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Abstract

Cyprus lies atthe southern edge of the Aegeanatolian microplate, caught in the
convergence of Africa and Eurasia. Subduction of the African plate below Cyprus has probably
ceased and this has been attributed to the dodkitige Eratosthenes Seamount micrdaentl
fragment on the northern edgéthe African plat in the subduction zora early 2010, on R.V.

Maria S. Merian, we conducted a widrgle seismic survey to test the hypothesis that the
Hecataeus Ridge, another possible microcontinental block lyingdiately offshore SE Cyprus,

might be related to an earlier docking event. The upper crust of southern Cyprus is dominated by
ophiolites, with seismic velocities of up to 7 krh & wide-angle seismic profile along Hecataeus
Ridge was populated with 15 @adian andserman oceabottom seismometeet 5 km intervals

and these recorded shots from a 6000 cu. in. air gun array, fired approximately every 100 m. Rough
topography of the seabed has madgkipg of phases and their moog a demanding task.
Bandpass and coherency filtering have enabled us to pick phases out to around 80 km.
Tomographic inversion of sherange first arrivals provided an initial model of the shallowsub
seabed structure. Forward mbdg by raytracing, using the code of Zedhd Smith, was then

used to model crustal stituce down to depths of around R&, with no evidence of re#éictions

from Moha Modding results provide good control onvilave velocities in the top 20 km and
some indications of deeper events. There isvideace of tue velocities approaching 7 ks.in

the top 20 km below the Ridge that might indicate the presence of ophiolitic rocks. Regional
gravity and magnetic field data tend to support this proposition. We thus conclude that Hecataeus
Ridge is not omposed of characteristically ophiolitic, Cyprus (upper plate) crustnast likely

it might be derived from the African (lower) plate
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CHAPTER 1

Introduction

1.10utline of problem

The Cyprus Arc represenpart ofthe surface boundary between rocks belonging to the
African and Anatolian plates ithe eastern Mediterranean (Figuré, Schattner2010). Cyprus
lies at the southern edge of the Aegéaratolian microplate, caught in the convergence of Africa
and Eurasia. Subduction of the African plate below Cyprus has probably cease®/(Beamet
al., 1988) and this has been attributed to the docknfigthe Eratosthenes Seamount
microcantinental fragment on the northern edgfethe African platejn the subduction zone

(Robertson, 199§.

An international team of researchers, from Germany anddaaihemorial University of
Newfoundland and Dalhousie University) combined in 2010 to collect around 1550 km of wide
angle seismic refraction profiles from the area of the plate boundary, south of Cyprus. This thesis
is focused on one profile, approximat&0 km long, on the Hecataeus Ridge (Figur@) to test
the hypothesis that it might ba@hermicrocontinental block from the African Plate now docked

in the subduction zone.

1.2 Geological ®tting and study area
1.2.1Plate configuration and history of plate convergence

The Eastern Mediterranean region has a tectonically complex history involving several
major plates and microplat@sigurel.1). The Mediterranean Sea is the remnant of a much larger

Tethys Ocean that evolved during the Mesozoic (Moet@s.,1984; Robertson, 1988
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The present day tectonic processes in the eastern Mediterraggam are characterized
by convergence of the African, Arabian and Eurasian plates (McCaisily, 2000). One result
of the complexities of these motions is the westwards movement and anticlockwise rotation of the
AegearAnatolian Microplate (Figuréd.l, Deweyet al.,1986). The North Anatolian Transform
Fault indicates the boundary between the Eurasian Plate and A&gatmtian microplate in a
dextral strike slip movement, where the East Anatolian Transform Fault shows a sinistral strike
slip motion Eigurel . 1 , ¢r &e Yilmaz 198]). The convergent boundary betweba African
and AegeafAnatolian plateso the west, occurs at the Hellenic Arc where the subduction is still
active and the subduction zone is rolling back to produce extension Aretjean Sea back arc
basin (Figurel.l, McKenzie and Yilmaz, 1991; Schattner, 2010)he current active plate
boundary betweethe African and AegeaAnatolian platedo the east, occurs at tiéorence
Rise Cyprus Arc (Figurel.l, Nur and BepAvraham, 198; Schattner 201Q. Some previous
studies suggested that the present plate boundary betheddrican and Aegeanatolian
plates (Cyprus Arc) was located north of Cyprus and transferred to south of Cyprus, between the
Cyprus Island and the Eratosthen8eamount in pf®liocene (Nur and BrAvraham, 1978;
Rotstein and BetfAvraham, 1985; Robertsoet al., 19953 199%). Earthquake studies
(PapazachoandPapaioannoul999) suggest thahe Cyprus Arc to the west connects with the
Hellenic Arc (Kemplerand BerAvraham 1987; BeAvrahamet al.,1988) and to the east, the
plate boundary extends from south Cyprus to the Iskenderun Bay, toward the East Anatolian Fault

junction BentAvrahamet al.,1988 Rotstein and Bevraham, 1985).

Due tothe initiation of collision of microcatinental blocks on the nortbnd of the
subducting African plate, subduction has essentially stopped along the Cyprus Akv(Bbam

et al.,1988 1995. In the east of the Cyprus Arc, the Dead-J&@st Anatolian Transform Fault

4



systems delineate the boundary betweerftladian andAfrican plates (Vidakt al.,2000) and,
across the central part of the Cyprus Arc, the Levantine Basin is slowly caoryevgh the
AegeanAnatolian microplate to the north and results in the incipient collision of the Eratosthenes
Seamount with the Island of Cyprus the intervening trench (Figutel, Kempler, 1996

Robertson199%; Hall et al, 20050).

1.2.2Study area

The Eratosthenes Seamount to the south of Cypthishlies 50 kn SW of the Hecataeus
Rise (Figurel.2, Vidalet al.,200), is a microcontinentablock on thenorth endof the African
plate which has become trapped in the subduction zonbekeit, consequentlyhrusting has
jumped to the south of the seamount to the edge of the Nile delta cone (Schattner, 2010). The
transition from subduction of oceanic crust to the collision of continental lithosphere is
accompanied by downthrusting adrinental lithosphere resistant to subduction, overthrusting
and uplift of the overriding lithosphere, and complex shunting of continental blocks in the
broadening subduction/collisional zone. In the late Miocene, the Seamount underwent inferred
extensioml faulting and broke up, followed by rapidbsidence (Robertson, 19&s it docked

into the subduction zone.

It is believed that the arrival dfie Eratosthenes Seamounttiaé Cyprus Arc interrupted
the convergence between the AfricAnabian and th&urasiailAnatolian plates during the early
Plastocene (Figurel.3; Schattner2010). On the verge of subduction, tectonic subsidence of
Eratosthenes accelerated and the Eratosthenes Seamountsambiading areavere at water
depths ranging from T0to 2000 m(Robertson, 1998b)while to the souththere was no

subductiorrelated flexural uplift (Schattner, 2010). Microfossils of early Pliocene age that were



already of deepnarine type, indicatethatmuch of the subsidence took place rapidly (Roberts

1998)).

During the collision and underthrusting of the Eratosthenes Seamount with Cyprus, the
northern margin of the seamoumastilted down from a depth of approximately 800 to 2000 m
over a ditance of about 50 km (Figufe3; Robertson and Xenophtos, 1993Robertsoret al.,
1995). The plateau area wako undergoing active extensional faulting possibly related to crustal

flexure associated with the downward bending.
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Figure 1.3 Subduction along the Cyprus Arc changed into the underthrostiagtinental crust.

This process is interrupted by the approach of the Eratosthenes Seamount (ESM) to its location
south of Cyprus, which has caused theipient continental collisiofmodified after Schattner,

2010).



Incipientcollision of the Eratakienes continental fragmecsused the uplift of Cyprus in
the eastern Mediterranedhigure 1.3, Robertson, 1998b Uplift to near sea levdbok place
onshore southern Cyprus in early Miocene (e.g. the Maroni basin of southern Qgphesfson
et al., 1998h. The uplift of the Troodos Massif on Cyprhappenedgradually but markedly
accelerated during, and after, the late Pliocene (Robertsonb;l®®attner, 2000 It is
hypothesized that the increase in subsidence of Eratosthenes Seamount iliodetee Rs
coincident with the rapid uplift of southern Cyprus. The uplift of southern Cypnlsmblywas
not only because ofunderthrusting of Eratosthenes, but coupled with diapiric protrusfon
serpentinite (Robertsat al.,1995a; Robertson, 1998 his serpentinitevas hydratedexpanded
and then rose diapirically amépresered ultramafic oceanic mantlenderCyprus(Robertson,
1998b) The collision of Eratosthenes Seamoantd as acausefor the diapiric protrusion of
serpentinite.In summay, the serpentinite diapirism combined with thenderthrustig of the
Eratosthenes Seamoumtie seen asollaboratingto the uplift of Cyprus(Robertson, 1995a;
Robertson, 199§. Deformation across Cyprus and below the sea to thaseelsaracterized by

mul tiple éprincipal deformation zones®d on

The Hecataeus Ridge is locatdirectly south of Cyprus (Figure.1l) and has a steep
southern slope rising around 1800frmm the floorof the Levantine Basin (Haét al., 2005).
The Hecataeus Rise is separdtethe northeast frorthe Island of Cyprus by the Cyprus Basin
andconsist ofhighs inits central, shallowest part (Kgleret al.,1994). Seismic studies reveal
that the southern side of the Hecataeus Ridge is felddctut by southward dipping spefaults
(Robertson. 1998. A weak podive magnetic anomaly over thesRindicateghat the Hecataeus
Ridgemay be part of an ophiolitic suite (Roberts@89&) perhaps an extension of the Troodos

Ophiolite onCyprus.
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The area offshore from southeastern Cyprus and northeast of Hecataeus Rise is
characterized by the Cyprus Basin, about 50 km wide and 2 kmwlergh,contains about 1km
of postMiocene sediment@BenAvrahamet al.,1995).Seismic studies suggest thatstifieature

is likely to be a large PliocenBleistocene half graben (Robertson, 1998

East of Hecataeus Rise, the LataKalge is a prominent northeast trending narrow
structure that emerges gradually from the eastern lower slope of the Hecataeus Rise, and connects

the Hecataeus Rise with the Latakia region of the northern Levantingldafist al.,2005).

The Levantie Basin, the south of the Cyprus Arc, is characterized by the last remnants of
the oceanic and transition&hlosphere of the Mesozoic Netitgs Ocean (Vidatt al.,2000) and
together with the rifted continental crust of the Levantine continental mé@Mgitzebancet al.,

200@b; Gardosh and Druckman, 2006orms an arcuate depression in the southeastern
Mediterranean Sea. The Levantine Basin is converging slowly with the Adgedolian
Microplate across the Cyprus Arc and, causing the incipient cwllisf the Eratosthenes

Seamant with the Cyprus Island (Figudel, Robertson, 1998 199&).

The subsidence of Eratosthenesthe post Miocene, was rapid, and correspontied
acceleration in the uplift of Cyprus. Robertson (199®&hile suggesting that the Hecataeus Ridge
may have ophiolitic associations linking it to Cyprus as cited above, also fmthespossibility
that the Ridge may be part of the African plate that already docked in the subductioprimone,
to the collsion of Eratosthenes. This thesis aims to test these alternative hypotheses, by seeking
seismological evidence for the presence of ophiolites in the upper crusttééthtaeuRidge

(Figure 1.4).
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Figure 1.4 Location map of line2, southeast of Cyprus. Thick black line is the seismic dat® @& is used in thihesis. The
map derived from the EMODNet Bathymetry portattp://www.emodnebathymetry.eu.



1.3Previous geophysical studies

Thecomplexity of the Eastern Mediterranean has resulted in numerous tectonic models for
this region (e.gNur and Ba-Avaraham, 1978; Robertson, 129899&); MacKenzieet al.,2006;
Le Pichon and Kreemer, 2018Yelford et al., 2015) but there is a lack of agreement on the
geometry and crustal structure in this regi®averal geophysical studies of varying type and scale
have been darin theEastern Mediterranean, batgeneral the structure and complex interaction
of the study area south of Cyprus had rarely bsamdied through wide-angle seismic
reflection/refraction experimentslowever gravity, aeromagnetic agdomagnetic surveys have
all contributed to our knowledge of crustal structure of the region and seismic experiments in the
vicinity of the profile provides complementary evidence for velocity structure and crustal
characteristics of the study ar@ag.Ben-Avrahamet al.,1995; Vidalet al.2000b;Hibscheret
al., 2012;Klimke and Ehrhardt2014) Generallythe lateral change in the mode of convergence
along the Cyprus Arc, and differences in the crustal structure of the underthplateygesulted
in compression and diffuse deformation in the eastern segmtreg ©yprus Arc (BerAvraham

et al.,199%; Reicheet al.,2015).

1.3.1The crust of Cyprus

Interpretation of gravity surveys across the Cyprus Island by @a$#lassorSmith
(1963), conducted in 1946, by Mace, and 1958 by Overseas Geological Surveys (0.G.S.),
indicated a strong positive anomaly mainly between 100 and 250 mgal over the Troodos massif of
Cyprusthatfalls off to less than 100 mgal all around Cyp(seeFigure 4.8 for original gravity
anomalies)GassandMassonSmith (1963) believed that the strong anomaly over Troodos massif
was because of an extensive slab of high density rock, at least 11 km thick, which underlies the

Cyprus area at shallow ddptGass an®lassorSmith (1963) noted that this slab was part of the
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upper mantle underlying an oceanic crust between the African and Eurasian plates and was
underthrust by the edge of the African plate due to-wast tensional stress and raised to its
present level in the upper part of the crust when the continental plates agoi@adhother during

the Alpine orogeny.

Khanet al.(1972) conducted a 20 km long seismic refracégperimenin the north area
of theophiolite beltand suggested a thrégyer velocity model for this region. Khat al. (1972)
interpreted the model as a thin (0.5 km) layer of pillow lavas with the velocity 3.23%m s
overlyinga basal layer witthevelocity of 5.2 km $1, abovea layer of the diats® or sheeted dyke
with the velocityof 6.38 km &! at a depth ofpproximatelyl.5 2.0 km. Khanet al. (1972)

considered the Troodos Massif as an upthrust slice of oceanic crust.

Lort and Matthews (1972) conducted 16 short (RDBO0 m) seismicefractionsurveys
across the ophiolite complex, each survey conducted in a single constituent rottk gppeify
velocities within that lithologyLort and Matthews (1972) compared their obtained results with
velocitiesof oceanic crusachievedrom marine refration experimentsTheirobtained velocities
werein the range of 2.8 kni sfor the pillow lavas5.5 km $? for the gabbros and 3.8 krhtgor
the ultramafic rocks, which were lower than expected. andMatthews (1972) proposed that
the relatively low velocities were due to timedificationandhigh fracturing of the Troodos rocks.
Lort andMatthews (1972) further suggested that the boundary between oceanic seismic layers may
represeng bulk porosityreductioncaused bylosure of cracks by overburden pressostead of

a petrological or metamorphic boundary.

Vine et al. (1973) using aeromagnetic datdoservedhatthe amplitude of aeromagnetic
anomalies over Troodos ophiolite of Cypmerearound +/300 nT ata flying height of 1.5 km

above terrain.
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Makris et al. (1983) conducted aifd seismic refractioexperimentbetween Israel and
Cyprus,combinedwith nine onshore statns in the west of the ophiolite. Thepncluded that
Cyprusis characterized bg thick continental crustf about35 kmunderneaththinning southward
of approximately25 km below Eratosthenes an@mhchanging toraoceanic nature crust with the
thickness o8 km below thd_evantine Basin. Therustof Levantine Bain iscovered by 1214

km of sedimentary rock

Erglnet al. (2005) modeled fouBouguer gravityprofiles across the Cyprus Arcn@of
the profiles crossehie Troodos ophiolite and thigratosthenes Seamouiigurel.5, profile C)
Theyobservedhat the boundary between the African and Aegiaatolian plates at basement
level is marked by central gravity low. Erguet al. (2005) interpreted thigravity low and the
low one between Eratosthenes and Cypriseingaused by thick sediments that are the remnants
of an accretionary wedge sitting the former trench, andhat the gravity high on Cyprus/as
caused by the Troodos ophiol@gembinationmodeledwith thethicknessf 2 kmandthedensity

of 3.0 g.cn?) and a thinning of the sedimentary section.

Mackenzie et al. (2006) conducted 160 km combined wiglegle seismic
reflection/refraction and gravity profiles (IANGASS 1995 projextiosghenorthof the Troodos
ophiolite complex and eastwardto the circumTroodos sedimentary succession and suggested a
tectonic structure model with five layers consisting of sediments, pillow lavas, sheeted dykes and
a gabbroic layer for the profile. Th@yesentedielocities of around 7 km/at depthsf 510 km
for ophiolitesacross the Troodasphiolite in Cyprus. Mackenziet al. (2006) interpreted several
synvolcanic growth normal faults downthrown to the west of the profiledismiacedboth the

lava/dyke and dyke/gabbro boundaries. Mackemtial. (2006) alscsuggested depthreflector
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at ~55 km deep beneath thghiolite which originated from the subduction of the Sinai microplate

bene#h Cyprus to the north.

TURKEY <A B .

=
=]
i

-
=)
1

Amplitnde (mGal)

Cyprus

; 380 Poson (km) 3ty 460

0 00
Ez,c/ e oo m; %0

267

e
=1
i

300

Depth (km)
@ :
=1

L

IS
=1
i

3.38 3.38

Figurel.5 Bathymetrieanap oftheeastern Mederranean with location of moléel gravity profiles
A-D, Bouguer gravity profile and 2D model of profile C. Dots are observed gravity, full line shows
model valuesDensities of layers given spem (Ergiinet al.,2005)

1.3.2The Mediterranean Sea and the eastern segment of tk/prus Arc and vicinity of
study area
Woodside (1977) studied the tectoommponentsnd crust of the EasteMediterranean
Seafrom combined seismic reflection and gravity data and suggested that the crudtatdra
Mediterranearhas charaeristicsof eithercontinental anaceaniccrustand probably represents
the marginal extension of the African continental plate. He suggested thaEasiern
Mediterranean is dominated by two major thrust belts; the Kyidisa-Bitlis Thrustlocatedin

the northwestbetweenCyprusand southeasof Turkey, and convergence of the southeastern of
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the Mediterranean Ridgand the Strabo Trenah the south of the Florence Rise. He indicated
thatthe southFlorence Risdault continuousto the easaind markghe steep (6 ~) slopaf the

south of Cyprus. Woodside (1977) denoted that nortrsmaghwestrending large structural
elements in the Levantine basin continue northeastward into structures onshore Lebanon and Syria.
He suggestethat a complex deforman structure along old faults and zones of weakness has
affected thesubduction of the Eurasian and African plates in the thinned continuafiiman
continental crusbetween Egypt and the Cyprus Awoodside (1977jurther noted thatdue to

contact 6 the African plate with the Turkish platehallow underthrusting of the African plate

acrosghe Cyprus Ac causdaken up obnly a small part of the plate convergence

As mentioned &1 S seismic refraction survey between Israel and Cyprus by Matlais
(1983)interpreted a sedimentary section watelocity of 2.5 km.3 that probably corresponds
Miocene shalet the east of Etasthenes Seamount that thicken northward. Bx¢layer, with
a velocity of 4.5- 5 km.s!, wasinterpreted as Tertiary evaporites and Cretaceous to Jurassic
carbonates. The next layavith a velocity of 6 km$, was interretecs crystalline upper crust
overlying crystalline lower crust with a velocity of 6.7 km.dMakris et al. (1983) suggeste8
km.s?! for the velocity ofthe upper mantleTheir model does not cross southtbe Hecataeus
Ridge.But it cros®sthe Cyprus Arc where does not show anyweence of the complex crustal

velocity structure

Rotsteinand BerAvraham (1985) considered thtae Hellenic and Cyprus Arcs were part
of one subduction arc in which normal subduction took place. The collision of a large oceanic
plateau created the present two arc systemexplain the unusual complexity diet bathymetric
and seismic patterns of subduction zones in the eastern Mediterranean, RotsteinAncBam
(1985) suggested a tectonic model in which the Hecataeus Ridge and Eratosthenes Seamount are
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oceanic plateaus in various stages of collision artetion.They believed that the process of
collision and accretion of these structures was associated with the emplacement of ophiolites which

are found in Cyprus.

Kempler (1994) and Kempland Garfunkel (1994) in their study of tectonic evolution and
plate boudariesof the northeastern Mediterranean suggested irregularity in Cyprus crust toward
Lebanon and Syria. They suggested the existence of compressional structures along the convergent
plate boundary which have been reshaped in a transtensional regime since the middle Miocene.
Kempler (1994) denoted that the Hecataeus Ridge is an example of a positive superposed structure
which reflects partial reactivation of original boundaries of litleosphere inthe estern

Mediterranean during the pestiddle Miocene.

SageandLetouzey (1990) collected about 6500 km of seismic reflection data over the area
east of the island of Rhodes to the Nile delta and suggested that the most southerlphapogra
expression of the convergence of the Afri¢aurasian plate is made up of the Cyprus Arc, the
Florence Ridge, and the Mediterranean Ridge which extemd®uth and southwest of the
Florence RiseThese structures separate the thrust belts in the north, which are part of the Alpine
orogenic arc and usually involve lower Cretaceous ophiolite material originating in the Tethyan
Ocean, anthesouth Levantine basin, Eratosthenes plateau and Nile esivesbn the south which
are more tectonically stable and developed on a passive continental margian@&agmuzey
(1990) noted that the existenceadghrust front of late Cretaceous age in the north of Eratosthenes
Seamount indicatdbatthe Seamourresulted from a bulge of the African plate plunging beneath
the Cyprus Arc. Sagand Letouzey (1990) further suggested that the Miodel@cene

deformation front of the Cyprus Arc between Eratosthenes and thatlrey&8asin shows an en
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echelonorganizaion with flower structures along the easternmost Cyprus Arc and Syrian margin

which indicates a transcurrent movement along this front.

BenAvrahamet al. (1995)collected1300km of seismic reflection, gravity and magnetic
profilesin the easbf the Cypus Arc and noted that the structural features in theegsart of
the Cyprus Arc are all tilted to the north. They noted shallow deformation and different crustal
units along the present plate boundary of the eastern Cyprus Arc which is locatedlizleniged
extends from the area between Cyprus and the Eratosthenes Seamount, along the southern flank
of the Hecataeus Rise and its eastern continuation and reaches to the bathymetric esgagbment
of the Latakia Ridge (Figurk6). BernAvrahamet al.(1995) suggested that the evaporites situated
north of the Latakia Ridge were affected by siirédgp deformation initiated in the late Miocene.
They also suggested that wrench faulting is occurring in the eastern segment of the Cyprus Arc.
As a result, dalf-graben was formed that resembles a sedimentary basin along transform faults in
this region. BemAvrahamet al.(1995) further suggested that the convergence direction in the east

Cyprus Arc changed in the late Miocene.

Robertson (1998 published apaper in which he used evidenfrem drilling of the
adjacent Cyprus margin and tEeatosthenes Seamount during Leg 160 of the Ocean Dirilling
Program to suggest that the Eratosthenes Seamount, a rifted marginal continental fragment from
the north of Afican plate, is currently in thtectonic collisionprocesswith the Cyprus margin to
the north.Consequentlythe plateau area of Seamount, in response to southward overthrusting of
Cyprus, experiences flexural loading and faultiagd the proximal part cdeamount (i.e. the
Seamount 6s | ower sl ope northwards) is undergoli

(ODP, site 967) to indicate that the tectonic compressidhe base of the nortf Eratosthenes
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Seamountaused the fold odtructural highanda small sedimentary basdevelopment in this

region.

Vidal et al. (200(b) conducted a seismic reflection survey at the convergence zone from
south of Cyprus teéhe Syrian coast, and from the interpretation of seismic data of lineithwh
passes the Hecataeus Rise, and line 2, which contains the eastern flank of the Hecataeus Rise,
(Figure 1.2), Vidal et al. (200(b) suggested that thatersection othe Hecataeus Rise and the
Levantine Basin, to the east, is a wide zone of deformatiosisting of three major sinistral strike
slip faults. Vidalet al. (200(b) believed that the oblique convergence of the African Plate and
escape of the Anatolian plate to the wergtatedmajor variations in the geometry of the faults
across the plate boundary. They further proposed that the northern plate became strongly deformed
during the middldate Eocene, while Eratosthenes Seamount was unaffected. They noted that the
Eratosthenes @enount was uplifted during the Miocene and emerged during the Messinian
salinity crisis, as it started the initial collision with Cyprus. The authors suggestedatustEenes
Seamount was thrubeneath the Troodos ophiolite after its loaduced subsience occurreth
responseo collision with the active margin dhe Anatolian plate in the Pliocene. A set of faults
which are the result of flexwieduced faulting (Robertsoet al., 1995; 199%; Vidal et al.,

200(b), cut the uppermost Plioceideisbcene sedimentary cover of the plateau area of the

Eratosthenes Seamount.

Hall et al. (200%) acquired~800 km of multichannel seismic reflection profiles to study
the stratigraphy and structural evolution of the eastern segment of the Cyprus Arc and the Cyprus
Basin and identified four stratigraphic units bounded by major tveisie unconformities for the
active deformation front between the African and Anatolian PlateseHall (20050) noted that
the structural history of the deformation front is characterized by a compressional regime during
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the Miocene and a strikdip regimeduring PlioceneQuatenary. Hallet al. (200%) suggested
that the deformation front of the Cyprus Arc is dominated by the Latakia Ridge which merges with
the Hecataeus Rise in the west andtinues tillthe north ofLevantine coast in the east where the

expression changes aonumber of narrow, northsrending Rdges and basins.
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Figure 1.6 Main morphological and structural elements in the east Cyprus ArAyBamamet

al., 1995). The present plate boundary along the eastern Cyprus Arc extends from the area between
Cyprus and the Eratosthenes Seamount, along the southern flank of the Hecataeus Rise and its
eastern continuation reaches to the bathymetric escarpment westLatdkia Ridge

Netzebanct al.(2006) in their study of structural evolution of the Levantine Basin, using
high resolution seismic data, suggested five evaporitic sequences, separated with four internal
reflections for the Messinian evaporite succassithey noted that each of the internal reflection
bands indicate a change of evaporite facies, possibly interbedded clastic sediments, which were
deposited during temporal sea level rigdstzebandet al. (2006 suggested a layer of Plio

Quaternarysediments with a velocitgf 1.92.1 km.s' above a layer with older sediments from
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Jurassic to Miocenageof average velocity 3-4.4 km.s' and a sediment layer of velocity 4.5
4.6 km/s. They interpreted the next layer as marine carbonates, withab#wef 4.64.9 km.s

1 They interpreted two crustal layers throughout the model; an upper crust with\aeRelocity

of 5.7- 6.4 km.s! and the lower crust with a-Rave velocity of 6.66.9 km.st. They suggested
7.8 km.s! for the velocity of the upgrmost mantleln the south they interpreted a similar velocity
model but with lower velocities than the north profiléney further notedhatall of the internal
reflections are differently folded and distorted, proving that the deformation wakepgstional.
Netzebanckt al. (2006) suggested that salt tectonics of the Levantine Basimainly driven by
the sediment load of the Nile Cone. Netzebandl. (2006) further suggested that desgoted
compression heavily deformed the base ofeaporites of the convergence zone ofAffiecan
and theAnatolianplatesin the eastern Cyprus Arc, whereas the Eratosthenes Seamount mainly
experiencedsuperficial compression affecting the pd&ssinian sediments and the top of the

evaporites is obseable.

Hubscheret al. (2012 investigated tectonic processes of Eratosthenes Seamount and
Hecataeus Rise from four widmgle reflection/refraction seismic profiles (WARRPS) and
suggested a compressional regime in the crustal lithosphére éastern Mediterranean which
resulted in flexure of Eratosthenes Seamount, upliff wkey and Cyprus and thereforean
increase in slope atination. Hibscheet al. (2012 noted that the Mesozoic fault lineamewtss
reactivated by collisiomn the Levanne basin(like the BaltinHecataeud.ine) and created the
Hecataeus Rise. The authors further noted that shortehthg Messinian to Holocene sediment
successionbetween Eratosthenes Seamount and Cyprus has resulted in compressional salt

diapirism folding and faulting

19



Klimke and Ehrhardt (2014) hypothesized an undeformed crustal structure below and south
of the Hecataeus Ridge. They interpreted a sediment succession of approximately 10 km with
several key horizons of Cretaceous to foaternary age and Early Mesozoic basement in about
13 km depth in the western Levantine Basin. Klimke and Ehrhardt (2014) depicted that the
sediments in the west of the Levantine basin and south of the Hecataeus Rise are undeformed and
show no deformatio that could be associated with subduction or collision. They bdlignae
onlapping of the Middle Miocene reflector pinches out the Base Miocene reflector in the Levantine
Basin, whichis evidence othe uplift of Eratosthenes Seamount and the Hecataeus Ridge. But
Messinian Evaporites north of the Eratosthenes Seamount and Levantine basin near the Hecataeus
Ridge are tectonically undeformed. Klimke and Ehrhardt (2014) proposed that the Hecataeus
Ridgeis linked to west of the Levantine Basin and northeast of the Eratosthenes seamount by an
extensive zone of thinned continental citinsttacts as one tectonic unit. This may imply that the
collision front is located north of this unit atithtthe Hecataus Ridge covers and protects the
sedimentdo the south fronthe collision betweethe African and Anatolian plateklowever,

compression regime may located south of this unit in the weseatichicpart of Levantine Basin.

Welford et al.(2015) througla wideangle refraction/reflection study of Cyprus Arc, from
Eratosthenes Seamount to the Hecataeus Ridge, supported the idea of continental crust for
Hecataeus Ridge. Despite poorly constrained velocity structure below the Hecataeus Ridge,
Welfordet al.(2015) did not find high velocity ophiolitesiheupper to middle crust of Hecataeus
comparableéo the Troodosphiolite in Cyprus (Mackenziet al.,2006) andnodeledvelocities of
less than 5 kmSfor theupper 10 km of crust below Hecataeus Ridgagreement with this study.

They denoted that the north part of the Eratosthenes Seamount has been deformed due to the

collision with the Cyprus margin. They further suggested that the Hecataeus Ridge is probably
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separated from Eratosthenes Seamount bgrocecrust, therefore they may not have a similar

origin or history.

1.3.3 Hecataeus Ridge; a microcontinental block from the African plate docked in the
subduction zone
There are no previous studies focused solely omH#mataeus Rise and for a long time it
has been thought that the Eratosthenes Seamount, a microcontinental block from the northern edge
of the African plate, caused subduction along the Cyprus Arc to change into the underthrusting of

continental crust (Radtson, 199B) and the onset of collision.

Geologi@l interpretation of seismic profiles of the Hecataeus Ridge by Robestsain
(199&; 199®) revealed a relatively thin, nearly transparent PliocBlestocene succession,
underlain by a relatively seply dipping, folded lower unit in this area. Absence of Messinian
evaporites in the Hecataeus Ridge suggested that these areas were raised, emergent features during
the Messinian salinity crisis. Robertson (1BP8elieved that the Hecataeus Rise expeed
corresponding flexural uplift (of the upper plate margin) in the Messinian time. He sugipested
the Hecataeus Riss & microcontinental block from the northern edge of the African phate
resultedfrom an earlier collision than Eratosthenesr8eant andhathas been transferred to the

northerly upper plate.

The same authoalso considered that the Hecataeus Ridge might include ophiolitic
material, linking its genesis to Cyprus, based on the magnetic anomaly of the Rise that merges

with the larger regional anomaly characteristic of the Troodos ophiolite.

Rotstein and Ber\vraham (1985) proposed that the elevated blocks in the eastern

Mediterranean (Anaximander Seamount, Eratosthenes Seamount, etc) are oceanic plateaus in
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different stages of collision and accretittrat disrupted the normal subduction of Afiit and
AegeanAnatolian platesRotstein and Be\vraham (1985) and Vidadt al. (200M) considered

the Hecataeus Ridge as on¢hastructures thatadcollided alongheCyprus Arc andhatcaused

the fragmented pattern of the subduction zonethatarenow attached to the southern coast of
Cyprus. Vidakt al. (200b) noted compession and incipient diapirism in the PlioceDeaternary

and upper Miocene sedimentary deformation at the junction of the Levantine Basin and Hecataeus
Ridge. Vidalet al. (200) further noted active faulting and deformatminevaporite units along
theHecataeus Rise. They observed an abrupt change and discontinuity in sedimentary layers from
south to north of Hecataeus Rise and suggested the existence of-gligtfk@indary here. From

the comparison of previous studies on Eratosthenes Seamoumttenpdetation of seismic data

over the Hecataeus Rise, Vidal al. (200M) interpreted the Hecataeus Rise as the southern
expression of the Anatolian plate SE of Cyprus. This conclusion is consistent with the
interpretation of magnetic field resuldy Makris et al. (1994). The positive magnetic anomaly
associated with Cyprus extends to the south of Cyprus including the Hecataeus Ridge. So the
Hecataeus Ridge is considered as a continental fragment belonging to south of Cyprus continental
crust (Makriset al., 1994; idal et al.,200(). However, the amplitude of aeromagnetic anomalies
overtheTroodos ophiolite of Cyprus is around3@0 nT at flying height of 1.5 km above terrain

(Vine et al., 1973). The same sourceould have to be buried by severalokneters more to

produce the low anomalies observed below Hecataeus.Ridge

1.4 Scientific objectives
The specific objectives of studying the marine seismic refraction data that are the focus of

this thesis are:
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1) To analyse the seismic data and iderdifgracteristic phase arrivals and apply ray tracing
techniques to construct a cressction velocity model of the Hecataeus Ridge that

conforms to the travel time picks.

2) Use the velocity model to interpret the crustal structure and composition cé¢htaklus

Ridge

3) Use interpreted results to determine if the Hecataeus Ridge might be a microcontinental
block from the northern edge of the African plate or, alternatively, to determine if it is a
part of the Aegearnatolian microplate carrying an oplitec shallow basement, as

found immediately to the north.
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CHAPTER 2

Data acquisition and processing

Memorial University of Newfoundland in collaboration with Dalhousie University and the
University of Hamburg conductestismicrefraction surveys in 2010 using Dalhousie, Geological
Survey of Canada (GSC) and German Ocean Bottom Seismometers (OBS) aboard the German
research vessel Maria S. Meridfigure2.1) south of Cyprusn the Eastern Mediterranean Sea.

Four main refractioprofiles Figure2.2) were acquired. Line 2, the focus of this thesis, is 80 km
long and was designed to determine the velocity structure of the crust of the Hecataeus Ridge

thesouth of Cyprus.

Figure2.1 German research vessel Maria S. Merian
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2.1 Data acquisition

The survey consisted of recordirfigur wide-angle profiles Figure 2.2) across the
subduction/collision zone ithe eastern Mediterranean. It was undertakem March to April,
2010. For line 20BSs were deployed on March$2010 andhots fired on March 28and 24",
2010. A total of 15 OBSs, comprising hydrophones and itwegonent 4.5 Hz geophones, were
used along the 80 km profile, withspacing of approximately 5 km between OBS3.of the
instruments were owned by Dalhouklgiversity and the Geological Survey of Canada and 5 by
Hamburg UniversityShots were fired approximately every 100 m along the prdfdenavigate,
synchronize andalculateOBS and shot locatiorand shot timing, the Global Positioning System

(GPS) wasused.

34°30°

34°00° N

33°30°

32E 33E 34E

Figure 22 Wide-angle seismic experimeldcatiors, uth of Cyprus. Line 2 highlighted with
the white rectangle (E&ratostheneSeamount, HR Hecataeus RidgeBlack symbols indicate
the instruments owned by Dalhousie University and the Geological Survey of Canadadand
symbols show the instruments owned Wgmburg University.The bathymetric metada&nd
Digital Terrain Modé data is derived from the EMODN Bathymetry portal
http://www.emodnebathymetry.eu.
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2.1.1 Shot and recording instruments

The air gun array provided ke Canadian group for this experiment consisted of two
steel beamsHigure2.3), each supporting one 1000 cu. in. (16guband one 700 cu. in. (11lp
gun The guns were suspended by chains from the 5 m steel beam, itself hung from buoys to lie at
10 m depth. Thus the total volume of the array was 3400 cu. in. (56 l). The array was towed astern,
and connected tthe- ship by an umbilical cable withraines and electrical lines. The 15 OBS
were deployed along the profilEigure2.4), including five DAL OBS (E, F, I, K, N) for Stations
1-5 in shallow water, at 51822 m depth; 5 Hamburg OBS deployed at statieh8 &nd five GSC

OBS (A, C, E, F, H) foStations 1115 in deeper water of 1930175 m Figure2.5).

Table 2.1 indicates more details abtht Canadian oceahottom seismometers and Table 2.2

shows basic information abailie German OBSs.

Figure 2.3 Canadian gun beam on stern deck of MarMarian, with two guns mounted

26



Iltem

Specification

Housing/Platform

Uses existing design of BHOBS (6 km max water depth)
Weight in air: instrument (82 kg); anchor (55 kg)
Size: 1.1 m high, 1.2 m long, 0.6 m wide

Release

12.5 kHz Acoustic commandtimed backup

Duration of recording

23 days @ 2ms sampling on 8 Gb flash card

Sampling rates / dynamic rang

up to 5 kHz / 16 bit SAR ADC

Anti-alias filter

software selectable 8th order lgyass digital filter
(LTC11647)

Gain

Variable settings softwargelectable:
geophones (@0 or 5393 dB); hydrophone (@0 or 3474
dB)

Max electrical noise

< 125 nVrms on geophone input

< 1u Vrms on hydrophone input

Clock

Seascan precision clock, (4 MHz, drift<1 msec/day)

Data storage

Persistor CF2 data logger wivariable length files stored
on 8 Gb flash card;
optional use of 2.5" HD up to 80 Gb

Sensors

3-component deployed geophone package (oil filled),
deployed on bottom with corrosible link:

4.5 Hz (Mark L-15B or L-28; 380 Ohm coil w/ 0.7
damping)

hydrophone (OAS 2SD)

Table 2.1 Canadian OBS specifications taken from\kiggsmic.ocean.dal.ca/obs.php
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Figure 2.4 a) Canadian OBSs on the deck of RV Maria S. Merian, b) Ocean Bottom
seismometer ready for deployment

item specificatiors

MLS10 sample rate 50Hz
Data logger

MLS14 sample rate 200Hz
Hydrophones HTI-04-PCA/ULF

Matching of hydrophones to MLS

by preamplifier LOWNZ21/ input
sensitivity
1,25Vss in MLSlogger

Seismometer

LE-1D/V 2230035

Releaser

KUMQUAT K/MT 562

IXSEA (MORS)

Table 2.2 German OBS specifications
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2.1.20BS locations

OBS launch and shot positions weltiainedusing the Global Positioning System (GPS)
and water depths werlculatedusing the ships echo sounder responses and reflection profile
over the Hecataeus Ridge. OBS locations alongdlueatedHecataeus reflection seisnpoofile

are indicated in igure2.5. No data was collected from station 2 (OBS F).

CDP
. 3 8 8 8 8 8 3 8 88 3 8B 8 8 g8 g 3 8

4 10: OBS Polar
4 11-15:GSCA,C,E, F H

NBjwHOSINIG Z-ELUeYI EL JOId OLHH

v
N

Figure 2.38Brute stack of reflection data collected using thgair shots on a short streamehit#
arrows indicate th®BS locations along Hecataeus reflen seismic profile (line 2).

Table 2.3 shows the model distances for OBSs along the piidfdse were computed
using GMT (Generic Mapping Tool, Wessel and Smith, 1988) by projecting the OBS locations
onto a great circle from OBS1 to OBSdadTable 2.4 shows the longitudes and latitudes for the

located OBSs.

29



OBS # OBS Name Model distance (x,i km) OBS depth (z. inm’

1 DALE 0 551
3 DALI 10.43 819
4 DALK 15.67 798
5 DALN 21.19 685
6 Rothaus 26.43 36
7 Ganter 31.63 278
8 Becks 37.02 664
9 Keo 42.33 1054
10 Polar 47.63 1891
11 GSCA 52.96 1919
12 GSCC 58.40 1872
z13 GSCE 63.69 2138
14 GSCF 68.97 2153
15 GSCH 74.43 2176

Table 2.3 Distance and depth of OBSs along the Hecataeus seismic profile, line2.

Once deployment was completed, the shots were detonated, and finally the OBSs were

recoveredAfter OBS recoverytheraw OBS data wereonverted to SEGY format.
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OBS# OBS Name longitudes (E}» latitudes (N

1 DALE 33.5842 34.717

3 DALI 33.6045 34.6246
4 DALK 33.6147 34.5783
5 DALN 33.6254 34.5294
6 Rothaus 33.6355 34.4831
7 Ganter 33.6456 34.437

8 Becks 33.656 34.3894
9 Keo 33.6662 34.3424
10 Polar 33.6765 34.2955
11 GSCA 33.6867 34.2483
12 GSCC 33.6972 34.2001
13 GSCE 33.7073 34.1533
14 GSCF 33.7175 34.1065
15 GSCH 33.7279 34.0582

Table 2.4 Latitude and longitude of OBSs along the line 2.

2.2 Preparation of data
2.2.1 Time correction

To account for the clock shift, the width of the pulskectronic recording delay, and the
guns mechanical delay, timing corrections were applied to each OBS record (Weiby2015).

The data were already time corrected befdwang any further process for this thediwr the
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Canadian OBSsraaverageotal time correction 0f139 mshas beermpplied and for the German

OBSsan averagéotal time correction 0f69 mshas beempplied.

After the time corrections, a Matlab coderfr@alhousie University was usedrecalculatehe
OBS locations using the neaffset picks of the direct arrival, the original OBS locations and a
water column velocity. The water column velocities are calculated considering the temperature

and salinityof the region and are indicated in appendix A.

2.2.2Processing routine

Once the time corrections were applied to the data, the SEGY file headers were updated
with survey geometry and timing information for input into the PLOTSEC (Amor, 1896nhg
processing program. ThRLOTSEC package contains routines that allow the user to merge
different data sets according to time and/or offset, update parameters in theé I&t&@er file,
stack data, interactively pick phase arrivals, apply differetticieag velocities and plot data
sections to the screen or on hardcopy according to time and/or offset. For the initial step, the data
were read into the system using the plotsec_rsegy option with the reducing velocity of'8 km.s
The recorded direct waver each OBS was used to recalculate the OBS position on the sea floor
and then the shaeceiver offsets were recalculated relativeahe corrected OBS positions. To
pick the first breaks at near offs€tsl0-15 km)all shots were bangass filtered from.0 to 10
Hz usingtheplotsec_filt routine. Figure 2.6 indicates one of the stations as an example before and

after applying bangbass filter. For other stations see Appendix D.

For picking the events, the data were plotted with true amplitudkSearent offset ranges
with different scales depeadt on the quality of the data of that particular station, using the
plotsec_plot routine. To account for the decrease in amplitude with increasing offset caused by

spherical spreading and attenuatiom, tfaces were scaled and individually multiplied by their
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sourcereceiverdistance in the true relative amplitude plots. Different choices of scaling were

determined based on visual examination and improvement of the far offset arrivals.

The data for most of the OBSs had a good sigmabise (S/N) ratio. Due to the sparsity

of shear wave data, only thenrRve arrivas were analyzed in this thesis.

2.2.3Coherency filter

After primary pickingof near offset arrivalsvas done and the shallow structure velocity
model was developed (see next chapter), thevdatacoherency filered to enhance the
visibility of coherent events and enhance arrivals ajdomffsets. Appendix D,igures D1b,

D4b..., D40b indicat¢he data plots after applying coherency filter.
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Figure 2.7 Hydrophoneomponent receiver gather for OBS 4, after band pass filter&dH2)
and applying coherency filter
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In general, for crustal seismic data, events begresent on s@hograms over long offset
range;but often they aréidden under noisés such, local coherency is usually more relevant to
the interpreter than is global continuity. The SEMBSMOOTH softw@stten by Bernd
Milkereit and further modified by Lithoprobe staff, Mark Lane, Rolf Maier and Kris Vasudevan)
that was used to filtethe data takes advantage of this local coherency, using a sliding window

algorithm to compute the minimum semblance of traces within a range of apparent velocities.

The SEMBSMOOTH process moduleaipoststack coherency filter

The fundamental steps ofetlalgorithm are:

1. Compute semblances over a lateral window of traces.

Local semblances are computed using a sltatk method. A lateral window is centred
on a given input trace. Then, over the range of the window, semblances are computed along
dippingstraight lines, centred on the input trace. The semblance, in this context, is the slant stack
sum squared, divided by the total input power along the slant path. This lies between 0 and 1
inclusive, with O representing total incoherence and 1 complegemte. In order to stabilise the
estimate near the zero crossings of wavelets, the semblances are conditioned with a short median
filter. The result of this process is a semblance value for each dip, at each input data point. For
each input point, the mawmum semblance over all dips is chosen as the output of the process. Thus

a map of semblances is derived, one semblance for each input point.

2. Compute coherencies from these semblances.

Coherencies are calculated as the semblance raised to an expgomenpdnent being

dependent on the estimated noise to signal ratio of the data. This has the effect of pushing low
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semblances lower while minimally decreasing high semblances; the larger the exponent, the more

the incoherent noise is reduced. (Althoughcaidirse, so are the less coherent events.)

3. Smooth the data in the direction of the maximum semblance.

The input data are smoothed by taking the average value in the direction of maximum

semblance, over the lateral window

4. Filter the smoothed dataing the coherency.

The filter is applied by scalar multiplication of the smoothed data with the coherency on a

point by point basis.

SEMBSMOOQOTHis similar in operation to the other coherency processors but with the

differences that SEMBSMOOTH:

- produce<leaner output, particularly at the near surface

- runs about five times faster than other processors with similar parameters

- produces output with nelimear amplitudes (anomalously low numbers of samples with

nearzero amplitude).

The parameters that are used for coherency filtering of the data are explained in Appendix B.
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CHAPTER 3

Data analysisand modeling

3.1 Data interpretation and nodeling procedure
3.1.1 Quality of data after processing

The data quality is variable, ranging from high signal to noise (S/N) ratio to noisy and poor
quality in far offsetdor some stations. Barplass and coherency filtering improved the quality of
data. Some stations lik®©BSs 14 still show low signal tanoise ratio but still best given the
coherency filteringPrimary phases are observable for most of the seismographs. Although some
stations still are noisy and do not show clear arrivals, this might be due in part to recording the data

in one of the busgt seas in the world.

Data plots and related results after applying baask filter, and coherency filter are
presented irAppendix D. Figures Dd D4a... D4(a display theraw data,Figures D1b, D4b...
D40b display the processed (baadp and coherencyitéred) dataand Rgures D3, D6...D42

display the plots with the picked phases.

3.1.2 Approach to nodding

The sequence of steps in the modeling is described later (section 3.3) and illustrated in
Table 3.1. For the first stefiter processing thdata,the clearest first breaks 6BSrecords were
used to construct a shallow velocity model for each OBS using the forward modeling component
of RAYINVR program from Zelt and Smith (1992) (Appendix D, trigs D2b, D5bé D41b). The
information obtained from maiing of each OBS were usevith the tomographic code torab

from Korenagaet al.(2000; 2001) to construct an initial velocityodel for the profilefiThe tome
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2D code uses a hybrid ray tracing method based on the shortest path arettitbd ray bending
method e.g. as illustrated ikVelford et al.,2015) A simple linearly increasing velocity model
with awater layer and accurate sealgedmetrywas constructed for the shallow part of the profile.
This velocity model was used as a starting input mtaddevelopfinal velocity structuramodel

by forward modéng and constructing layer by laygom thetop of the model téhe bottomand
fitting the observed travel times at near offsets first and fimtiner to larger offsetgWelford et
al., 2015) The detailed explanation about parameaid the resulting final model frotomo-2D

and RAYINVR is explained later.

3.2 Picking of phases
3.2.1 First arivals
3.2.1.1 Water wave #ivals ("g

The first arrival in marine refraction seismograms at sbifset, & | n d i Appteerd i ixn
C ,is the watew a v Fhis arrival has a very large amplitude and it &aslocity of ~1.5 km.3.

Figure 3.1shows a couple of stations with picked water arrivals.

Water wave arrivals are the reference poirtmfelating the seismograms with each other
(Figure 3.2 using the reciprocity of total travel time for the same ph&sengore details see

Appendix C).

3.2.1.2 Near offset aivals

As the seismic wawgropagate through the different layerstod Earth,a change frona
relatively low velocity layer t@ high velocity layer causes the rays to turn and the upcoming ray

is refraded to each OBS (Fowler, 200McClymont, 2004.
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Figure 3.1Hydrophone component receiver gathers for OBS 6 from shallow part of the
OBS 11 from deep part of the profile with water wave arrivals ( velocity of ~ 1.5 km3,
near offset~15 km picking arrival times. Near offset arrivals delineate near surface

laterally variable velocities ranging from 1.5 krhts 3.6 km.g.
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The near offset arrivals represent rays turning insthelow subseabed layersThese
arrival times provide insight into the velocity and velocity gradient distributions within the shallow
layersalong theprofile. This phase is easy to pick for near offsets {+3&km, Appendix D,
Figures D2a. D5aéD41a) mdfom aoise dnehag high amplitudes r e |
The apparent velocity of near offset arrivals lies in the range of 1.5 km36 km.s". Figure 31

shows a selection of OBS records with picked near offset arrivals.
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Figure 3.2Correlation of record section of OBS 1 and OBS 3. OBS 1 is located at x=0 and OBS 3
is located at x=10.43 km along the profile. The depth difference for these two statiopsdb&Z

km, Z= 0.81 km) ~0.26 km, Water wave velocity is specified as 1.5kamd is the first arrival

of each record section. So the time difference would be 0.26/ 1.5= 57ms. With shifting of OBS 3,
57 ms relative to OBS 1 and matching the water wave arrival, other phase arrivals can be correlated
too. (0 = refraction arrivald = water wave arrival) 0= reflection arrival).

3.2.1.3 Wide offset arrivals (&)

The limited size of the source, surrounding noise and the complicated velocity structure of

areamight bethe reasons for the poor energy propagation in far offsets for many OBSs (Welford
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et al., 2015). Because of these factors not many phases could be observed for each OBS record

section. The most dominant refracted arrival,(Figure 3.3, Appendix D) vgaobserved for all

OBS records and indicates the crustal refractions. This phase continues frevffsetaarrivals

with change in apparent velocity.

Picking of0 arrivals can be continued out to a range 676km for most stations (Figure 3.3;
appendix D). However for offsets greater than2®km, where noise is more of a problem, records

must be picked carefully. The data quality for both vertical and hydrophone components of the
OBSs are generally good after processing and picked arrivals emdied/on both components.

The noisiest data along the profile are from stations 3 and 13 (&iD8rand D23) where the:P

phase can be picked up to no more than 40 km. These arrivals show a broad range of apparent

velocities from 3.2 km:§to 6.2km.s?.

3.2.2 Secondary arrivals
3.2.2.1 Crustal reflection arrivals {5

Wide angle crustal reflections are second arrivals aftebthehase in recei ver
When this phase is observed consistently over
about the geometry of a subsurface boundary al

l ine 2 exhi bidrsusat a&lew efolnescdtsiteemst ( Fi gure 3. 4).

Al so there are a few short refl ector s, obs
relatively poor amplitude. These reflectors &

model i nd Weld d oe.sls 1999)
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3.3 Approach to interpretation
The sequence of modeling the data followed the path shown in Tab@ri2.4 the data set for each
instrument has been processed, short offset arrivals at ranges of < 15 km were picked (Appendix D,
Figures D2a, D5aéD41a) . causirucied forteacta ®OBS basdd orcthet y m
short of f set pi cks ( Appenhdhexa shallow Erustglustruetsre D2 b
tomography model was developed using imergedresults of each OBS individual modeling.
Then further offset arrivals > 60 km veepicked using the data correlatiivom large paper plots
and reciprocity among a number of different source receiver pairs and the interactiveptitsec
routine (Amor , 1996) (Appendi x D, Figures D3,
constucted modearebased on theeliablepicked travel times, but the data were of modest quality
for some stations, suffering from noise and incoherent events. Evestvatigfiltering, no R
phase could be picked further than 40 km for some statioti®st8 and 13). Also no clear Moho
reflection was identified throughout the transect. Therefore the following analysis focusks most

on the modeling of refracteatrivals.

The uncertainty foeach pick was calculated using filetsec_amppkoutine (Amor, 1996)
that estimates the uncertainty value by comparing the energy before and after the pick over a time
window of 0.1 sGenerallythe uncertainty of picks increaseith shot offset. The pickwith large

uncertaintiexan be highlighteduringthe modéng process andiewedafter modehg.

The wideangle experiment along line 2 resulted in 1500 traces recorded by each Canadian
instrument and 1376 traces recorded by each Gemsamment. From these traces, éach OBS
approximatelyl000 traces providkusable travel time picks for rays turning in the layers beneath

the seafloor.
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The recorded traces for each ocean bottom seismometer and also number of picks and

corresponding average uncertastare displayed in Tab&2

Step Process Notes

1 Pick data Described in section 3.2

2 Forward model short offset data from Using RAYINVR forward
individual OBS modeling

3 Create initial model for shallow structure Smooth interpretation of
for whole results from

4 Apply TOMOZ2D inversion Good shallow velocity mode

for whole line

5 Create mode for overall structure on who Based on Step 4 formatted
line for RAYINVR forward
modeling
6 Apply RAYINVR forward modeling for  Iterate untilsatisfactory fit

overall structure of whole line

7 Final velocity model Derived from final

interaction in Step 6

Table 3.1 Sequence of modeling the data

3.4 Modeling algorithms and techniques

Analysis, modeling and interpretation of crustal seismic refraction data nogblyes
using a trialand-error forward twedimensional ray tracing model such as those developed or used,

by Spencet al.(1984), Meretet al. (1977, Zelt and Ellis (198), Furck et al. (2004, Welfordet
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al. (2019. Forward modeling ray tracing algorithritet incorporatenversion techniques aee
more efficient way of ray tracing becausey reducehe misfit of the resolved velocity model.
Althoughby combinng user controlled forward moldey and computer controlled inversidhg
required time to deslop a velocity model is reduc@d/elford, 1999)applying inversion is beyond
the scope of this thesis andly forwardmodeling component of RAYINVR program used to

develop the velocity model and interpret the crustal structfui@cused area.

Picked traces No

OBSNo. Recorded traces No .~ Estimated uncertainty(ms)

(- AAGEAD

1 1500 1040 127
2 _ _ _

3 1500 945 109
4 1500 1170 155
5 1500 1302 150
6 1376 1165 136
7 1376 1182 107
8 1376 1175 127
9 1376 1065 134
10 1376 1106 109
11 1500 1098 121
12 1500 1131 136
13 1500 1326 143
14 1500 1177 106
15 1500 1187 108

Tables 3. 2Number of traces recorded for each OBS and number of observations (from travel time
picks) with corresponding average travel time uncertainties (in milliseconds)

As mentioned before, the shallowbsurfaceinformationobtained from the modiag of
each BS wasused with the tomographic code tofBD from Korenageet al. (2000;2001) to
generate an initial velocity model freshallow par{~ top 10 km)f the profile.From thenitial
generated velocity modeleabed velocities and the 3, 4 and 5 khvslocity contours werased

to build a starting model for use with the RAWR ray tracing forward modieg and inversion
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program from Zelt and Smith (1992). The detailswtlihe RAYINVR program and torm®D code

parameterand their application in modely procedure are explained below.
3.4.1 RAYINVR modding

For the modeling of refraction dateom line 2, the RAYINVR software packagevas
chosen. RAYINVR is a forward modeling and inversion program of ray tracing of reflection and
refraction travel times. This program is able to provide geologically reasonable models for a typical
crustal refraction data set in laterally yiaig media (Zeland Ellis, 1989
3.4.1.1 RAYINVR forward modeling and velocity model @rameterization

The forward modeling aheRAYINVR program is based on asymptotic ray theory in-two
dimensonal media (Zelt and Ellis, 1989The velocity model in RAYINVR consists ¢dyers.

These layers are separated by boundaries varemadeup of straightline segmentshatcross

the model from left to right without crossing another boundary. To model-puishor isolated
bodies,the thickness of layer may be reduced to zero. The velocity in each layer is defined by
specifying a single velocity value ftre topand bottom of each straighihe segment of the layer.

This velocity pair may change laterally within the layer. Whenevealaecity or a boundary node

is assigned along the top of a given model layer, vertical boundaries are automatically emplaced
by the routine as a requirement of the model parameterizgehand Smith, 1992 Vertical
boundaries divide each layer intodarblocks(Zelt and Ellis, 1989 In other words, each layer
consiss of aseries of large trapezoidal blocks with vertical left and right sides and upper and lower
boundaries of arbitrary dip. The velocity structure within each trapezoid is specified swtble

upper and lower velocity and changes linearly from upper to lower boundary in a vertical path
(Figure3.5) (Zelt and Ellis, 189). Undefined node values on each layer boundary are specified by
linear interpolation between defined node parameters. So each trapezoid is defined by 4 nodes with
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x and z coordinataand a Pwave velocity. The velocity of any point atrapezoid is spefied by

linear interpolation between the upper and lower boundary in vertical path.

The Rwave velocity, v, at any point (% zo) in the trapezoid determined by:

Where® andd represent horizontal and vertical coordinatesd T V& are the velocitiest the
top and bottom of the segmentsthétrapezoidrespectively andt foft AT @ are constants
related to the gradients and intercepts of the upper and lower boundaries of the trgpezoid,
calculated for all trapezoids in the velocity model prior to ray traffingure 3.5, Zelt and Ellis,

1989.

3.4.1.2 RAYINVR ray tracing algorithm

The path othe propagatingay through the twalimensional velocity model is defined by

equations:

With initial conditions

d is the angl e bet we e naxis, higvelocaynyi ehe gartial derivatiree r ay

of v in the x direction andxis the partial derivative of v in the z direction [Zelt and Ellis, 1989;
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Sheriff and Geldart, 1995]. Snell's law isabpplied to the point of intersection of a ray with a

model boundary to complete the ray tracing &teriff and Geldart, 1995
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Figure 3.5 Blockmodel representation of the velocity model of a shallow pgaprafile to the

depth of 10 km. The velogidistribution,b @ hx , inside a model trapezoid is given by equation
described in the tex( AT & are the velocities at the top and bottom of the trapezoid segment,

a4 ol & @ are constants that poalculated for all trapezoids in the velocity model prior

to ray tracing in théo daplane). he upper and | ower boundaryo6s
km.s?t in two trapezoids. Modified from Zelt and Smith (1992).

Blocky model mrameterization with velocity gradients and velocity discontinuities have
the disadvantage of causing scattering and focusing of ray(@afhand Ellis, 1989)RAYINVR
performs a boundary smoothing simulation during ray tracing to reduce this probtem. T
smoothing simulation has little effect on tadi angles at the smoothed boundary, but it ensures

more rays will reach the surface to provide more travel time data.
To ensure that the ray is appropriately sampled, the ray tracing algorithm in RAYINVR
empl oys a variable step | ength, e, during ray

< | U
Vs DS
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where U i sthespecifiédUbwould be considered
total travel time errors for ray paths can be as low a©+20001s (Zelt and Ellis1989. A varying
step length ensures that bending rays in velocity fields with gradients are sampled more often than

straight rays traveling through trapezoids of constant velocity.

Dependhg on user selection, refracted, reflected dnead waves may be traced through
the velocity model. Also ray paths may include converted phases or multiple reflections. The user

may specify rays with certain takdf angles to be traced through the ma@alit ard Ellis, 1989).

The sources may be positioned anywhere within the model but receivers are assumed to be
located on top of the model. Agesulttherequiredconfiguration fora marineseismicrefraction
survey where multiple shots at the sea surface are fired into cgieaeat the seabexin not be
achievedTo overcome this problem, the shots are specified as receivers and OBSs are considered

as shots and rays are traced in reverse.

3.4.2Tomo-2D modeling
To generate an initial velocity model for the shallow parthef profile from the clearest
first break pickshe tomographic code tor2D (Korenageet al.,2000; 2001) was usedomo
2D code uses a hybrid ray tracing scheme based on the graph method and local ray bending

refinement to build an accurate compressioe#bcity model(Korenageet al.,2000).

3.4.2.1 Tome2D model parameterization and forward goblem

The twodimensional velocity model in torm@D is parameterized as a sheared mesh
hanging under the seafloor [Toomeyal.,1994; Van Avendonlet al., 1998] (Figure 3.6). By
representing the velocity model as sheared mesh it is possible to calculate the accurate travel time

in divergent topographic environment. Because of usifigiokarinterpolation, the velocity field
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is constant everywhere in timeodel (Korenagat al.,2000). To avoid any bias introduced by a
coarse parameterization, the space of nodes in the vertical and horizontal directions are considered
variable. A reflector in the model is represented as an array of linear segments witiofizental

node coordinates. The node spacing is independent of that used in the velocity grid. Each node in
the reflector has only one degree of freedom in the vertical direction (Korehaja2000. In

seismic tomographyaccurate and efficient callation of travel times and ray paths is essential.

To calculate forward travel times a hybrid method is used, followedybgphtheoretical method

for global optimization and ragending refinement to achieve the desired accufléoyenageaet

al., 2000) Hybrid method takes less memory and computation time and the graph method can
calculate the shortest connection from an origin node to all other nodes and it is the shortest path
method in the network theofg.g. Gallo and Pallottino, 1986]. To tdn an accuracy of 1 ms in

travel times and 100 m in ray path positiceasampling rate of 10 ms and an average spacing of a
few hundred meters in a velocity grid arguallyconsidered. Seismic travel time between nodes

is used as a nodal distance togmte a set of first arrival travel times and corresponding ray paths
(Korenageet al.,2000).The calculation of later arrivals such as reflection phases can be formulated
as a two step application of the graph method. Because the water column is tbetsideared

mesh representation of the velocity model, graph solution is supplied with connections between
marine sources and seafloor nodes (Koreragd., 2000).All seafloor nodes are searched for a
connection with the minimum travel time to find emtry point for a ray starting from a particular
marine source (Fermat's principle) (e.g. Tooreewl., 1994). Then the ray bending procedure

developed by Moseat al.(1992) is applied to minimize the travel time along the ray paths.
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Figure 3.6 tome2D velocity model sheared mesh, hanging beneath seafloor.fistbdrom
Korenageet al. (2000.

3.4.2.2 Tome2D inverse poblem
According to Korenageet al. (2000) the travel time tomography velocity model is

generated based on the matrix equation
| T 1 a

whered is therefractionfeflectiontravel time residual vecto6 is the Fréchet derivative
matrix, and] d&is the unknown modalisturbancersector. This matrix equatiomostly depends
on the velocitywhich is a path length distributed to the relevant velocity modiethe deght which
is pointed to thencident angle upon reflection, the slope of the reflector and the velocity at the

reflecting point (Korenagat al.,2000).

The above inversioequationmust be applied iterativelyp the initial velocity modelntil an

appropriate travel time fit is achieved.
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3.5 Modding applications
3.5.1 RAYINVR modeling of each OBS

As the first step and to obtain accurate information ofssasurfacgathered by each
OBS, the clearest first breakem eachOBS record were used to construct a near offsgocity
model for each OBS using the forward modeling compboktne RAYINVR Program (Zelt and
Smith, 1992) (Appendix DFigures D2b, D% é, D41b).Figure 3.7 shows a couplé wear offset

modeled stations.

3.5.2 Developing initial \elocity model using tomo-2D

After constructiorof a simple velocity model of neaifset arrival picks for each OBS, to
obtain an initial 2D model as an input for RAYINVR, seismic travel times were inverted toa two
dimensional velocity structure and a tomographic model was developed for shallow crustal

structure Figure3.8) using tomographic code tor2® from Korenagat al.(2000; 2001).

The model domain, obtained from timear offset travel times of Mlide-angle data sets,
is 80 km wide and 25 km deep from sea surface. Buttteltop 610 km is constrained by the

nearoffset data used.

The horizontalrid spacing resultinfrom the tomo-2D model is ~200 m on average and
the vertical grid spacing increases gradually from 27 m at the seafloor to ~3 km at the top of layer
5, amountng to over 481 velocity nodes for modelthg4 layersn theshallon part of the profile.

Velocitiesranga from 1.5 km.s! to 4 km.s' for thetop 4 layers of the velocity model.

To regularize thénversion, smoothness constraimtsreemployed on botkelocity and reflector

nodes and the final result ishownin Figure3.8.
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Figure3.7 a) Plots of fibetweerobserved and calculated travel times and corresponding ray path
for OBS 6 fromthe shallow part of the profile and OBS11 frahre deep part of the profile, OBS

6 is locatedat x=22.56 and OBS 11 is locatedIx=45.12 along the profile, observed picks are
shown as vertical barbgightsof bars areroportional to pick uncertainty. The calculated travel
times are showmsblack squags. Thedataare plotted with a reducing velocity ofkdn.s?, b)
RAYINVR velocity modelat nearoffset for each statiof.riangles indicate points where velocity
nodes are specified
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Figure 3.8 Tomographic model of shallow section of the profile, thick black lines indicate three
velocity contours and grey lines show the modessdpaths.

3.5.3 Developing final 2D velocity modelsing RAYINVR

Modeling of refraction data using RAYINVRequires the implementation of a number of
key steps. First OBS positionsre projected mto a 2D great circle arc. OBS 1 defines
approximately the origin of the horizontal axis (x=0 km) and the southernmost instrument (OBS
15) was located at the range of approximately 75 km. A preliminary 2D velocity model was
constructed based dhe resultsfrom preliminary modeling of each station and resultshef
tomography modefor the shallow part of the profileThe preliminary model is then developed
layer by layerfrom top to bottom and model was characterized according to the RAYINVR

required panaeterization and geometry of layer horizons. This characterization involves dividing
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the 2D model into layers, each layer defined by boundary nodes and assigned velocities at points
along tre top and bottom of each layer, based on a smoothed versiorvefdabigy model for the

tomo-2D inversion.

After parameterization of the preliminary model, the RAYINVR procedure is to attempt to
adjust the geometry of the shallowest layer by adding or removing boundary and/or velocity nodes
or by dhanging their resolvedalues manuallyand calculating travel times for rays traced through
that layer until the satisfactory fit to observed travel times is achieved. Then the first layer is kept
fixed and the next deepest layer is adjusted to fit the later observed affiinglutine is repeated
for each layer all the way down to the base of the model. Through this procedure reflected arrivals
can be significantly affected by the upper crustal velocity distribution and must be well resolved
before deeper velocities and ¢y are added to the mod@Nelford, 1999) The model

parameterization of the final model is showrFigure 3.9.

The results fronRAYINVR depend on the picked travel times, so when the modeling has
advanced and all picks from all shots put together, langassessment was often required, since

information from neighboring shots could reveal inaccurdaiéise original picks

3.6 Final model parameterization interpretation and detailed modeling esults

The modéng of seismic refraction data is rarely unambiguous and generally requires some
interpretation choices. Although the res@iitsn thefinal velocity structural model fit the observed
data to a satisfactory degree, it is important to note that the fodgIndoes not repsenta unique
solution. The notuniqueness of the model arises fradsidependencen the parameterization

chosen and alson theinevitable uncertainty of the travel tepicks for the data being mdee.
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In the RAYINVR moddéing programto indicate the lateral and vertical change of the
velocity gradient, it is required to divide the 2D model into layers, each layer defined by boundary
nodes and assigned velocities at points along the top and bottom of each layer. Layered velocity
modelparameterizations with velocity gradient and velocity discontinuities have the disadvantage
of having extra boundaries which may not be indicative of a geological boundary. Also the
evidence for distinct layering of crust is often a matter of interpretédim. For example the scatter
in the travel time and noise in the data make it difficult to distinguish a gradual increase in velocity
with depth from a series of step increases indicative of distinct geological layer. Generally, a
change in the slope dfavel time arrivals is interpreted as a new layer aithfferent velocity

(Figure3.10).

In the final velocity model the uppermost layer of the moBigjure3.9) is thewater layer
with avelocity of 1.5 km.8. hEitckness of this | atylseh aud d roiwe 9 alby «
of the profile (northern part) antdheBottanok m i n

layer 1 was assigned 31 boundary nodes to modélatgmetry

The seond layer of the modélasvarying thickness betwed®0 m in the northern part of
the profile to 1.2 km in the southern part. This layer comeis5 velocity nodes at the top and 2
velocity nodes at the bottom and 92 boundary nattesy the bottom of thiayer. Final modeling
results of this layer, baden travel tme fitsof nearoffset phasesndicatethat the layer is laterally

homogeneous with a range of subsurface velocities from 1.5'kon3s0 km.g'.

Below layer 2, layer 3 compris@7 velociy nodes at the top of the layer and 11 velocity
nodes and 62 boundary nedd the bottom of the layer. Thicknessthis layer varies beteen

500 m and 2 km and velocities vary fr@ad km.s' to 3.9 km.&g.
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Layer 4 of the velocity model is made of\vélocity nodes at the top and 11 velocity nodes
and 41 boundaryates athe bottom of the layer.hie tickness of this layer isetween 2 to 6 km

and velocities varpetween 4 km:sto 4.5 km.g.
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Figure 3.9Nodal paramterization of final velocity model for line 2. Boundary nodes are
designated by darkened squares and velocity nodes appear as black triangle. Whitsdnigzngie
indicates points where both boundary and velocity nodes are specified. Layers are imdtbated
numbers from top to the base of the model. Solid lines denote the horizontal layer boundaries which
connect the boundary nodes in RAYINVR.

Layer 5 consists of 18 velocity nodes at the top and 12 velocity nodes and 9 boundary nodes
at the bottom of the layer. The thickness of this layer is around 6 km and velocity varies from 4.6

km.s'to 5.1 km.g.
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Figure 310 Vertical component record section for OBS 5. Interpreted arrival times (top Panel) and
corresponding ray path diagram (bottom panel). The seismicadafaotted with a reducing

velocity of 8skm.&. The bl ack tripagl ei ondoltattibwee OBE trhe
di agram. Labeled phases in the diagram corres

boundaries in theamodedtceowaikebpsldomgby sol i d
and the boundaries aroensdshoatedl| bgi dpspeddi ents

Layer 6 comprisge4 velocity nodes at the top and 7 velocity nodes and 4 boundary nodes
at the bottom. Thickness of this layer varies betwe®ki®.to 9.5 km and velocity is in the range

of 5.1 km.s' to 5.7 km.g. Last layer of the mod€F), which is notparticularly wellconstrained

59



by data, comprise3 velocity nodes at the top and 2 velocity nodes at the bottom of the layer. The
thickness bthis layer is around 7 km and velocity varies between 6ktn.6.7 km.g. Table 3.3

shows the sumnmg of characteristics of velocity and boundary nofigsach layer.

Layer B @ @ o W )
1 31 2 2 0.3-2.2 1.50 1.
2 92 35 2 0.17 1.2 1.50 3.
3 62 27 11 0.571 2.0 3.10 3.
4 41 12 11 2.07 6.0 4.00 4.
5 9 18 12 ~6 4.6 5.
6 4 4 7 3.57 9.5 51 5.
7 2 3 2 ~7 6.00 7.

Table 3.3Number of velocity and boundary nodes of each layer. B= Number of boundary nodes,
@ = Number ofvelocity nodes at the top of the layeb,= Number ofvelocity nodes at the bottom

of the layer,g= layer depth variation range (km), = Velocity average at the top of the
layer(km.st), & = Velocity average at to bottom of the layer (ki).s

3.7 Model resolutions and acertainty

The final velocity model was obtaiddirst usingthetomo-2D code to generate the primary
velocity model from thelearest near offset refracted phases and then dewglibyginmodel using
forward modehg of RAYINVR and all picked phasegigure 3.11). The resulting fits of the
calculated to th@bserved travel ties for all 14 OBSs ardlustrated in kgure 3.12. The final
velocity model isshownin Figure 3.13 To provide an estimate tiie parts of the model that are
best constrainethe model isshownwith color intensity scaled by ray densifys shown in the
Figure 3.11, picked phasesoveredthe upper to middi@art of thecrustal velocity structurelo
calculate the resolution and uncertainty of the final modelraal error analysiss appliedfor

each phase of the model (Welfadal.,2015.
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Ray tracingstatistics, travel time residuals, numbg&observations, and normalized f6r
individual phases and for all pbes are summarized in Table. Déspitelots of attempts the
lowest X value achieved for line 2 for all phase arrivaisx 2.07. This mighthave beemlue to

mispicking of a phase due to the background noise or due to complexity of the region.

Phase ¢ O ,ms X
Near offset arrivals 6396 137 1.776
0 8916 136 1.535
nn 1190 181 2.618
All phases 10106 1.88 2.076

Table 3.4Number of observationg), RMS misfit between calculated and picked travel times
(6 ), and normalizedd§ for individual and fowhole phases

Figure 3.11Fit between observed and calculated travel timealf@BSs with corresponding ray
paths. Observed picks are indicated by red colour and verticaHeaghtsof bars are proportional
to pick uncertaintyThe calculated travel times ampresentetdy black squares. The travel time
are plotted with a reducing velocity of 8 kht.s
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