Fault set a cross-cut by set c Faul ts are in muddy sandstones , si l tstones and mudstones 
with fault p lanes often calcified and standing out in relief from the softer sed iments . Bedding planes 
in this locality are N E dipping with N E - S W striking fault p lanes predominant. 
C . Be len (photo 0928_203821) A significant number of faults along the road S E of Belen trend - - E -
W with steep dips and curvature of beds into the fault plane. T h e s e compr ise part of Event 5. which 
is not character ised by N W - S E striking fault p lanes here A number of N N E - S S W striking faults 
comprise part of Event 4 
D. Altinozu (photo 0923_204234) . Most lineations on cover faults are steeply plunging, a s 
illustrated above. Occas iona l faults display ev idence of two lineations. particularty on E - W striking 
faults, which may be reactivated by tx)th N W - S E and N E - S W extension events 
E . Coast . G P S [0757776 ; 4008890) . A clear fault dipping N E oriented 030 /60 . continuous through 
the cliff (>5m) cleariy c ross -cu ts a fault plane oriented 156/72 with a normal s e n s e of displacement. 
Neither of these faurts could be included in the palaeostress ana lys is due to incomplete fault slip 
data but a S E dipping fault - 4 m s N comprises part of E v e n t 4. 
F. Coast (photo 1008_011124) . C l e a r instances of cross-cutting faults of events 4 and 5 were not 
observed within the ophiolitic basement Cross-cutt ing relationships between faults with opposing 
dips of either Event 4 or Event 5 were mutually cross-cutt ing, a s shown in the a b o v e photo where a 
N W dipping fault of Event 4 cuts off a S E dipping fault of the s a m e event 
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(i) NW-SE/NNW-SSE extension (Event 4) 

This event is characterised by NNE-SSW trending normal faults, often in a conjugate 

relationship. The NNE-SSW category of faults dominate in locality H04 [0248232; 

4041979], located on the turn-off to Komur^ukuru to the south of Belen (Figure 8.18A-B). 

In this locality, three sets of normal faults were identified with the NNE-SSW striking 

faults comprising the dominant set generally cross-cutting other sets that are characterised 

by smaller faults with less consistent strikes. Palaeostress analysis in this locality indicates 

that the smaller faults could be acting under the same palaeostress system as the NNE-

SSW striking faults and the orientation of the principal palaeostress axes from this locality 

are only a few degrees different from the results incorporating all NNE-SSW striking cover 

faults. The bedding in this locality consistently dips towards the NE (Figure 8.18B), which 

is not easily accounted for by the NNE-SSW striking faults, indicating that the faults in this 

orientation are not singly responsible for rotating the sediments and suggesting the 

influence of another orientation of faults on the prevailing dip in this area. 

(ii) NE-SW/NNE-SSW extension (Event 5) 

This event is characterised by NNW-SSE trending faults, often in a conjugate relationship. 

The faults measured along the Antakya-Altinozu road are characterised by beds steepening 

towards the fault planes indicating the direction of movement of the fault with several good 

examples of conjugate relationships. Two faults from the NNW-SSE striking event that 

illustrate this are found within two metres of each other along the Antakya-Altinozu road 

[0247441; 4005677]. These strike within a few degrees of each other with identical dips 

and a 60° angle between the planes. 
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(iii) E-W trending faults 

The E-W striking faults are unlikely to comprise formation of a fault group resulting from 

a discrete palaeostress event due to the considerably lower confidences in the principal 

palaeostress axis determinations (< 80%). Analysis of these E-W striking structures, 

taking confidence limits into consideration, shows that certain of these faults could have 

been activated under either of the two identified stress systems. Subsequent analysis of the 

ophiolitic basement suggests that these faults may be inherited basement structures 

propagating into the cover framework (section 8.6.2). However, it is also possible that this 

group of faults formed under an older event and were later rotated or reactivated by the two 

better-defined cover events, accounting for the dispersion in the slickenlines measured. 

8.5.7 Description of identified structural events: ophiolitic basement 

The relative timing of the basement events can be constrained from observation of cross-

cutting relationships (Figure 8.19). Faults from these events appear to be temporally 

discrete rather than representing spatially discrete coeval events. 

(i) N-S extension (Event 1) 

The oldest structural event identified is a N-S extensional event (Event 1), characterised by 

numerous E-W striking normal faults, in cases showing the development of mixed 

populations of slickenside lineations. This event is interpreted as the oldest event due to 

the observation of faults in several other orientations cutting through the E-W striking 

faults, for example a location within the Karagay valley (Figure 8.19A). The existence of 

two slickenside lineations observed in several instances on these fault planes also suggests 

that these faults are older and have been subsequently reactivated by younger events. 
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Cross-section view SWi 
(redraw n from field sketch) 

iqure 8.19 Cross-cutt ing relationships and faults of pre -cover events within the t)asement 
A. K a r a c a y Valley (photo 1013_231006) A steep fault in layered gabbros oriented N W - S E of Event 
3 cuts E - W striking faults. 
B Coast (photo 0930_230340) . Shal low faults oriented N E - S W . either of Event 2 or Event 4 
dipping N W cut eartier E - W striking faults 
C . Karacay Valley (photo 0930_231514) . Faults in later events utilise dyke margins. In this photo, 
the upper part of the fault lies along the plane between two d y k e s and in the lower pari cuts 
through the dykes. T h e dyke margins in this locality dip southwards, oriented 170/67 
D. Coast G P S [0761863 ; 4003554) Moderately dipping nomial faults oriented N W - S E are 
observed to consistently cross-cut s teeper E - W striking faults with a normal s e n s e of displacement 
E . Coas t (photo 1001_024255) G P S [0760211 ; 4005840) . Moderately-dipping fault planes oriented 
N E - S W (here within the S D C ) somet imes show s igns of reverse movement, a s in the above c a s e 
where dyke margins are displaced up and N E S o m e of these shal low s h e a r s appear to have been 
later reactivated a s normal faults and severa l display development of multiple populations of 
sl ickenlines 
F . Coast (photo 1003_013355) G P S [0757702 ; 4009120) A d e a r s h e a r zone (lower left) within 
gabbros character ised by development of dark serpentinised fabric within zone, oriented 140/38 
Interpreted a s an eariier reverse fault of Event 2 reactivated a s strike-slip fault under Event 3. 
Faul ts in the s a m e orientation s h o w apparent reverse movement . S h e a r zone cuts E - W striking 
fault (357/85). interpreted a s a fault from event 1 subsequent ly reactivated under Event 4. 
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Although the confidences on this event meet the required cut-off limit, they are lower than 

the confidences for the post-emplacement events identified, which would be explained by 

these faults being earlier and subsequently experiencing some rotation under later events, 

dispersing the lineation directions. The E-W striking faults are parallel with the average 

present-day E-W strike of the SDC. 

(ii) NW-SE contraction (Event 2) 

A NW-SE contraction is characterised by NE-SW striking thrust faults. Faults oriented 

NE-SW consistently cut the E-W striking faults along the coastal road. Within the 

gabbros these faults are characterised by serpentinite minerals forming the slickensides and 

the shear zone is often marked by a narrow shear zone accompanied by fabric development 

rather than a planar surface. Some of these faults are observed to have two senses of 

movement- normal and reverse. For example, along the coast a shear zone within the 

gabbros at GPS [0758985; 4007065] with development of serpentinite fabric within the 

zone shows evidence of both reverse and normal movement. Many of these faults are 

shallower than would be expected for normal faults, although many are clearly normal in 

their latest movement. This can be explained by the theory that these were originally 

shallow NE-SW striking thrust faults later reactivated as NE-SW striking nonmal faults 

under Neotectonic NW-SE extension (Figure 8.20A). Faults in this orientation are 

observed within the Komiir^ukuru area, some of which are reverse, but lack of lineation 

data does not allow their inclusion in the palaeostress analysis. 
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Dips of N E - S W striking faults (90) 

0 45 

Dips of N W - S E striking faults (29) 

B 

Figure 8.20: Nature of fault dip amounts along the coast and of the ophiolite-sedimentary cover 
tx>undary. 
A. Histograms shosving dip amounts of the N E - S W striking and N W - S E striking fautt groups along 
the coast T h e larger number of shallower N E - S W . which o c c u r tx)th a s reverse faults and a s 
normal faults, sugges ts the influence of the earlier N E - S W reverse faults during the younger 
Neotectonic extensional event, being reactivated a s N E - S W trending nomial faults. 
B. Utilisation of the ophiolite-sedimentarv cover t>oundarv during the faulting of E v e n t 5 South of 
An takya -Samandag road showing limestone at)ove contact and later utilisation a s a fault sur face 
during N E - S W extension 
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(iii) N-S contraction (Event 3) 

A N-S contraction is characterised by conjugate strike-slip faulting, with dextral NNW-

SSE striking strike-slip faults and sinistral NNE-SSW striking strike-slip faults resulting 

from N-S compression. Some NW-SE thrust faults appear to have been reactivated by this 

later event. Large strike-slip faults in these orientations are observed to cut E-W striking 

faults in several localities. For example, along the coast at GPS [0757347; 4009664] a 

steep SE-dipping fault oriented 156/86 with very clear strike-slip lineations in the centre of 

the fault plane, is observed to cross-cut shallower faults dipping to the SE with indication 

of reverse movement (interpreted as Event 2 faults). This steep fault is continuous 

throughout the c l i f f (> 8m) and normal slickensides are observed to overprint the strike-

slip slickensides suggesting subsequent reactivation under a Neotectonic event (see below). 

Another example is within the SDC at Isikli GPS [0752817; 4024390] where a steep 

dextral strike-slip fault oriented 022/79 cuts an E-W trending fault oriented 180/84. 

(iv) Post-cover events (Events 4 and 5) 

The youngest events within the ophiolitic basement correspond to the two post-cover 

Neotectonic extensional events initially identified from analysis restricted to the cover 

framework. These NE-SW and NW-SE striking faults are observed to cross-cut faults in 

all other orientations, particularly apparent along the coastal road. Some of the faults 

interpreted to be activated under these events are observed to have an older lineation on the 

fault plane that is overprinted by the lineation resulting from the younger Neotectonic 

event. For example, in Isikli location H26 GPS [0753; 4024642] a NE dipping fault 

oriented 052/75 has normal lineations with a rake of 82*'NW on the fault plane that 

overprint lineations with a rake of 18''NE. Faults of Event 5 are often characterised by the 
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development o f breccia along the zones, in particular along the stream sections measured 

in Isikli and near Gulderen. 

8.5.8 Stress ratios and conjugate angles 

The stress ratio is defined by Angelier (1994) as <I) = (02 - 0 3 ) / (ai - 03 ) , and this definition 

is also used by the TectonicsFP program, i f the vertical axis is roughly equivalent to the 

intermediate axis, it allows easy flipping between the two stress axes (and so flipping 

between for example a strike-slip and extensional regime) whereas i f the two horizontal 

principal stress axes are roughly equivalent the faults resulting from that system will 

display little preferred orientation. Stress ratios for older events are less likely to be 

geologically relevant due to the effect of subsequent tectonic events on the original strikes 

of the older faults. Stress ratios in areas where the structural history is especially complex 

should not be over interpreted due to the influence and interaction of pre-existing 

structures reactivated during younger faulting regimes. 

The stress ratios for each structural event identified can be seen in Table 8.2. For both 

post-emplacement events observed in the cover, the stress ratio is anticipated to be most 

accurate due to the comparatively simpler structural history. The ratio for both of these 

events is between 0.5 and 1.0 which is tending towards the end-case of uniaxial confined 

extension where <I) = 1.0 and there is a strong preferred extension direction (Angelier 

1994). The stress ratio for the NW-SE compression event characterised by reverse faults 

and the N-S compression event characterised by strike-slip faults lend towards zero i.e. 

uniaxial confined compression (Angelier 1994), indicating both a strong preferred 

direction of contraction and also easy flipping between 02 and 03 axes with the associated 

change between a reverse faulting regime and a strike-slip faulting regime. The stress ratio 

for one of the post-emplacement events within the ophiolitic basement is considerably 
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lower than that for the corresponding event within the cover framework, which may 

indicate the unreliability of determining stress ratios within regions known to be affected 

by numerous earlier events. 

The conjugate angle between the sets of faults dipping in opposing directions for each 

structural event gives an indication of the nature of the material that contains the faulting. 

The conjugate angle for all events except the post-cover NW-SE extension (Event 4) is 

within 5° of 60° (Table 8.2). Event 4 has a larger conjugate angle in the basement which 

may be explained by reutilisation by this event of the shallow NE-SW striking fault planes 

of the earlier NW-SE compression event. 

In both Neotectonic events within the cover, there is some apparent bias towards faults 

dipping towards one orientation. In the NW-SE extension event most fault planes dip SE 

and in the NE-SW event more fault planes dip SW, indicating a general displacement 

down towards the south. The NW-SE contraction event in the basement shows significant 

bias in fault dip directions. However, these apparent biases may result from the relatively 

small sizes of the datasets, which is supported by a more even bimodal distribution of fault 

plane dips when a greater number of NE-SW trending reverse faults are considered, 

incorporating those with non-vertical palaeoslresses. 

8.5.9 Analysis of faults with non-vertical palacostress axes 

The Hatay ophiolite has experienced at least five structural events in its tectonic evolution 

and each successive event has the potential to rotate earlier structures, affecting the 

orientation of their principal stress axes. This is clearly illustrated by the fact that almost 

all of the cover faults had one palaeostress axis near-vertical, whereas palaeostress axes for 

the older faults in the basement units were considerably more variable. Although in the 
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analysis of the basement it was assumed that these rotations would be sufficiently minor 

for the exclusion of these faults not to result in the identification of misrepresentative 

trends (but rather identification of trends to be made more efficiently), these faults are part 

of the dataset and their orientations must also be discussed to be confident of the trends 

recognised. 

Analysis of these faults can be aided by constructing a contoured plot of all palaeostress 

axes to identify areas of high density. Only one high density area (oriented around 70° to 

the NE) is picked out by this analysis and faults comprising this fail to produce a coherent 

palaeoslress orientation implying that they were not acting together. Visual analysis of 

these faults with non-vertical palaeoslresses by presenting the orientation and plunge of the 

principal palaeostress for each fault on a map (Figure 8.14) has the advantage of also 

allowing observation of their spatial location. The implication is that i f the orientations of 

these excluded faults are consistent with those of the major, clearly identified, structural 

events then they are not likely to result from separate events and the differences in their 

plunges may be explained by the complicating effects of reactivation or fault interaction 

(resulting in non-theoretical orientations of palaeostress axes). Altematively, i f faults 

where no palaeoslress axis is near-vertical form clusters of faults with similar plunges, the 

implication is that these faults are acting together within localised areas. The non-

verticality of the palaeostress axes in this case would be caused by a coherent rotation 

under an event (or events) younger than that in which the faults formed. It is apparent 

from the palaeostress maps (Figure 8.14) that faults with no near-vertical principal 

palaeostress axes are found in the same areas as those included in the primary analysis and 

do not form clusters with similar palaeoslress orientations and plunge; conversely these 

faults are evenly distributed over the region. The dominant trends of faults with no near-

vertical palaeostress axis appear identical to the trends of faults with a near-vertical 

palaeostress axis and the implication is that faults forming during a single event are 
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displaying a spread of plunges rather than forming under discrete events. It is possible that 

these individual faults have experienced rotation, but the mechanism which allows some 

faults within an area to rotate whilst others do not is unresolved. The proportionally large 

numbers of reverse faults that have no near-vertical palaeostress axis may be explained by 

formation during emplacement of the ophiolite, with significant variation in thrust 

directions and complex rotations expected (Macdonald 1980; Allerton 1998). 

8.6 Reactivation 

In an area such as Hatay that has experienced a protracted tectonic history, faults from 

older stress systems wil l be reactivated under subsequent systems (Figure 8.21 A) . 

Evidence for two or more slip lineations on a fault surface is a clear indication of 

reactivation and a number of faults measured in both the ophiolite and the cover display 

evidence of two lineations (Figure 8.2 IB). Overet al. (2002) note the general existence of 

more than one slickenside set on fault planes within the study area, although this is not 

supported by this thesis where only one slickenside set was observed on the majority of 

fault planes. Rojay et al. (2001) note a lack of overprinting of fault striations on faults 

between Antakya and Kirikhan (to the north of the study area). Coskun and Coskun (2000) 

suggest that the splaying of the DSF in the Miocene caused widespread reactivation of 

older structures. 

8.6.1 Reactivation in the ophiolitic basement 

In each successive structural event identified within the ophiolitic basement, earlier 

structures are observed to be reactivated, with E-W trending faults appearing to be most 

prone to reactivation (Figure 8.21C(i)-(iii)). 
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Multiple slickenslde lineations 
(basement - black; cover = grey) 

NE-WSW 
Extension 

Location o* reactivated faults in firal palaeostress analyses 
events in Mack, cover events in italtcs. number of faults in brackets) 

N-S extension under NW-SE compression (3) ° 
N-S extension under NW-SE extension (4) 
N-S extension under NE-SW extension (12) ° 

I N'S extension under either Neotectonic event (8) • 
I NW-SE compression under N-S compression (2) -

N-S compression under NE-SW extension (3)i 
N-S compression under NE-S W extension (6) ^ 

:-WNW 
ttension 

Errors on T-axes sb<Jwn by 
blue and green triangles 

N 

(ii) 

C BASEMENT 

(i) 
Reactivated E-W striking faults Reactivation under 

NE-SW extension 

Under N-S compression As sinistral faults 
under NW-SE extension 

N W S E striking compression 
faults reactivated 
urxler N-S compression / / > 

As dexlral faults 
under NE-SW extension 

NNW-SSE striking faults 
of N-S compression event 
reactivated as sinistral faults 
under NE-SW extension 

Figure 8.21: Reactivation in the Hatay ophiolite. 
A. Geology map showing the location of the faults reactivated by the final groups identified by the 
palaeostress analysis (same shape = same fault orientation; same colour = same event). Key and 
places as on Figure 2.12/8.1 
B. The orientation of faults wrth two lineations in both basement (black) and cover (grey). Basement 
faults with two lineations are dominated by E-W striking faults 
C . Reactivated basement faults; (i)-(iii) sh reactivation of E-W striking faults with the only event 
which does not reactivate these faults the N-S compression event; and (iv)-(v) illustrate reactivation 
of faults in other orientations. 
D. Inherited faults in the cover (i) showing E-W striking faults potentially reactivated under either 
extension event; Oi) illustrating faults potentially reactivated under NW-SE extension. 
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E-W trending faults are most commonly reactivated as either dextral or sinistral strike-slip 

faults in the younger post-emplacement extensional regimes but are not as prone to 

reactivation under either Event 2 or Event 3 where they would be expected to be 

reactivated as thrust faults. This is a likely consequence of their originally steep 

orientations. However, the possibility that more E-W striking faults were reactivated under 

these events (although not observed for this study) should not be excluded as the general 

scarcity of thrust faults included in palaeostress analysis should be taken into 

consideration. An example of the susceptibility of E-W trending faults to reactivation was 

observed in Altrnozu where one fault had a NE-plunging lineation interpreted to have 

formed under Event 4 as well as a sinistral strike-slip lineation that could have formed 

under Event 5. 

The event that incorporates more reactivated faults than any other event is the youngest 

NE-SW extension event (Figure C(iii), C(v), D(ii)). This reactivates, in particular, a 

significant number of E-W striking faults, especially in the ophiolitic basement. The 

contact between the ophiolite and the overlying sedimentary cover in places appears to 

have been utilised by this tectonic event as a fault plane (Figure 8.20B). There is no 

evidence for reactivation of Event 4 faults during this event. Since the faults of the 

postulated earlier event strike almost parallel to the extension direction of the later event, 

this would not be expected. 

Unless there are a greater number of structural events than have been identified, many of 

the faults that do not fall simply into one of the constrained palaeostress directions should 

be explained by potential reactivation of earlier structures. This would produce faults in 

later regimes with different orientations to the predicted theoretical orientation (where the 

assumption is made that no interaction occurs with pre-existing structures). Many of these 

faults can be accounted for by reactivation under one of the later systems, 
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8.6.2 Propagation of reactivated basement structures into the cover 

Earlier basement structures can be reactivated and propagated into the cover framework 

during a younger event, producing faults that are in different orientations to those 

predicted. In the cover, roughly half of the faults that display two lineations (Figure 

8.2IB) are E-W striking and half are N-S/NNE-SSW striking, E-W trending faults are not 

identified as forming under a separate event in the cover and may display two lineations 

due to propagation of basement structures into the cover with potential activation under 

both cover events. The N-S striking faults potentially formed under either cover event. I f 

formed under Event 4 they could potentially have been reactivated by Event 5. Analogue 

models have demonstrated the possibility of propagation of inherited basement structures 

into overlying units during subsequent deformation: modelling of fault reactivation by 

Dubois el al. (2002) submitted brittle and viscous layers to extension, followed by oblique 

or parallel extension or contraction, both with and without a 'sedimentary cover'. These 

authors find that where the secondary deformation is oblique, all newly formed faults are 

parallel to the older grabens and oblique to the directions of the principal stress, rather than 

in the preferred direction for the new regime. In cases without sedimentation, all older 

faults were reactivated, whereas in cases with sedimentation (analogous to the Hatay area), 

only certain faults from the older regime were reactivated (Dubois 2002). 

In Hatay, the significant number of E-W striking faults observed in the cover framework 

that display a lack of consistency in slickenside lineations are interpreted to be inherited 

basement structures. Certain NNW-SSE trending faults may also be the result of 

propagation into the cover framework of the faults of this orientation that formed in the 

strike-slip event identified within the basement. 
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8.7 Structural synthesis 

From the general structural framework recognised in the Hatay region in conjunction with 
the events identified from the palaeostress analysis, it is possible to produce a synthesis of 
the structural history of the region. Five structural events affecting the Hatay area have 
been constrained (Figure 8.15). The two youngest events are well-constrained, especially 
within the cover, but are also identified in the ophiolitic basement. The three earliest 
events are confined to the basement units without affecting the cover, and so occurred prior 
to deposition of the cover framework. These events are listed below and can be linked into 
the regional structural history of the Hatay ophiolite. 

(i) Event 1: N-S extension characterised by E-W striking normal faults 

The parallelism of the early (present-day) E-W striking faults with the (present-day) E-W 

striking SDC, along with the cross-cutting relationships and multiple slickenside lineation 

development observed, indicates that these faults comprise the earliest structural event 

within the ophiolite. This suggests that this N-S extension event is linked with the 

development of the SDC early in the seafloor history of ophiolite formation. 

(ii) Event 2: NW-SE contraction characterised by NE-SW striking thrust faults 

The NE-SW compression event is interpreted to be the structural event to follow the N-S 

extension event and the SE oriented lineations (Figure 8.8) and the NE-SW striking brittle 

faults associated with these lineations may be linked with this event. The similarity 

between structures observed within the basal shear zone where they are likely to be linked 

to emplacement of the ophiolite and the reverse faults observed elsewhere within the 

ophiolite suggest that these may also be linked to emplacement of the ophiolite onto the 
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Arabian platform. I f this is the case, the spread observed of thrust faults with oi axes and 

lineation orientations distributed fi-om the SW to SE can be easily explained by variations 

in the direction of thrusting during emplacement over the Arabian platform. 

(iii) Event 3: N-S contraction characterised by conjugate strike-slip faults 

The NNW-SSE and NNE-SSW trending strike-slip faults appear to be the youngest pre-

cover event and could be linked to the final stages of the emplacement of the ophiolite or 

to the continued N-S movement of the African and Eurasian plates. I f the near-zero stress 

ratios for the NW-SE compression event and the N-S compression event can be assumed to 

be real values and unaffected by the complexity of fault interaction within the basement, 

the compressional regime characterised by thrust faulting could have easily switched to a 

compressional regime characterised by strike-slip faulting in the later stages, with the 

concomitant change in orientation due to variation in the exact emplacement direction of 

the ophiolite onto the continental platform. 

(iv) - (v) Events 4 and 5: NW-SE and NE-SW extensions characterised by NNE-SSW and 

NNW-SSE striking normal faults respectively 

The post-emplacement Neotectonic extension events are likely to be linked to the 

development of the present-day plate configuration. Most previous workers agree that the 

Neotectonic history of the Hatay region has been characterised by extension, although 

within the general framework of the N-S compressional movements of the African and 

Eurasian plates. A NE-SW extension direction was found to dominate the recent history of 

the Hatay region by Over et al (2002, 2004a); the direction which was inferred by the work 

of this thesis to be youngest. 
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8.8 Discussion 

8.8.1 Faults not accounted for by the palaeostress analysis 

It was not possible to assign all faults in the palaeostress subset to one of the main 

structural events or account for them by reactivation. This outcome is not unexpected for 

faults from a region with such a protracted and complex structural history. In the ophiolitic 

basement, half of the faults can be assigned to one of the identified structural events. Most 

of the faults not accounted for are those where no palaeostress axis is near-vertical, the 

analysis of which has previously been both described and justified (section 8.5.9). Within 

the cover, few faults are not accounted for by one of the identified extensional events or by 

reactivation or by the propagation of pre-existing basement structures. Two thirds of cover 

faults are interpreted as forming under one of the two extensions recognised. Almost all 

cover faults have a near-vertical palaeostress axis and including faults without in the 

palaeostress analysis does not greatly affect the confidence limits. As an illustration, i f the 

few faults with non-vertical palaeostress axes were to be excluded from the youngest cover 

event, the confidence levels would improve by less than three percent and palaeostress 

orientations would change by only a few degrees. Occasionally, the inclusion of a certain 

fault would dramatically reduce confidence limits for an identified event, even though it 

appears to match the criteria used to recognise faults from that event. This refers to a very 

small number of steep, near vertical faults within the cover that would be expected to be 

strike-slip faults but instead have anomalous steeply plunging lineations. Although a 

couple of these faults strike in the same orientation as the identified post-emplacement 

events they have instead been added to the small quantity of faults not accounted for. 
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8.8.2 Relative timing of the identified events 

The five events identified from the palaeostress analysis have been timed relative to each 

other based on cross-cuUing relationships, supported by comparison with other structural 

features of the ophiolite (e.g. the basal thrust sheet). The two cover events are least well 

constrained in timing, and due to the lack of unequivocal cross-cutting relationships the 

possibility that these are coeval cannot be ruled out. However, they are not spatially 

discrete and so i f they are coeval, formation under a non-plane strain event is likely, such 

as a three-dimensional strain event or a transtensive system. It is possible for four sets of 

conjugate faults to develop under a single stress regime (Reches 1978, 1983) in which case 

the two events identified may be coeval. I f developing under a iranstensive system, it is 

difficult to explain how both ENE and ESE oriented minimum principal stress axes operate 

under the same regional stress system. The assumption that the two post-cover events are 

temporally discrete relies on the assumption that the palaeostress analysis is valid. From 

the results of this study there is nothing to contradict the conclusion that these events are 

temporally discrete plane strain events. 

The present-day E-W striking faults have been interpreted to be the earliest structures in 

the ophiolite and that this is true for a large number can be stated with a high degree of 

confidence. The consistency of the N-S orientation of 03 axes, mainly observed along the 

coast (as apparent from the palaeostress map of Figure 8.14) is interesting as these axes 

would be expected to have experienced a degree of differential rotation. One interpretation 

is that there is a later N-S extensional event that was not picked up by the palaeostress 

analysis. However, the orientation of the SDC is equally consistent and so these faults 

may not have been significantly rotated under later events. E-W striking faults to the south 

of the coastal SDC cross-cut the dykes in places suggesting that they are younger, although 

the dykes here have more variable strikes. 
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8.9 Comnarison with previous tectonic interpretations and regional structural 

history 

8.9.1 Critical appraisal of previous tectonic interpretations for the Hatay ophiolite 

The main pre-existing interpretation o f the Hatay ophiolite that must be critically appraised 

in light of the structural data obtained for this thesis is the Dilek and Thy (1998) model 

suggesting that formation of almost all major structural features within the Hatay ophiolite 

occurred whilst on the seafloor. 

The mean dyke strike of the coastal SDC trends consistently E-W which differs from the 

average NE-SW trend stated by Dilek and Thy (1998). A major hypothesis of these 

authors is that the SDC represents an extensional NE-SW oriented graben of seafloor 

origin, with dykes to the west (south o f the coastal SDC) dipping NW and dykes to the east 

dipping SE (at Ikizkoprii). Thus, a NE-SW strike of dykes would lie parallel to the graben 

whereas the actual E-W strike observed is oblique. However, the major discrepancies 

between the results of this thesis and the hypotheses of Dilek and Thy (1998) concern the 

interpretations of the structures observed. For instance, two fault trends are described 

within the coastal SDC by Dilek and Thy (1998): a NE-SW trend and a second almost 

perpendicular set striking roughly NW-SE. Both of these trends are picked up by this 

study. Also, the orientation of 03 of 325° (Dilek and Thy 1998) and 307° (this thesis) 

calculated from the NE-SW trending faults is similar. However, Dilek and Thy (1998) 

suggest that these faults formed due to extensional tectonics on the seafloor, whereas the 

observation that not only do these faults match the orientations of the Neotectonic events 

observed in the cover framework, but also cross-cut faults in all other orientations indicates 

that these are the youngest basement faults and post-cover rather than seafloor in origin. 

The Neotectonic faulting events were spatially ubiquitous and therefore for these events to 
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leave no expression in the underlying basement would be difficult to explain. Dilek and 

Thy (1998) suggest that the NE-SW dyke-parallel faults and the NW-SE trending tear 

faults are not observed in the deeper lithologies and that the tear faults are overlain by 

undeformed Maastrichtian sediments. However, as previously stated, both of these trends 

are observed in the cover framework and, even i f certain faults in this orientation are 

earlier, the majority are clearly post-emplacement in age. The tear faults observed by 

Dilek and Thy (1998) are said to have oblique to strike-slip lineations and as such may 

represent the NNW-SSE trending strike-slip faults of Event 3 which are pre-cover. Dilek 

and Thy (1998) interpret the basal shear zone near Komur9ukuru as a ductile zone of 

seafloor origin. However, this was observed to be dominated by brittle fabrics more likely 

to have formed during emplacement, supported by the location of this zone immediately 

above the Arabian platform limestones and by the consistency of kinematic indicators 

within this zone and the inferred SE direction of emplacement. 

Generally, the prevalence of ductile, intrusive and cross-cutting magmatic relationships 

described by Dilek and Thy (1998) were not observed and there is a lack of convincing 

evidence for either a structural graben of seafloor origin or primary seafloor relationships 

preserved along contacts between units; most of these features are more convincingly 

interpreted as either emplacement or post-emplacement structures. 

The data from this thesis lie in more closely with the tectonic interpretation by Tinkler el 

al. (1981) who recognise several episodes of post-emplacement normal faulting (section 

2.8) and suggest that the boundaries between units are either controlled by emplacement 

(e.g. between the mantle rocks and gabbros) or post-emplacement (e.g. between the 

gabbros and SDC) structures. Tinkler et al. (1981) suggest that the post-emplacement 

history of the ophiolite was dominated by movement along the DSF. Although fewer 

events are recognised by this thesis. Tinkler et al. (1981) recognise that several of their 
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events are not constrained sufficiently in timing to determine whether all of these represent 

separate events. As such, the NE-SW trending normal faulting events recognised by these 

authors could easily be the same as the post-emplacement event identified by this study. 

Tinkler et al. (1981) base their observations on field and sedimentological evidence and do 

not carry out a palaeostress analysis. 

8.9.2 Comparison with regional structural history 

The dominant movement on the major faults within the wider region (i.e. EAF and DSF) is 

strike-slip. However, within the region constrained to the Hatay ophiolile and its 

sedimentary cover, normal faults dominate, with reverse and strike-slip faults forming only 

a small percentage of the total. A general change from transpression to translension is 

recognised (e.g. Over et al. 2004a; section 2.2), both within Halay and the wider region. 

The transtensional regime produces NE-SW extension with a strike-slip component that 

correlates to the direction obtained ft-om this thesis for the fault set inferred to represent the 

youngest structural event. Over et al. (2002; 2004a) also recognise an E-W extension 

within the Hatay area which they interpret to be local. This direction is not supported by 

data from this study. However, a NW-SE extension direction does appear to be consistent 

across the Hatay region and has not been picked up by previous studies on the region. 

E-W striking faults measured for this thesis were more dominant than ENE-WSW striking 

faults identified from lineament analysis (Over et al. 2004b) and appear to be both eariy 

(parallel with the SDC and linked to seafloor spreading tectonics) and reactivated under 

later events rather than comprising a separate group of faults acting in conjunction with the 

similarly oriented CAT, as suggested by Over et al. (2004b) (section 2.2). 
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8.10 Combining palaeomagnetic and structural results 

The aim of combining the results of the structural analyses discussed above and the 
palaeomagnetic results from the Hatay and Baer-Bassit ophiolites and their sedimentary 
covers (Chapters Five to Seven; Figure 8.22) is to identify the timing and mechanisms of 
the rotations experienced in order to produce a tectonic synthesis of the evolution of the 
Hatay ophiolite. 

8.10.1 Main results and timing of rotations 

A main result of the palaeomagnetic work is that large rotations have occurred about 

vertical axes with dispersion in the data an indication that additional differential rotations 

have occurred about either vertical, horizontal or inclined axes. Part of the large rotation 

of the Hatay and Baer-Bassit ophiolites is likely to represent a pre-emplacement coherent 

vertical axis rotation linked to the rotation of the Troodos ophiolite. The minor rotations 

observed for the sedimentary sequences indicate that the post-cover structures cannot 

account for either the consistent westerly directed remanences nor for the dispersion 

observed in the magnetic declinations of the ophiolite. Differential vertical axis rotations 

are perhaps the most likely source of the dispersion and would have been most significant 

in the strike-slip faulting event (Event 3) which only affected the basement. Thrusting 

during emplacement (Event 2) may also have caused a degree of vertical axis rotation 

(Allerlon 1998). It is also known from the analyses carried out on the SDC (section 5.11) 

that a simple rotation is not sufficient to explain the entire rotation history and that 

rotations about non-vertical axes (dyke-normal axes) must have occurred. 
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Figure 8,22: Lower hemisphere stereographic projections of tilt-corrected site-level 
palaeomagnetic data summarising palaeomagnetic data obtained from the Hatay and Baer-Bassit 
ophiolites and their sedimentary covers. Outline geological map of the Hatay and Bafir-Bassit 
ophiolites, showing the distribution of Itthologies and major structures is also shown. The data from 
the sedimentary covers is shown on the LHS and data from the underiying ophiolites on the RHS, 
with Hatay above the map and Bafir-Basslt below. Data sources are the results of this thesis apart 
from the data from the Bafir-Bassit ophiolite. obtained from Morris et al. (2003) and from the 
sedimentary cover of the Hatay ophiolite where data from this thesis has been supplemented by 
data from Kissel et al. (2003). Reverse polarity sites have been antipoded to allow easy 
comparisons. 
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The coastal section may provide an important key to understanding the tectonic evolution 

of the region due to the excellent, easily accessible and continuous exposure down through 

all levels of the ophiolite, with the palaeomagnetic and structural results for the coastal 

area summarised on Figure 8.23. The three coastal groups display a spread of magnetic 

declinations almost equivalent to those observed throughout the ophiolite, and therefore it 

can be inferred that the rotations of other areas of the ophiolite can be accounted for by 

similar rotation sequences. The steep structurally-corrected magnetic inclinations observed 

in the SDC are most easily accounted for by rotations about dyke-normal axes. 

The near-vertical slightly NE dipping rotation poles identified from net tectonic rotation 

analysis (Figure 8.23B) may imply a dyke-normal component of rotation about a NE-SW 

trending axis ( i f rotation can be divided simply into a vertical axis and a horizontal axis 

component of rotation with the orientation of the horizontal axis given by the direction of 

deviation of the rotation pole from vertical). From the structural events identified, rotation 

about a NE-SW horizontal axis would be expected during emplacement (Event 2) or 

during the Neotectonic extension of Event 4. However, this axis is not normal to the 

present-day strike of the dykes, and is actually near-parallel to some of the dykes at the 

southern end of the coastal SDC (Figure 8.23D). The present-day E-W trending SDC 

restores to an original N-S average orientation (section 5.13.3). I f the intraoceanic 

coherent axis rotation only partially accounts for the total magnitude of the vertical axis 

rotation, it is possible that during emplacement the dykes were oriented NW-SE and thus 

rotations about a dyke-normal axis may have occurred during emplacement. This would 

require a further small degree of anticlockwise (near-coherent) vertical axis rotation either 

during a later stage of emplacement or during the strike-slip faulting of Event 3 to produce 

the present-day average E-W orientation of the SDC. 
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Figure 8.23: Synthesis of palaeomagnetic and structural data along the coast including rotations 
identified from analysis of the S D C (section 5.11). The coastal section is an area with extremely 
good and continuous exposure and provides an excellent locality in which to determine the 
relationship between the rotations identified from the palaeomagnetic analyses and the structures 
measured. The coastal S D C is divided into three main groups (as described in section 5.8); the 
gabbros and ultramafic cumulate sites are not grouped. 
A. Original dyke strikes and rotation poles calculated from net tectonic rotation analysis for the 
three coastal groups within the S D C . Steep inclined rotation axes dipping NE are Identified for all 
three groups, indicating a large coherent vertical axis rotation, with the slight deviation from a 
vertical rotation pole due to inclined/dyke-normal axis rotations. 
B. The results of the 'Inclination restoration to a reference method' with clockwise rotation about 
either a roughly NE-SW axis (Group B) or a roughly NW-SE axis (Groups A and C) . 
C. All palaeohorizontal/vertical structural indicators with those measured during palaeomagnetic 
sampling shown in grey; these were the structures used to restore the in situ remanence directions 
(stars) to their pre-tilting orientations. Note the steepness of the in situ remanences. which remain 
steep when structurally-corrected indicating that rotations about dyke-nomnal axes have occurred 
that are indistinguishable using standard analytical procedures. 
D. Rose diagrams illustrating fault strikes along the coast. There is a clear correlation between the 
E-W striking S D C and NE-SW striking cumulate layering with fault orientation. 
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However, it seems more likely that the inclined axis identified from the net tectonic 

rotation axis represents a combination of rotations and thus the 'inclination restoration to a 

reference' method is more insightful. This results in a 29°-50° clockwise rotation (Figure 

8.23B) inferred about either a roughly NE-SW or NW-SE axis. Rotation about a NW-SE 

axis would be expected to have occurred during Event 5 whereas rotation about a NW-SE 

axis may have occurred in either Event 2 or 4 (or a combination of both). These 

magnitudes of rotation are larger than expected for a single event (< 25° from dip of 

sedimentary sequences) and again strongly imply that composite events account for the 

rotations. A combination of rotations under various structural events identified can easily 

account for the rotation experienced by all coastal SDC groups. 

8.10.2 Spatial distribution of rotations 

The dispersion in the magnetic declinations and the above discussion o f the rotations 

experienced by the coastal SDC illustrate the prevalence of differential rotations between 

areas. Again, the coastal section can provide a key to determining the spatial distribution 

of rotations throughout the ophiolite. Plots of longitude along the coast against 

palaeomagnetic declinations, inclinations, dyke margins and fault types can be constructed 

(Figure 8.24 illustrates a selection). From these plots, the three blocks the coastal SDC has 

been divided up into are evident from the change in dyke orientations and the 

palaeomagnetic data, supported by the inference of large-scale structures between the 

groups. However, no consistent patterns can be recognised over the length of the coastal 

SDC between any other fault strike or lineation trends. This implies, that although these 

blocks are clearly identified to have acted in some respects as discrete blocks, the majority 

of structures observed are ubiquitous over these areas and so the differential rotations are 

occurring either due to variously oriented structures between the blocks or as a result of 

varying magnitudes of rotation on similarly oriented structures. 
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Figure 8.24: Transects along the coast (from S E to NW from left to right along the x-axis of the 
transect plots) illustrating the orientations (y axes of plots) of various features of the faults and 
lithologies. The groups identified along the coast are shown at the top (separated by vertical lines 
on the underneath plots). The construction of these transects aids the recognition of any spatial 
patterns in the orientations and dips of faults, dykes and palaeostress axes. 
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According to the 'inclination restoration to a reference' technique, coastal Groups A and C 

(Figure 8.23B) have experienced rotation about similar axes but by varying amounts which 

tends to support the latter hypothesis, as does the observation that the topographic lows 

between these areas have similar trends. 

Generally, over the entire study area, faults from the five structural events occur over the 

whole extent of the area, sedimentary sequences display a wide variation in orientation and 

lilt and a large dispersion in magnetic declinations is observed. These observations 

indicate that rotations of varying magnitudes are occurring about structures rather than that 

rotations are occurring in spatially discrete localised blocks. 

8.10.3 Successive rotations and implications for microplate rotation 

Each of the five structural events identified not only has the potential to rotate palaeostress 

axes of earlier events, but to also affect the orientation of all structures (e.g. the SDC) as 

well as palaeomagnetic directions. The effect of these successive rotations can be 

modelled. The method and the basis for the assumptions made are illustrated in Figure 

8.25. 

The effect of each rotation depends on the orientation of previous structures as well as the 

magnitude of the tilt and will also affect the orientation of the fault axes of earlier events. 

If a moderate tilt of 15° is assumed about the most recent fault-strike-parallel NW-SE 

trending axis of Event 5, the resultant change in strike on the strike of all previous fault 

axes is insignificant. For instance, tilt about this axis affects the orientation of the present-

day E-W trending axis of Event 1 most, but the magnitude of change is less than \ ° . 

Similarly, t i l l about a fault-parallel axis during Event 4 produces very little change in the 
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strike of fault-axes from previous events. The largest potential change in strike results 

from the strike-slip faulting system (Event 3), as rotation is expected to be about a vertical 

axis. As this event is believed to be the youngest pre-cover event, any rotations about a 

vertical axis wil l have affected structures formed during the earlier NW-SE compression 

(Event 2) and the earliest extensional event (Event 1). One assumption made is that the 

effect of each event is ubiquitous over the area. In reality, all areas may not be affected by 

all events. 

The effect of successive rotations on initially vertical and horizontal structures is illustrated 

in Figure 8.26. Figure 8.27 illustrates the potential effect of incorporating a large coherent 

pre-emplacement microplate rotation. The end results of all of these models are 

summarised in Figure 8.28 with the dispersion of magnetisation directions of sites with 

horizontal control on the structure showTi for comparison. From Figure 8.26, it can be seen 

that the present-day tilt of initially horizontal structures such as cumulate layering and the 

sedimentary sequences can easily be accounted for by a combination of rotations under the 

five events identified. As can be seen from Figure 8.28, the consistent westwards direction 

of magnetic remanences is difficult to explain by the structural events alone. This lends 

support to the hypothesis that a larger coherent rotation must account of a large component 

of the rotations identified. A 60° magnitude was assumed for this rotation in the modelling 

process, and this seems to be the minimum likely, as a larger magnitude would account for 

the magnetisation directions more easily. 

The 15° of rotation assumed for each event can be demonstrated to be reasonable, at least 

in the case of the Neotectonic events, by the fact that an originally horizontal structure 

experiencing 15° of rotation under these two events (Figure 8.28C) can accumulatively 

experience a 22-26° magnitude of rotation, which is the average observed for the cover 

sequences. 
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Figure 8.25: The method of modelling the effect of successive rotations illustrating the effect of 
these successive rotations on the magnetisation. The starting magnetisation is taken to be 002/36 
i.e. that predicted from Late Cretaceous sites of this latitude by Westphal et al. (1986). Rotations 
caused by extensional and compressional events are expected to be about an axis parallel to the 
average strike of the conjugate fault sets that characterise the event. The degree of rotation would 
be expected to be not greater than the magnitude of the dip of the sedimentary cover, as this can 
only have been tilted during Neotectonic events. Bedding tilts are generally <25° (except in the 
immediate vicinity of faults), produced during two events and so a figure of 15° seems reasonable 
as an estimate of the magnitude of rotation, although the real magnitude may vary spatially. This 
tilt may be either clockwise or anticlockwise about a fault-parallel axis, particulariy in systems with 
an equal distribution between the two fault sets forming a conjugate relationship. In systems where 
there is an unequal distribution, preference for tilting by the dominant fault set is anticipated. For 
the structural events identified in Hatay, all events have faults dipping in both directions, with 
events where the distribution is unequal likely to be an artefact of the smaller number of faults 
within those groups (e.g. Event 2). For the strike-slip faulting event (Event 3) rotations are expected 
to be about a vertical axis (section 4.8). An allowance for the effect of this vertical axis rotation on 
the earlier events is also introduced into the middle diagrams. The rotation axes and interpretation 
of the origin of the faults are shown on the RHS. 
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Magnetisation • Palaeovertical case 
Average SDC PDM • 
Restored SDC PDM • 

N 

Palaeohorizontal case • 

Figure 8.26: An illustration of the effect of successive rotations (using the same error and 
rotation axes as in the previous diagram), firstly on a palaeovertical case, for both a pole to the 
strike of dykes margins (PDM) of the average present-day strike in the sheeted dyke complex and 
dykes restored using net tectonic rotation analysis (middle diagrams), and secondly for a 
palaeohroizontal case (RHS). The magnetisation is repeated from the previous diagram for the 
purpose of comparison. No allowance is made for potential rotation of earlier fault axes under the 
strike-slip faulting event i.e. a 'minimum' possible error sequence. 
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Figure 8.27: Incorporating a coherent vertical axis rotation in its postulated place in the 
sequence of tectonic events to have affected the ophiolite. The diagrams on the RHS show the 
increase in potential directions if a 25° rotation about each axis occurs as well as allowing for a 25** 
rotation of earlier fault axes under the strike-slip faulting event i.e. a 'maximum error sequence". 
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Figure 8.28: Summary of effect of successive rotations illustrating the possible end scenarios 
obtained from preceding three diagrams, both with and without a coherent microplate rotation. 
A. The in situ magnetisation of all palaeohorizontal sites is displayed next to the magnetisation 
directions resulting from successive rotations. It is clear that these magnetisations are difficult to 
explain under the stnjctural events identified without a coherent anticlockwise rotation. 
B. The poles to the dyke margins (PDMs) worked out both with and without a rotation of a 
microplate (symbols as in preceding diagrams) using net tectonic rotation (NTR) analysis. 
C. The same method is performed on the pole to originally horizontal bedding, but successive 
rotations can only have occurred under the two post-emplacement events identified. 
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Figure 8.27 illustrates the extra dispersion in data i f 25° of rotation is allowed about fault 

axes, with the dispersion in magnetic remanences easily explained by the accumulation of 

rotations. The method illustrated here necessitates several assumptions and cannot be an 

exact replication of the rotations occurring under each successive event. However, it 

clearly supports the idea that a large coherent rotation must have occurred in order to 

produce the magnetic remanences observed. 

8.11 Synthesis 

Five structural events are identified to have affected the Hatay ophiolite. Their relative 

timings have been constrained and the events linked into the regional structural history. 

None of these events can easily account for the consistent westerly directed remanences of 

the ophiolitic units, thus lending support to the hypothesis of a coherent oceanic microplate 

rotation linked to that of the Troodos ophiolite. The sequence of tectonic events identified 

are (from earliest to latest): dyke-parallel normal faulting whilst on the seafloor; a large 

anticlockwise rotation as part of a coherent microplate; emplacement-related thrust 

faulting; a strike-slip faulting event related to the N-S convergence of the African and 

Eurasian plates; Neotectonic extensional deformation, probably during two discrete events. 

Rotations during these events occur with different magnitudes in different areas resulting 

in the dispersion in declinations observed from the palaeomagnelic results and also the lack 

of consistency in orientation of sedimentary sequences. Successive rotations under the 

identified structural events can account for the present-day tilts observed in both originally 

horizontal and originally vertical structures. The rotations that have caused the steepening 

of inclinations in certain areas of the SDC can be explained largely by rotations during the 

Neotectonic events, or by a combination of smaller successive rotations throughout the 

structural history of the ophiolite. 
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CHAPTER NINE 

9. DISCUSSION AND M O D E L F O R T E C T O N I C E V O L U T I O N O F T H E 

H A T A Y O P H I O L I T E 

9.1 Introduction to chapter 

An important implication of the new palaeomagnetic and structural data obtained is the 

need to re-evaluate existing models for the rotation of the Troodos microplate. The 

Neotethyan setting in the eastern Mediterranean of SSZ formation in a slow-spreading 

system has no precise modem analogue (section 2.4.1), and this is particularly true when 

rotation of a microplate is considered. The fact that both Hatay and Troodos are believed 

to have formed at slow-spreading ridges and yet preserve continuous and complete sheeted 

dyke complexes is unusual and the implication that a primary variation in dyke orientation 

existed within the southern Neotethyan ocean indicates formation within a complex 

spreading system. Characteristic elements of the Neotethyan system, however, display 

similarity with fast-spreading systems in the modem oceans and with the increased 

complexity observed in marginal basins. Thus, in order to produce a revised model, 

comparison with potential analogues for microplate rotations within the modem oceans 

and a discussion of complex spreading systems is valuable. In light of the need for re-

evaluation of the nature of the rotating area, it is also important to further discuss rotations 

observed within the Semail ophiolite, alongside a consideration of the effect of major 

changes in plate motions. A new model for the evolution of the ophiolites within the 

southem Neotethyan basin in relation to the rotation, its cause and the nature of the 

spreading system wil l be presented here. 
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9.2 Can existing models for the rotation of the 'Troodos* microplate account for 

the rotations observed in the Hatay and Baer-Bassit onhiolites? 

The large-scale anticlockwise rotations observed in the Troodos, Baer-Bassit and Hatay 

ophiolites suggest the likelihood of a common origin for at least some of the rotation, and 

for a significant element of this to be occurring as part of a coherent microplate prior to 

emplacement of the Hatay/Baer-Bassit sheet onto the Arabian platform. The implication is 

that the microplate comprises a more extensive area than previously thought and existing 

models where the microplate is spatially constrained to a localised area around the Troodos 

massif (roughly confined to the present-day margins of Cyprus) must now be modified. 

Alternatively, the previously 'small' inferred size of the Troodos microplate may be 

accurate, with rotations occurring within separate smaller areas over a larger area. As 

Hatay and Baer-Bassit were previously assumed to have been unrotated, the rotation of a 

larger area within the Neotethyan ocean has not been considered in the development of 

existing models: the revised model using this data is presented here. 

The magnitude and timing of the large anticlockwise rotation of the Troodos microplate 

are well-documented from palaeomagnetic studies of the ophiolile and in-situ sedimentary 

cover (section 4.4). The most popular mechanism invokes impingement of the subduction 

zone to the south of Cyprus with the Arabian continental margin to the east producing an 

anticlockwise torque that results in a segment of oceanic crust becoming detached and free 

to rotate in response to the torque (Robertson 1998; Figure 9.1A-B). Previous models have 

suggested that emplacement of the Hatay/Baer-Bassit sheet onto the Arabian margin was 

coincident with the initiation of rotation of the Troodos microplate (Clube and Robertson 

1986). However, the most recent resolution of the timing of this rotation from the 

available dataset suggests that it may have been occurring for potentially -20 Ma prior to 

the emplacement (Morris et al. 2005; section 4.4.2). 
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Figure 9.1: Existing models for the palaeorotation of Troodos. 
A-B. The Robertson (1998) model for Neotethyan evolution and the rotation of the Troodos 
microplate. 
C. A simple modification of the Robertson (1998) model illustrating how the size of the Troodos 
microplate may be Increased to encompass the Hatay and Bafer-Bassit ophiolites in order to 
account for the rotations observed in these ophiolites. 
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The difference in mean dyke strike between Troodos and Hatay and Baer-Bassit was a 

major line of evidence used to infer that the ophiolites to the east were unrotated. The new 

results from Hatay and Baer-Bassil show not only that these areas are rotated by similar 

magnitudes to Troodos but also that the differences in dyke trends are likely to be a 

primary feature of the spreading system within which the ophiolites formed. Therefore, it 

was misleading to rely on dyke trends to distinguish between rotated and unrotated areas. 

A revised model can be drawn from the existing model by simply enlarging the extent of 

the microplate to encompass the Hatay and Baer-Bassit ophiolites (Figure 9.1C). 

However, this model remains too simplistic a representation that cannot fully account for 

the rotation in Hatay and Baer-Bassit, or for the difference in dyke strike through the 

spreading system. For instance, impingement of a subduction zone on the Arabian 

platform with simultaneous emplacement of the Hatay and Baer-Bassit ophiolites cannot 

be coincident with initiation of the rotation because the Hatay and Baer-Bassit ophiolites 

are inferred to have been rotating for some period prior to emplacement. Analogues in the 

modem oceans for a torque resulting from the impingement of a subduction zone on a 

continental platform and causing rotation of a microplate are unknown. However, precise 

modem analogues are lacking for several aspects of the tectonic situation inferred to have 

existed in the Neotethyan ocean. 

9.3 Modern analogues of microplate rotation 

The Hatay ophiolite is believed to represent slow-spreading oceanic crust but modem 

analogues conceming the rotation of microplates are only known from fast-spreading 

oceanic systems. These may still provide insight into the nature and mechanisms of the 

rotation. Table 9.1 illustrates the characteristics of examples of modem microplates, with 

those postulated for the microplates of the Neotethyan ocean shown for comparison. 
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Microplate: 
Modern/ 

Spreading 
system 

Location Size: 
width 

Rate of 
Rotation 

Durati 
on 

Magnitude 
C)and 

Ref. 

Neotethyan (hn) CMa'') (Ma) sense 
Juan- Fast, mid- EPR < <29 ~6 90 d\w^ Bird et 
Femandez: ocean 180*̂  al. 1998 
Modem 
Easter: Fast, mid- EPR 100s 23.5 ± 2.5 ± 48.5 ± 11 Cogne et 
Modem ocean 11 0.5 c/w al. 1995 
Manus Fast, Eastern 100 51 Since < ac/w*" Martinez 
Basin: backarc Bismarck Sea 0.78 and 
Modem Taylor 

1996 
Semail: Fast Middle East 400"" 20 -6 -120 c/w Weiler 
Neotethyan 2000 
Troodos: Slow Eastern --100 2 -40 90 ac/w Morris 
Neotethyan^ Mediterranean 1996 

(review) 
H/T/BB": Slow Eastem >250 2 <40 -80 ac/w This 
Neotethyan Mediterranean D thesis 

Table 9.1: Comparison of microplaie rotation in the modem oceans and those inferred to have occurred 
within Neotethys in the eastem Mediterranean. 
^ Although, the 'Troodos* microplate is now inferred to be of increased size, the remaining information 
regarding the microplate rotation will be accurate. 
^ H/T/BB refers to the three western Neotethyan ophiolites known to have rotated anticlockwise. The data 
combine the new results from this thesis with the previous results from the Troodos microplate. The duration 
of rotation may be shorter than for the Troodos microplate as rotation stopped with emplacement of Hatay 
and Baer-Bassit onto the Arabian platform. 
^ The size varies according to different authors; for instance 300 km is quoted by Weiler (2000). 
° The sizes of the palaeomicroplates are not well constrained. The 400 km suggested by Weiler (2000) 
represents the maximum likely. The H/T/BB microplate is inferred to have been a minimum of 250 km in 
width as this is the current distance between the Hatay and Troodos ophiolites. 
^ c/w = clockwise; a/cw = anticlockwise 

Two examples of rotating microplates occurring along a mid-ocean system are the Easter 

and Juan-Fernandez microplates of the East Pacific Rise, located along the very fast 

spreading Pacific-Nazca boundary and both rotating rapidly clockwise. Geophysical 

studies show that the Easier microplate exists as a small rigid plate that is trapped and 

rapidly rotating between the diverging Pacific and Nazca plates (Cogne et al. 1995). The 

Juan Fernandez microplate is located to the south of the Easter microplate and believed to 

comprise a central component in the reorganisation of the East Pacific Rise and the 

northward migration of the Pacific-Antarctic-Nazca (P-A-N) triple junction (Bird et al. 

1998). The rotation rate of the Juan-Fernandez microplate is variable and thought to be 
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inversely proportional to its size (Bird et al. 1998). The Manus Basin microplate is an 

example of a rotating microplate within a complex backarc system, with rotation occurring 

as a consequence of an anticlockwise torque exerted by left-lateral shear between the 

Pacific and Bismarck plates (Martinez and Taylor 1996). 

In fast-spreading systems, the boundaries to the rotating microplates comprise a 

combination of spreading ridges and complex transform-like faults, with complex zones of 

strike-slip deformation often forming part of but not the entire boundary. For instance, the 

east and west boundaries of the Easter microplate are two N-S trending, simultaneously 

active spreading boundaries whereas the north and south boundaries are complex 

transform-like fault zones with components of extension, compression and shear (Cogne et 

al. 1995). The 150 km long Manus Basin spreading system is complex, with three major 

transform zones bounding four extensional zones, with the microplate boundaries 

comprising fast-slipping transform faults and two overlapping rift grabens (Martinez and 

Taylor 1996). 

There are various kinematic models for the mechanisms by which mid-ocean ridge 

microplates at fast-spreading ridges rotate. These range from edge-driven models where 

rotation is about a vertical axis driven at the edges by drag imposed by coupling with the 

major plates, to models suggesting processes of dual r if t propagation and microplate 

rotation about Euler poles located proximal to propagating rift tips (Bird et al. 1994). 

Neves et al. (2004) model patterns of stress at mid-ocean ridges, concluding that their 

results are consistent with the possibility that at overiapping spreading segments, the 

curvature of the rift tips at high angles to the ridge trend could result in partially unlocked 

offsets. They suggest that this could create the conditions for microplale rotation with the 

large overlaps due to lithospheric thickening at the rift tips increasing the ridge strength 

and unlocking of part of the offset causing initiation of a microplate. An altemative model 
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for microplate rotation is proposed by McKenzie and Jackson (1986) and requires coupling 

of a shear flow of the mantle beneath the microplate (floating block model). This model 

predicts rotation rates half that predicted by the edge-driven model. The rotation of the 

Easter microplate has been approximated as a circular plate rotating between two major 

plates with a torque exerted about a vertical axis from the interaction of overlapping 

spreading centres. The Juan-Fernandez microplate originated from an intra-transform 

setting, likely the fastest-slipping transform on earth at that time, with a transformation in 

deformation from internal shear to rigid rotation (Bird et al. 1998), whereas the Manus 

Basin microplate rotation is a clear example of an edge-driven rotation. 

9.4 Complex spreading systems 

The differences in the average present-day trend of dykes in the consistent and continuous 

SDCs of Halay (E-W) and Troodos (N-S) and the trend of dykes in Baer-Bassit, are 

significant and remain so following correction to their initial orientations, implying that 

this variation is a primary feature of the spreading system. The regional palaeo-spreading 

direction is believed to have been -NW-SE, fitting in with the palaeogeography and rifling 

of continental fragments from the E-W trending African margin and also with the restored 

trend of the Troodos dykes. The slightly oblique restored trend of the Baer-Bassit dykes 

and more oblique mean strike of the Hatay dykes to this roughly N-S spreading direction 

implies the effect of a more complicated spreading system, either spatially or temporally. 

Existing models for the Neotethyan spreading system do not account for this primary 

variation in dyke orientation; occasional schematic diagrams do illustrate a difference in 

the orientation of spreading axis (Figure 9.2), but this appears to be coincidental rather than 

based on restored dyke strikes. 
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Figure 9.2: An example of an existing model for the framework of the Neotethyan ocean. 
The suggested framework for the southerly ophiolite belt from Troodos to Semail is illustrated (after 
Moores et al. 1984), displaying a variation in spreading axis orientation. However, this diagram is 
merely schematic and no basis for these orientations is discussed by these authors. Existing 
models do not account for the observed variation in mean dyke trend between the Hatay and 
Troodos ophiolites. Previously palaeomagnetic data with which to restore the orientation of the 
SDCs to their original strike only existed for the Troodos ophiolite. 

Spreading systems displaying extreme complexity are found in the marginal oceans of the 

present-day, influenced by subduction processes, regional plate reorganisation and 

characterised by propagating rifts and spreading axes with complex relationships between 

system segments (e.g. Tanahashi 1994; Ruellan 1994; Schellart 2002). Modem analogues 

for variations in spreading-relaled fabrics within the same spreading system include 

complications from temporal changes in spreading direction (Figure 9.3A-B) in response 

to regional or major plate reorganisations or motion changes, and from spatial changes in 

structural orientation resulting from oblique spreading or a spatial variation in stress fields. 
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Figure 9.3: Models illustrating causes and mechanisms by which dyke orientation may change 
within a spreading system. 
A. A temporal change may account for the variation between the inferred * N E - S W oriented 
Troodos spreading ridge and - N - S oriented Hatay spreading ridge. A temporal variation in 
spreading orientation may result from a regional plate reorganisation in a complex spreading 
system or could be induced by a large-scale plate movement change. Rollback of the subduction 
zone may also influence the orientation of the dykes over time. Spatial changes may also be 
introduced by the effects of rollback of the subduction zone or from a torque introduced by the 
movement of major plates. 
B. Mechanisms by which the orientation of dykes may adapt to a new spreading orientation (after 
Goodliffe et al. 1997) and which may account for the difference in dyke strike between Hatay and 
Troodos. 
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A temporal change in spreading orientation occurred in the Philippine Sea plate when two 

propagating rifts joined together as an R-R-R triple junction to accommodate the difference 

in spreading direction between the Parece Vela (E-W) and Shikoku (ENE-WSW) basins, 

followed by a larger temporal orientation change to NE-SW spreading at --20 Ma (Sdrolias 

et al. 2004). This was interpreted to relate to initiation of the rotation of the Philippine Sea 

plate with the catalyst for the rotation suggested to be the -20-22 Ma change in plate 

boundary configuration between the Australian and Philippine Sea plate (Sdroiias et al. 

2004). A reconfiguration of ridge geometry was also observed in the Lau-Havre-Taupo 

system with a newly created ridge propagating into older crust in response to changes in 

opening orientation (Parson and Wright 1996). In the North Fiji marginal basin, ridge axes 

are characterised by highly variable trends, with present-day trends 20°NW, 20°NE and 

5°NNE (Ruellan et al. 1994), representing a 40° variation in spreading direction, analogous 

to that suggested between Malay and Troodos. 

Dykes may reorient to adapt to a change in spreading direction by rotating or by ridge 

propagation (Figure 9.3B), with synchronous reorganisation of ridge boundaries over a 

larger area another possibility, as observed in the Woodlark basin (Goodliffe et al. 1997). 

A large and rapid change in direction of plate motion due to complex movements of 

smaller plates buffering the oblique convergence of the Pacific and Australian plates is 

believed to be the catalyst for synchronous reorganisation of the Woodlark basin spreading 

centre (Goodliffe et al. 1997). 

The fast-spreading Semail ophiolite preserves examples of complex spreading systems 

with along-strike variations in the SDC suggesting that the spreading axis was segmented 

by first and/or second order discontinuities, most probably propagating rifts and 

overiapping spreading centres, representing the terminations of axial magma chambers 

(MacLeod and Rothery 1992). At least four and potentially seven discontinuities are 
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identified along a -500 km ridge-parallel length, suggesting segmentation on the scale of 

50-100 km (comparable with the EPR), although unequivocal transform structures are not 

evident (MacLeod and Rothery 1992). In the southern part of the ophiolile a younger SE-

NW ridge segment is observed cross-cutting a NW-SE trending segment, interpreted to 

represent a ridge-propagator analogous to an EPR-type rapidly spreading microplate 

system (Boudier et al. 1997). 

Morphological and structural patterns mapped within the median valley floors of 

orthogonally-spreading slow-spreading ridges suggest that these structures will be 

parallel/sub-parallel to the ridge (McAllister et al. 1995) and in many ophiolites, dykes, 

faults and other features that are expected to form parallel to a spreading centre during the 

spreading process have consistent, parallel trends over tens to hundreds of kilometres 

(Casey et al. 1981; Varga and Moores 1985; MacLeod and Rothery 1992; Rivvizigno and 

Karson 2004). However, in areas where spreading is not orthogonal, the expected trends 

may be more complicated. Examples of obliquely spreading ridges are documented along 

many parts of the mid-ocean ridge system (Bird and Philips 1975; Bicknell et al. 1986; 

Dauteuil and Brun 1996; Grindlay et al. 1998) and commonly include spreading segments 

and discontinuities that are oblique to the regional spreading direction. For instance, 

considerable variations in fault strike from the Reykjanes ridge (McAllister el al. 1995) and 

obliquely oriented structures in the Macquarie Island ophiolite (Riwizigno and Karson 

2004) are attributed to the complications of oblique spreading. Offsets in the 

discontinuities are generally less than 10 km and separate intervening spreading segments a 

few tens of kilometres in length (Rivvizigno and Karson 2004) and thus, although 

variations in orientation are documented from slow-spreading systems these appear to 

occur on a smaller scale than observed between the Late Cretaceous Neotethyan ophiolites. 
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9.5 Synthesis of rotations in Ncotcthyan ophiolitc belt 

The implications of the new results are that large rotations in this southerly belt of 
Neotethyan ophiolites are more extensive than previously thought, and that it may be more 
appropriate to consider the rotations of all the ophiolites in this chain in conjunction rather 
than individually. 

No palaeomagnetic information is available for the ophiolites of the central part of the bell, 

but the Semail ophiolite experienced large, differential internal rotations (section 4.6). 

Clockwise rotation of the northern part of the massif may be attributed to rapid, active 

microplate rotation of a portion of the ophiolite resulting from spreading al an EPR-type 

propagating ridge at a high angle to the previous spreading direction (Weiler 2000). This 

rapidly rotating microplate is suggested to be similar to the Juan Fernandez microplate of 

the modern oceans (Boudier et al. 1997; Weiler 2000). Similarities between this model 

and the large rotations observed in the ophiolites at the western end of the ophiolite belt are 

that both systems appear to represent complex spreading systems. However, the ophiolites 

to the west formed in slow-spreading systems where no examples of microplate rotation or 

significant changes in dyke orientation are documented from the modern oceans. These 

ophioliles rotated considerably slower and with a significantly smaller total magnitude of 

rotation than the Semail ophiolite to the east. The key observation regarding the rotations 

is their occurrence in opposite senses at each end of the ophiolite belt, with clockwise 

rotations experienced by the Semail ophiolite at the eastern end and anticlockwise rotations 

experienced by Troodos, Hatay and Baer-Bassil to the west. An implication of the 

opposite sense of these rotations is that the impingement of the Arabian platform 

northwards is likely to have strongly influenced the rotation, potentially by inducing 

vorticity in the mantle wedge underlying the Neotethyan crust as a result of plate-scale 

processes. 
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9.6 Regional and major plate movements 

A distinctive feature of both spreading ridge orientation changes and microplate rotation in 
the modem oceans is their common coincidence in timing with regional plate 
reorganisations or changes in plate motion. The southern Neotethyan ocean is believed to 
have comprised a series of small oceanic basins separated by microcontinental fragments 
between the major African and Eurasian plates. As such, this tectonic scenario suggests a 
regime where changes in major plate motions may produce large local changes in 
spreading direction due to the accommodation of the changes by reorganisation of local 
spreading systems, with the Woodlark basin as a modem analogue. The summary of the 
relative movement of the African and Eurasian plates given in sections 3.6 and 4.3 
highlighted a change in motion from a sinistral shear to north-south convergence, 
occurring around 90 Ma. The timing and sharpness of this change cannot be constrained 
entirely due to the limits of the resolution of the data with some reconstructions indicating 
a smoother transition (e.g. Livermore and Smith 1984) accommodating the change in 
motion and some suggesting a sharper change (e.g. Savostin et al. 1986). In the Woodlark 
Basin, a rapid change of plate movement is believed to have resulted in synchronous 
reorientation of dykes (Goodliffe et al. 1997). 

Major and regional plate movements appear to be extremely significant in both 

reorientation of spreading centres and initiation of microplate rotation. The conditions for 

SSZ spreading may be restricted to rare episodes of major plate reorganisation (Robertson 

2002, 2004) and thus these same unusual conditions may be expected to produce the 

necessary setting for the microplate rotation and increased complexity inferred for the 

Neotethyan ocean. The -90 Ma change in the motion of the major plates must have been a 

significant influence in the complex tectonic evolution of the eastern Mediterranean 

collisional orogen (Figure 9.4). 
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Figure 9.4: Model for the potential affect of large-scale plate movements on Neotethyan 
ophiolites. The relative positions of Europe relative to Africa (Livermore and Smith 1984) through 
time at the most relevant geographical point to the ophiolites are shown on the LHS with their 
interpreted effect on the evolution of the eastern Mediterranean in relation to the ophiolites, 
concentrating on the change in motion at -90 Ma. The schematic diagrams on the RHS illustrate 
the changes. These large-scale plate motions involve lithospheric motion and may be intimately 
linked to the rotations and complex spreading systems inferred to have existed within the southern 
Neotethyan ocean at the time of formation of the ophiolites and microplate rotation. 
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9.7 Model for the tectonic evolution of the Hatav ophiolite 

Figure 9.5A illustrates the revised model for the rotation of the Troodos, Hatay and Baer-
Bassit ophiolites. In this model, impingement of the Arabian platform on the trench occurs 
long enough prior to emplacement of the Hatay and Baer-Bassit ophiolites to allow them to 
rotate anticlockwise prior to emplacement. The torque causing the microplate rotation is 
the impingment of the Arabian platform on the subduction zone. The mechanism for the 
rotation is likely to have more similarity with the floating block model of McKenzie and 
Jackson (1986), where the vorticity of the underlying mantle exerts a torque on the 
overlying lithosphere. Part of the complexity of backarc basin systems in the modem 
oceans may be attributed to complexities of flow of the mantle around the subduction 
zones (e.g. Martinez and Taylor 2002; Schellart 2002) and so the impingement of a 
continental platform onto a subduction zone would be expected to introduce similar 
complexities into the system. An anticlockwise torque may also have been introduced into 
the system by left-lateral shear between the major African and Eurasian plates, similarly to 
that proposed between strike-slip faults in continental crust (section 4.7). Both the large 
size of the microplate and the low rate of rotation are more comparable with those 
suggested for a floating block model than an edge-driven or propagating-ridge influenced 
model. For instance, the Troodos and Hatay ophiolites are currently located ~-250 km 
distant whereas the maximum width of the Juan-Fernandez microplate was -180 km, at 
which time it was rotating at its slowest rate (Bird et al. 1998), which was still faster than 
the -2 ° Ma"' inferred for the western Neotethyan microplate. The influence of the Arabian 
platform on the rotation is supported by the opposing clockwise sense of rotation observed 
for the Semail ophiolile at the eastern end of the Neotethyan ophiolite belt (Figure 9.5B). 
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Figure 9.5: Revised model for the evolution of the Neotethyan ophiolites. 
A. A large area rotates anticlockwise due to the torque exerted by the impingement the Arabian 
platform on the subduction zone. Arabia could impinge upon the subduction zone for an extended 
period of time prior to emplacement of the ophiolites which is likely to be the key that allows it to 
provide the driving force for sometime before emplacement. The boundaries of the rotating area 
are transform faults, but on a larger scale than the Arakapas transform which is known not to 
comprise a microplate-bounding fault. Emplacement of the ophiolites may not be instantaneous 
geologically with the initial impingement of the subduction zone, allowing a significant component of 
anticlockwise rotation to occur prior to emplacement of the Hatay and Baer-Bassit ophiolites. 
B. A large area to the west (incorporating the Hatay, Troodos and Baer-Bassit ophiolites) within a 
slow-spreading system rotated slowly anticlockwise whereas a large area to the east (part of the 
Semail ophiolite) located within a fast-spreading system rotated clockwise, thus indicating the 
important influence of the Arabian margin on the rotation, producing rotation in opposite senses on 
either side. The rotations of the ophiolites between either end of the chain are unknown. 
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The Arakapas transform fault zone was initially suggested as the logical place for the 

boundary of the Troodos microplate but the discovery that the crust on both side of the 

transform had experienced similar rotations made this unlikely. With the knowledge that a 

larger area has experienced rotation, transform faults located some distance from Troodos 

are likely to comprise a significant component of the microplate boundaries. The Arakapas 

transform may have been a comparatively minor transform explaining why it was not 

utilised as a microplate boundary (Figure 9.5A). The transform zone was however 

partially disrupted by extensional faulting during the initial phases o f the rotation 

(MacLeod 1990). The variation in mean orientation of dykes between the ophiolites may 

be explained by a temporal change in spreading orientation due to a regional reorganisation 

of plate boundaries in a complex marginal basin spreading system, with the Woodlark 

basin as a modem analogue. This indicates that there is an age difference between the 

Hatay and Baer-Bassit ophiolites and Troodos. The Troodos ophiolite may be older, as the 

-90 Ma age of formation is well-constrained, whereas radiometric ages for Baer-Bassit 

span a larger range and the existence of reverse polarities in Baer-Bassit (and to a lesser 

extent in Hatay) are more likely to have been acquired during the later Chron 33R rather 

than the previous reverse polarity chron 30 Ma prior to formation of Troodos. 

The rotation of a microplate and change in dyke orientation within the Neotethyan ocean 

are consistent with characteristics of the modern oceans, particularly those of modem 

marginal basins, and the implication is that such features would be expected from the 

Neotethyan ocean due to the known complexity of its tectonic evolution and marginal 

basin setting. The lack of a precise modem analogue for the setting of the Neotethyan 

ophiolites supports formation and emplacement during a rare episode of major and regional 

plate reorganisation. 
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CHAPTER TEN 

10. SUGGESTIONS F O R F U T U R E W O R K AND CONCLUSIONS 

The major conclusions of this thesis link into various areas of interest, especially oceanic 

tectonics, the structural development of ophiolites, and the tectonic evolution of the eastern 

Mediterranean orogenic belt and have significant implications in particular for the 

evolution of the southern Neotethyan ocean and show that the revision of existing models 

are required. 

10.1 Rotations and timing constraints 

The large coherent anticlockwise rotation of the Troodos microplate was a key event in the 

tectonic evolution of the eastern Mediterranean region. The new results from this thesis 

demonstrating consistent westerly-directed remanences in all lithologies of the Hatay 

ophiolite indicate that this ophiolite also underwent a large coherent anticlockwise rotation. 

The magnitude and sense of this rotation are equivalent both to that of the most northerly 

locality in the Baer-Bassit ophiolite and are also directly comparable to that observed in the 

Troodos ophiolite between the Campanian and Maastrichtian. A large component of this 

rotation is thus likely to have been of common cause and to have occurred prior to 

emplacement of the Hatay/Baer-Bassit ophiolite sheet as part of a coherent microplate. 

Timing constraints on the large anticlockwise rotations experienced by the Hatay and Baer-

Bassit ophiolites have been provided by palaeomagnetic analyses of their 

neoautochthonous sedimentary covers, statistical tests for the timing of magnetisation 

acquisition, and by comprehensive rock magnetic testing. 
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The new palaeomagnetic analyses performed on the neoautochthonous sedimentary cover 

sequences of the Hatay and Baer-Bassit ophiolites indicate that a large component of the 

anticlockwise rotations occurred prior to the deposition of the cover units. For instance, 

the minor rotations documented by the sedimentary cover of the Hatay ophiolite 

demonstrate that post-cover rotations cannot explain the larger rotations in the underiying 

ophiolite. The older Palaeogene sediments of the Baer-Bassit ophiolite document larger 

rotations than the Neogene sedimentary sequences, attributed to the effect of large-scale 

Neotectonic strike-slip faulting. The larger and more varied rotations of the southern part 

of the Baer-Bassit ophiolite would thus be partially explained by the effect of this same 

fault system. 

The magnetisation of both the Hatay ophiolite and its sedimentary cover are pre-

deformational in origin, as inferred from positive inclination-only tilt tests. In contrast, 

inclination-only tilt tests performed on the sedimentary sequences of the Baer-Bassit 

ophiolite indicate that the magnetisation of Palaeogene sequences is syn-deformational and 

that of Neogene sequences is post-deformational. These may be explained by 

remagnetisation during Tertiary folding and strike-slip faulting, tying in with both the lack 

of remagnetisation in the Hatay sedimentary cover sequences which are little affected by 

strike-slip faulting, and the larger and more varied rotations experienced by the southern 

part of the Baer-Bassit ophiolite where these fault systems are most significant. 

The inference of stable pre-deformational magnetisations are supported by comprehensive 

rock magnetic testing within all lithologies of the Hatay ophiolite. Results are consistent 

with acquisition of the magnetisation soon after genesis at a spreading ridge, carried 

predominantly by (varying Ti) titanomagnetites of pseudo-single domain grain size and 

thus capable of carrying a remanence stable over geological time. Rock magnetic results 
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display similarities with those observed from both modem oceanic crust and other 

ophiolites. 

The Hatay ophiolite is predominantly of normal polarity, as is the Troodos ophiolite, 

although a small number of sites are of reverse polarity, and may be compared with the 

widespread observation of reverse polarities within the Baer-Bassit ophiolite. From this it 

may be inferred that the Hatay and Baer-Bassit ophiolites might be younger allowing 

magnetisation acquisition during or soon after formation in the first reverse polarity chron 

subsequent to the Cretaceous LNP. A possibility for future work would be to more tightly 

constrain the age of the Hatay ophiolite by, for instance accurate radiometric dating 

techniques to establish the timing of acquisition of the reverse polarity magnetisations. 

10.2 Synthesis of structural and palaeomagnetic observations 

Five structural events have been identified and linked into phases in the tectonic evolution 

of the Hatay ophiolite; three occurring prior to the deposition of the cover framework and 

two observed in both the ophiolitic basement and overlying sediments: 

Eveni 1: Dyke-parallel normal faulting during seafloor deformation; 

Event 2: Emplacement-related faulting; 

Event 3: Strike-slip faulting linked to the expression of continued convergence of the 

African and Eurasian plates within continental crust; 

Events 4 and 5: Post-cover Neotectonic extensional faulting linked to the development of 

the current plate boundary configuration. 

The orientations of the faults and principal palaeostress axes observed within the ophiolite 

and sedimentary cover are generally consistent with previous observations, although 

certain interpretations differ. Most significantly, the interpretation of Dilek and Thy 
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(1998) that the majority of structures observed within the Hatay ophiolite can be attributed 

to seafloor deformation is unconvincing, as most of these structures appear to be of 

Neotectonic or emplacement origin rather than forming as a result of seafloor deformation. 

The identified structural events cannot either singly or in conjunction account for the 

consistent westerly directed remanences observed in the Hatay ophiolite, supporting the 

hypothesis of a coherent microplate rotation. The spread of magnetic declinations 

observed in the ophiolitic lithologies must be pre-cover in origin as an equivalent 

dispersion is not observed in declinations from the sedimentary cover. This ties in with the 

structural analyses as the structural event(s) most likely to account for the spread of 

declinations are the pre-cover vertical axis rotations during either emplacement-related 

thrusting or subsequent strike-slip faulting. The dyke-normal rotations that affect the SDC 

and the orientation of cumulate layering and bedding are easily explained by a combination 

of rotations during several events. However, the fact that these rotations do not affect all 

areas of the ophiolite equivalently indicates that, although structural events are not 

spatially discrete, the degree of rotation experienced about faults of a certain event varies 

between areas. 

10.3 Implications for the evolution of the eastern Mediterranean Neotethys 

An important implication of the new palaeomagnetic and structural data obtained is the 

need to re-evaluate existing models for the rotation of the Troodos microplale. The size of 

the microplate inferred previously must be considerably increased to account for the 

rotations of Hatay and Baer-Bassit. The boundaries of the microplate are likely to utilise 

transform faults of a more significant scale than the Arakapas transform preserved in the 

Troodos ophiolite. The torque responsible for rotation may be the impingement of the 

Arabian margin on the subduction zone with rotation occurring for an extended period 

prior to emplacement of the Hatay/Baer-Bassit sheet. The influence of the Arabian margin 
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is supported by the observation of rotation in opposite senses occurring at the westem and 

eastern ends of the ophiolite belt. This raises questions concerning the sense and 

magnitude of potential rotations that have occurred in the mid-chain ophiolites (e.g. the 

Iranian ophiolites) where no palaeomagnetic work has been carried out. Research on these 

could provide greater insight into the mechanism(s) responsible for the rotations. For 

instance, i f impingement of the Arabian platform on the subduction zone provides a 

significant influence, a change in sense from anticlockwise to clockwise at some point 

between the westem and eastern extent of the chain would be anticipated. I f the rotations 

are due to more localised mechanisms and the large opposite-sense rotations observed at 

either end of the chain of ophiolites are coincidental, the mid-chain ophiolites may have 

experienced only small rotations, disparate rotations or no rotation. 

The restoration of sheeted dykes in the Hatay ophiolite to their original orientation 

indicates that a primary variation in dyke strike existed within the Neotethyan spreading 

system, with the mean restored trend of dykes roughly NE-SW and N-S for Troodos and 

Hatay respectively. Both the microplate rotation and the inferred primary variation in dyke 

strike imply formation of the ophiolites within a complex spreading system analogous to 

certain modem day marginal basins where microplate rotation and temporal reorientation 

of dykes are observed. 
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FIRST P A L A E O M A G N E T I C R E S U L T S F R O M T H E H A T A Y ( K I Z I L DAG) 
O P H I O L I T E O F T U R K E Y AND T H E I R I M P L I C A T I O N FOR T H E T E C T O N I C 
E V O L U T I O N O F T H E E A S T E R N M E D I T E R R A N E A N N E O T E T H Y S 

J. Inwood (1), A. Morris (1), M . W. Anderson (1), A. H. F. Robertson (2), U. Unlugen? (3) 
(1) Dept. of Geology, University of Plymouth, UK, (2) School of Geosciences, University 
of Edinburgh, UK, (3) Geological Engineering Department, (^ukurova University, Turkey 
jinwood@plymouth.ac.uk/Fax: +44-1752-233117 

Late Cretaceous ophiolitic rocks are found throughout the eastern Mediterranean and 
represent remnants of small Telhyan ocean basins destroyed during collision of the African 
and Eurasian plates. A prominent Neotethyan ophiolitic bell stretches eastwards from 
Cyprus (Troodos ophiolite) through Syria (Baer-Bassit), Turkey (Kizil Dag) and Iran 
(Kermanshah) to Oman (Semail ophiolite) and represents formation in a southem basin of 
Neotethys. 

Palaeomagnetic results can be invaluable in elucidating the tectonic evolution of these 
units. In particular, data from the Troodos ophiolite in Cyprus identified a regionally 
significant 90° anticlockwise rotation of the Troodos 'microplate' between the Late 
Cretaceous to Eocene (Clube and Robertson 1986). More recently, palaeomagnetic results 
have been obtained from the tectonically emplaced Baer-Bassit ophiolile to the east 
(Morris et al. 2002) which indicate extreme anticlockwise rotations of ophiolitic thrust 
sheets varying on a kilometric scale. Here we present the first palaeomagnetic results from 
the Hatay (Kizil Dag) ophiolite to the north. This is closely related spatially to the Baer-
Bassit ophiolite and represents the less deformed main body of a large ophiolite sheet 
emplaced onto the Arabian platform in the Maastrichtian. 

New palaeomagnetic results have been obtained from various levels of the ophiolile. 
Stable components of magnetization are recorded by all lithologies, with directions of 
magnetization unrelated to the present day field. Application of an inclination-only tilt test 
to data from sites with palaeohorizontal control indicates minimum dispersion at 100% of 
untilling, demonstrating that the magnetization of the ophiolite pre-dates deformation. 
Minor variability in tilt-corrected declinations from these sites may result from relative 
tectonic rotation o f sampled units. However, the overall mean direction for the ophiolite 
indicates a significant bulk anticlockwise rotation of c. 80°. This is equivalent to the 
rotation of the most northerly part of the Baer-Bassit ophiolite to the south of Hatay, The 
rotation history of the Troodos ophiolite to the west is well constrained, with 60° of the 90° 
of anticlockwise 'microplate' rotation being completed by the Maastrichtian (Clube and 
Robertson 1986), i.e. by the time of emplacement of the Hatay/Baer-Bassit ophiolite. This 
suggests a common intraoceanic origin for a significant component of the observed 
rotation in Hatay, and the more variable rotations observed in Baer-Bassit. The combined 
datasets from all three ophioliles are consistent with a model involving: (i) intraoceanic 
rotation of a coherent region of oceanic crust within the southem Neoiethyan basin; (ii) 
emplacement of part of the rotated unit onto the Arabian platform; and (i i i ) subsequent 
localised post-emplacement modification. 
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n M u x w o r t h y 

t̂y of Edinburgh 

Understanding IMultidomain 
Remanence: Viscous Magnetiza
tion of Multidomain Magnetite 

During my visit to the IRM, I made a 
series of key experiments which are 
integral to a bigger project currently 
being undertaken in Edinburgh. This 
project is examining the viscous 
behaviour of multidomain (MD) 
magnetite in attempt to not only 
understand viscous magnetisation in 
itself but also to try and unravel 
remanence acquisition in MD magnetite. 
We arc doing this using a series of 
complementary techniques; direct 
measurement of viscous magnetisation 
and viscous remanent magnetisation 
acquisition and demagnetisation, and 
observation of viscous behaviour through 
the Bitter pattern method as function of 
time and temperature. 

All previous viscous magnetisation 
measurements we have made have been 
in relatively low fields of about 0.2 mT. 
It was of interest to understand the 
behaviour in higher fields which is 
possible with the Princeton high-
tempeniture V S M . I examined the 
possibility of disaccommodation 
contributing to viscosity by comparing 
the viscosity of the virgin samples with 
the viscosity aHcr high-temperature 
thermal stabilization. The viscosity 
acquisition constant (the rate of viscosity 
acquisition) was significantly reduced 

after thennal stabilization in samples 
thought to have medium levels of stress 
(Figure \ ) . This suggests a 
disaccommodation contribution to the 
viscosity in the virgin samples. During 
viscosity experiments it is normal to 
measure both viscous acquisition and 
demagnetisation. Due to the instrument 
software it was only possible to make 
acquisition experiments, however, the 
inability to accurately control the zero 
field state with the high-temperature 
V S M meant that this was no great loss 

To tie in with the Bitter pattern 
domain observations, I made some 
magnetic force microscopy (MFM) 

images of the same grains to investigate 
how well the domain structures seen with 
the Bitter pattern image represent the 
higher-resolution MFM structures. As 
expected the M F M revealed much finer 
detail than that observed by the Bitter 
pattern image, however, generally the 
main features were the same, which is 
encouraging. 

I also took the opporiunity to 
measure some Mfissbauer spectra on 
some natumi samples involved in another 
study. Much thanks go to Mike, Thelma 
and Jim the rest o f the IRM'ers for their 
time, help and patience. 

2.0 

1.0 

03 

0 0 

virgin sample 

thermally 
stabili/uci 

too 600 

temperature (C) 

Figure J. Viscoits acquisition constant versus temperature for a commercial 
synthetic magnetite sample with a mean grain size of -II pm. The sample was 
A F demagnetized at room temperature before each measurement 
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Rock Magnetic Evidence for a 
Sea-floor Origin for Magnetic 

Remanences in a Late Cretaceous 
TethyanOphiolile 

The project carried out on my visit to 
the IRM was to identify and characterize 
the N R M carriers in rocks from the 
Hatay Ophiolitc of southeastern Turkey. 
This forms part of my doctoral research 
which aims to constrain the tectonic 
history of the Hatay ophiolite, using a 
combination of palaeomagneiic and 
structural techniques. 

The Hatay ophiolitc forms part of a 
prominent ophiolitc chain in the eastern 
Mediterranean and Middle East which 
stretches from the Troodos ophiolite of 
Cyprus eastwards to the Scmail ophtolite 
of Oman. These ophiolites represent 
fragments of the oceanic lithosphere 
generated in the Late Cretaceous by 
supra-subduction zone spreading within 
a small "Neotethyan" ocean basin. 
Subsequent closure of Tethys during 
convergence of the African and Eurasian 
plates resulted in the emplacement of 
ophiolitic thrust sheets onto the Arabian 
continental margin in the Maastrichtian. 

The Hatay ophiolite was sampled for 
palaeomagnetic analysis at various 

crustal levels, from the cumulate gabbros 
up to the extrusives. excluding only the 
scrpcnlinised ultnimafics. Specimens 
from 63 sites w-crc demagnetized in the 
University of Plymouth laboratory. 
Demagnetization diagrams show mostly 
simple rectilinear decay to the origin. 
Westerly-directed remanences indicate 
that the ophiolite has experienced large 
anticlockwise rotations during its history, 
similar to those previously documented 
in the coeval Troodos and Baer-Bassit 
ophioliies. An inclination-only tilt test 
demonstrates that magnetizations are pre-
deformational in origin, despite a 
complex history of low temperature 
seafioor alteration, intra-oceanic 
detachment, thrust emplacement and 
subsequent neotectonic faulting. 
Determining precisely what is carrying 
the stable magnetizations is therefore 
critical to understanding the magnetic 
history of the ophiolite. 

The magnetic minerals in oceanic 
crust depend on variables such as the 
composition and cooling rate of the 
magma. Research on in situ day oceanic 
crust has concentrated on the more 
accessible upper levels, i.e. pillowed and 
sheet lava flows and sheeted dykes. For 
a basaltic magma, rapid cooling 

preserves titanomagnetite with intermedi
ate titanium composition (TM60). 
whereas slower cooling with dcuteric 
oxidation above (he Curie temperature 
preserves an exsolution texture of near-
ilmenite and near-magnetite lamellae 
(O'Reilly, 1984). Low temperature 
oxidation at ambient temperatures on the 
seafioor oxidises (titano)magnctitc to 
(titano)maghcmctite due to leaching of 
the iron by scawater. This can alter to 
magnetite during subsequent low-
temperature inversion (O'Reilly, 1984). 
The magnetic minerals carrying the pre-
deformational remanence in the ophiolite 
were anticipated to be either those 
observed within in situ oceanic crust, or 
an inversion that allows an early 
magnetization lo be retained, with 
potential variations between the different 
lithologies sampled. 

Preliminary Rock Magnetic Results from 
the University of Plymouth 

I . Analyses of I R M acquisition for at 
least one sample per site indicated a 
dominance of low coercivities for all 
samples. 



eporis 
continuedfrom p. 3 

. Stepwise thermal demagnetization of natural 
remanences indicated difTerences in unblock
ing temperatures (T^) between llthologies. 
The deeper levels (gabbros and cumulate 
gabbros) had T^s near SSO'C suggesting the 
presence of Ti-poor magnetite. For the pillow 
lavas TgS were generally lower, suggesting a 
higher titanium content. More variable T^s 
were observed for the sheeted dyke complex 
with a maximum of SbO-SSCC, but also in 
some samples a lower temperature, component 
was observed to unblock at 350-400''C. 
Alternating Held demagnetization chamcteris-
tics were consistent with the presence ofboth 
M D to SSD grains with median destructive 
fields ranging from 5 mT to >40 mT. 

X P E R I M E N T S P E R F O R M E D A T T H E 
RM 

, Hysteresis loops were determined for 135 
cores using the Princeton Applied Research 
V S M . with coercivity of remanence (Her) also 
measured. 
Curie point (T^.) determinations were carried 

out using the Princeton Measurements 
MicroMag VSM on 51 powdered samples. 
Low temperature experiments using the 

Quantum Design Magnetic Property Measure
ment System (MPMS) were carried out on 54 
powdered samples. Thermomagneiic curves 
were obtained by cooling a room temperature 
(RT) SIRM acquired in a 2.5 T field from 300 
to 1 OK, and by imparling a low temperature 
(LT) SIRM in a 2.5 T field and warming the 

[ sample from 10 to 300K. For selected 
samples, both cooling and warming curves of 
RT SIRM were plotted, as was the curve 
following cooling of the sample both in field 
( F C ) and in zero field ( Z F C ) . 

. Alternating current (AC) susceptibility 
measurements as a function of frequency were 
taken for eight samples using the MPMS and 
the Lakcshore A C Susceptometer. 

l E S U L T S 

The majority of samples of all lilhologies lie 
vithin the PSD field of a Day plot (Figure I) , 
rhe sheeted dyke complex showed more 
variation with some samples falling in the MD 
leU. 

' Deeper levels of the ophioliie had Curie 
Joints near that of Ti-poor magnetite with a 
non Tj. value close to 590°C in both the 
jabbros and sheeted dyke complex. Healing and 
:ooling curves were reversible in the majority of 
iamples. The pillow lavas had T^s ranging from 
\7S to 560*'C with a mean of 530''C. These 
over temperatures suggest the presence of a 
ufher titanium phase than for the gabbros, 
iliHough these Tcs are higher than that of TM60. 
Pwo components were observed in some 
lanples at temperatures between 335 and 400'*C, 
viih all except two of these samples being from 
h< sheeted dyke complex. 

Low temperature runs allow easy recognition 
>fthe Verwey transition in magnetite on both the 
v:nning and cooling curves if it is present. The 
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Figure I: A Day plot of the 135 samples 
measured on the VSM. 
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Figure 2: Low temperature thermomagnetic 
curves of saturation remanencc for a representa
tive sample from each main lithology: (i) gabbro 
sample, clearly showing the Verwey transition: 
(ii) sample from the sheeted dyke cotnplcx 
showing the Verwey transition: (Hi) basaltic lava 
sample showing a 'smeared out' curve suggest
ing presence of a higher degree of titanium than 
in the other samples. 

transition occurs at 120K in stoichiometric 
magnetite, but is decreased by oxidation or the 
presence of impurities such as titanium 
(Muxworthy and McClelland, 2000). The dykes 
and lower crustal lithologies all displayed clear 
low temperature transitions in the vicinity of 

I IOK. In some of the cumulate gabbros the 
step was 'smeared' out. probably due to the 
presence of more oxidised magnetite (Figure 
2(i). 2(ii)) (Ozdemirei al. 1993. 2002). In the 
pillow lavas, the Verwey transition was 
generally not clear, and a considerably more 
gradual change in magnetization was seen on 
the warming curve (Figure 2(iii)). This, 
combined with the lower Curie temperatures, 
implies that a higher degree of titanium 
substitution in the pillow lavas minimises the 
effect of the Verwey transition. 

S U M M A R Y 

The results obtained at the IRM are 
compatible with the presence of fine magnetic 
grain sizes capable of retaining a stable 
magnetization throughout the complex history 
of the ophiolite, with PSD grains dominant in 
the majority of samples. There is a difference 
in magnetic mineralogy depending on the 
crustal level. The clear Verwey transitions and 
high Tj.s of the deeper levels of the crust 
indicate that Ti-poor litanomagnetite/magnetite 
is the major carrier of the magnetic signal, and 
the absence of the Vcrwey transition and lower 
T .̂s of the higher crustal levels indicate the 
presence of a morcTi-rich titanomagnetite. 
These mineralogies are compatible with 
acquisition of stable rcmanences on the 
seafloor soon afier genesis of the ophiolitic 
crust at an oceanic spreading centre. 

C O M P L E M E N T A R Y A N A L Y S E S 
In order to support the rock magnetic 

results obtained at the I R M , I have used a 
JSM6100 S E M with an Oxford INCA x-ray 
microanalyser at the University of Plymouth to 
study representative samples. This confirms 
the presence in the gabbros of near-magnetite 
and near-ilmenitc in very well-developed 
cxsolutton lamellae in large grains (up to 
I mm). The pillow lavas were observed to 
contain grains with higher levels of titanium, as 
concluded from the rock magnetic results. The 
dykes contained a mixture of near magnetite 
grains, more titanium rich grains, as well as the 
presence of some grains displaying exsolution. 
Skeletal and cubic crystals were common, 
supporting the existence of a primary rcma-
nence. 

I would like to thank everyone I met at the IRM 
for being so helpful, for showing me how to 
use the instruments and for helping with the 
interpretation of results. 
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