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Summary

SUMMARY

This research project used 3D seismic data located in deep water fold and thrust belt in the
Levant Basin eastern Mediterranean, to investigate the nature and kinematics of
compartmentalized thrust related folds.eTprincipal aim is to better understand thrust

related fold development and interactions in compressional settings.

The fold and thrust belt in the Levant Bain is mainly comprised of overlapping thrust faults
of similar and opposing dips segmented orrumd by conjugate sets of strike slip faults.
Detailed interpretation and analysis of the 3D geometry of the structures revealed that thrust
faulting is an early process in the development of the thrust and fold pair, thrust interact with
each other, andrike slip faults along strike. A preliminary end member interaction of thrust
faults and strike slip faults is proposed based on observation of their bounding or segmenting

pattern.

The concept of fault interaction was mainly developed from the invastigatf the
propagation of thrust fault compartmaised by strike slip faultsThis involves a
combination of kinematic analysis which includes fault displacement and shortening profiles,
and the patterns of syn kinematic sediments above fold limb. Kireeeta suggests that
strike slip faults are acting as barriers to thrust fault propagation. Similar barrier to fault
propagation are observed between overlapping thrust faults within a single fold formed by the
linkage of smaller thrust folds. The resuthowed that the faults are restricted as they link
and transfer displacement. In addition to the propagation of thrust faults, vertical distribution
of fault displacement suggests that they ramp up from detachment, this agrees with the

classical modelsfdahrust propagation folds.
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Introduction

CHAPTER ONE

1 INTRODUCTION

1.1 BACK GROUND STUDY

Deepwater fold and thst belts are commonly formed in association with major gravity
deformational systems in passive continental mar@Wisrley and Guerin 1996 Within these
continental margin gravity driven systems, an up dip extensional domain is invariably paired with a
down dip contractional domain, in which there are distinctive suites of folds and duplicated thrust
faults and thrust related microscopic structures, whrehcallectively termed deep water fold and
thrust beltfRowanet al. 2004). They are one of the main focus for hydrocarbon exploréoman

et al. 2004, due to their potential to host large oil and gas reserves with -tiefetstd anticlines
representing the principal trapping structure or fault planes which are preferred conduits for fluid
migration from deepwater source rogksgramet d. 2004 Cooper 200Y.

Up until the middle of the @ century, thrust faults were studied based on outcrop geology. This
restricts their detailed description due to incomplete outcrop exposure. Thisasgld approach has

led to a number of failed attempts to analyze their structural style and development. Deepwater fold
and thrust belts are characterized by complex structural style and they have proven difficult to
explore largely due to the unavailatyilof good quality seismic imaging. However, following the
improvement of seismic interpretation in the lat& 2@ntury, deepwater fold and thrust belts have
been continuously expanding fields of geological investigation due to the stimulus for further
exploration provided by recent discoveries, the improved demand for gas, and improved access to
promising areagMenesesRocha and Yurewicz 1999

Considerable research efforts have been expended on the structural analysis of déapveatdr

thrust belt in the past two decades, starting with the pioneering studies in the deepwater Nigeria

(Damuth 1994 Cohen and McClay 1996Viorley and Guerin 1996McClay et al. 1998, Brazil
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(Cobboldet al. 1996, Gulf of Mexico(Trudgill et al. 1999. These studies have shown the common
occurrence of thrust related folds in deepwater fold and thrust belt. Three maioftyipestrelated

folds are now generally recognised : (1) fault bend f¢Rish 1934 Suppe 1988 (2) fault
propagation folds and (3) fault detachment faldsmison 198)7 Other types such as fault break
folds, fault drag foldgDahlstrom 197§ and fault displacement fold¥Vickham 199% have also

been dentified. Most of these studies were based on-dineensional descriptions of exposed
outcrop and two dimensional seismic lines. Thieeensional analysis of thrustlated fold
structures are limited to a few recent studies in which thrust systemepmager setting have been
described using high resolution three dimensional seismic(Gataedoret al. 2005 Briggs et al.

2006 Higginset al. 2007 Higginset al. 2009. These researchers used kinematic observations and
displacement distance analysis to define affér@ntiate the various styles of thrusti{@orredor et

al. 2005 Briggs et al. 200% displacement transfers styl@gHiggins et al 2007), interaction between
folding and coeval sedim&tion (Shawet al.2004 Clark and Cartwright 2009

However, other than that documented by Higghsal (2007),(2009), there has been little work
addressing the compartmentalization of thmnetited folds. These studies Higgies al (2007),

(2009) made itlear that a fold could appear simple on map view but can be internally segmented.
The fold presented in threstudy contain numerous thrust faults of similar and opposing dip, link and
transfer displacement through transfer zones with fold creating a central structural culmination and
causing fold vergence to vary along str{kéggins et al. 200P These linkage typegry in spatial
extents and have distinctive different styles (type 1, 2 and 3) based on their antithetic relationship
(Higgins et al. 200) This thesis expands on the knowledge of fold compartmentalization, and thus
faults interactions by understanding a specific analysis folds compartmentalized by thrust faults, and
strike slip faults.

Deformation in the contractional domain of the Levant Basin is complex compared to other toe thrust

belts which are developed at the leading edge of a gravity driven continental margins such as
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offshore Brazil, Gulf of Mexico, and offshoreigeria (Cobbold et al. 1996McClay et al. 1998
Trudgill et al. 1999 Corredor et al. 2005 The Basin is mainly deformed by thrust faults and
associated folds, and conjugate strike slip faults, associated with complex tectonic interactions
involving the combinatin of gravitational collapse and subsequent basinward spreadingdie¢he

Cone along with the tilting induced collapse of the Levant Margin (Loatké, 2006; Gradmann et

al., 2005; Cartwright and Jackson, 2008). Other far field tectonic boundarse® &iso been
stipulated to influence deformation in the study area, these includéutieesing effects of the
Eratosthenes SeamouiMascleet al. 2001), and (3) the Cyprus Subduction Trendetzebandet

al. 20069.

The combination of the results presented in this thesis with those of previous (®erteni and
Cartwright 20®; Netzeband et al. 2006€artwrightet al. 2012 allows an integrated understanding

of the complex deformation governing the distal domain of lteeant Basin. This study only
focuses on deformation in the passive margin of the Levant, however, similar techniques used here,

may also be applied in describing other fold and thrust belts.

1.2 AIMS
The main aims of this thesis are:

1. To explore the interelationships between thrust faults, thrust related folds and strike slip
faults

2. To describe and explain the three dimensional geometries and propagation of thrust related
folds.

3. Examine the factors influencing the slip distribution on thrusts faultsaviibecific focus of
structural compartmentalization.

4. To describe and explain the relationship between displacement on thrust faults, and

shortening.
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1.3 OVERVIEW OF THRUST SYSTEMS

1.3.1 Thrust Fault Systems

A thrust system is defined as a zone of closely reldkedst faults that are geometrically,
kinematically and mechanically linke(Hills and Hills 1972. The intricate and interelated
combination of thrust faults and folds are conventionally referred to as thrust relate@¥dlds

1893 Suppe 1983Williams and Chapman 198®eCelles and Giles 199&herkatiet al. 2005.

These structures are generally formed by the accommodation of horizontal shortening of bedding
surface, older strata in the hangingwall moves over younger strata in the footwall (Figure 1.1).

Thrust systems ococ at all scales from millimetres to kilometres in regions that are dominated by
compressional tectonics. They can thus develop in a wide variety of environments, which includes
those that occur in Accretionary prisms which developed indsgkion zone @ Barbados Prism
(Plattet al. 1985, Foreland fold and thrust belt e.g Canadian Rocky Moun{Biosd and Kominz

1984 and toethrust belts associated with gravity driven systems such as the Nige(Daitauth

1994). Foreland fold and thrust belts haveebehe most intensely studied due to their significant
volume of both petroleum and coal reserves such as the Cordilleran belt in western(@anatkx
Flier-Keller and Goodarzi 1992

Thrust faults generally cutup the stratigraphic section in the form of a staircase trajectory made up of
alternating flats and ramp@cClay 1992a McClay et al. 1998 (Figure 1.2a).The thrust fault
separates the deformed hargyuall from the footwall and commonly root into zone of shear parallel

to the stratification called a detachment or decollenjBatchfiel et al. 1989 Baby et al. 1992 .

Zones of detachment are usually lithological units and are typically weak or incompetent layer such
as overpressurghale or sal{Morley and Guerin 1996Morley et al. 2011) . The competency of the
detachment may influence the style of detachnidturley and Guen 1996. Thrust faults ramp
through zones of competent lithology. Those that reach the surface are termed emergent and those

that do not propagate to the surface are termed blind {8dtger and Johnson 1982
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1.3.2 Styles d Thrust Deformation

The style of deformation of thrust systems is oneth®d main factors which influences the
distribution of oil and solid mineral reserves in fold and thrust héMtsrley and Guerin 1996

Cooper 200Y. The style of thrusting and fold mainly depends on whether the system is a thick or
thin skin deformation, the nature or competency of the detachment layer, and whether or not the fold
is buried(Morley et al. 2011

The style of thrusting and folding which involves both the sedimgrtarer and basement is known

as thickskinned deformatioiCoward 1983 an example is the Laramide Upl{f€ross 198% In

this case, the basal detachment of the majority of the faults is within the basement. T&ithick

style contrasts with the thiskin style in which the sedimentary cover is independently deformed of
the underlying crust, examples include the NigerDéRarredor et al. 2005 Canadian Rock
Mountains (Price 198). Tracing the thrust back into the hinterland, basement rocks become
involved in the thrust sheet, which may have been transported in-gkthived manner. In some

cases both structural styles coexist such as in the Rocky Mountain Cordillera werskinzd

styles are found in the interior and thgkinned in the exteai part (Hamilton 1988).

Fault dip and shape depends on the competency of detachment layer. Faults which detached within
salt layers, tend to be listric and are characterized to have a wedge like geometry at the detachment
front (Davis and Engelder 19856 onghe 1999 while those detached at more competent or hard

layers, such basgent tend to be steeply dippi{@fiffner 2009 (Figure 1.1 b).
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Figurel.1: Styles of Deformation (a) Thirskinned (b) Thickskinned.
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Detachment thickness have also bebserved to influence fault displaceméBtiggs et al. 2006

Morley et al. 2011 Thrust faults which detach at thick detachment layer tend to increase in
displacement towards the detachment layer whilst those that sole into thinner layers are characterized
by decreases in disgtement down digBriggs et al. 2006 Detachment folds are most likely to

form over thick incompetent detachment layer compared to fault propagation(ftitds 2002).

Other parameters which may also affect the style oktimgy include the burial of thrust faults and

folds by either post or sysedimentary depositéStorti and Poblet, 1997) and interactions of

thrusting with other fault related structul&dlis and Dunlap 1983

1.3.3 Thrust Related Fold

Folding and thrust faulting are intdependent and/or competing processes that have been described
using several model§Suppe 1983 Jamison 198/ However, the timing relationshipetween
thrusting and folding has not been fully understood. In modelling simple thelested folding it is
assumed that both processes (folding and faulting) are contemporéiRetu$934 Suppe 198B It

has been shown B¥illis (1893 that folds can be a primary structure to faslish as the fault break
folds and spreading thrusts, while the shear thrust faults indicate faults with limited folding.

In recent studies, three end members of thmedated folds have been identified (Figure 1.2). (1)
fault bend fold (2) fault propagian fold and (3) Detachment fold. These end members have most

commonly been accepted in structural geol@gjgh 1934 Suppe 1983Jamison 198

1.3.3.1 Fault bend fold

Fault bend folds are commonly called ramp folds (Figure 1.2 b). They develop when the hanging wall
of a thrust fault is transported from the decollement zamaping up through competent layers and

becoming flat at a higher stratigraphical incompetent layer, in the form of a step like trajectory. Fault
bend folds were first described by Rich (1934) in his account of the evolution of the Pine Mountain

Thrust of he Appalachians, where he observed that the dominant style of the structure consisted o
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symmetric anticlines. This example of a thruslated fold was later modelled using both the volume
conversation concep(Suppe 198Bas well as variation in forelimb and backlimb thickngkmmison

1987).

Fault bend folds progressively change shape in complex ways as they devetop ehdracterized to

have a ramp bounded by upper and lower detachment zones. Folds form as a result of the movement
the hanging wall through the ramp region so that fore limb of the fold is always located towards the
foreland side of the of the ramphd& limbs of the fold are thought to grow in a sthilar manner by

hinge migration so that dip angles of the limb remains constant (Suppe, 1983). Geometrically, they ar
asymmetric, the fore limb can be shorter than back limb, but are less gently dippipgred to those

of fault propagation fold (Jamison 1987). The idietb and upper ramp angle of the fault controls the

thickness of the forelimb (Jamison 1987).

1.3.4 Fault propagation fold

In fault propagation folding the upper tip position has a direaicson with the folding unlike the

case of fault bend fold where folding is a consequence of ramping up of the thrust fault. The fold is
mainly asymmetric: the front limb is steeper than back limb (Figure 1.2 d). The mechanism of this fold
type was firsdescribed by William and Chapman (1983) using vertical displacement distribution. The
geometries and kinematics have been modelled and studied using kink band in details by Supp
(1983), and Jamison (1987). A simple kink band model of a fault propadalioshows that the back

limbs of fault propagation folds develop by hinge migration while the fore limbs by either limb
rotation or limb migratiorfSuppe 1988 The fore limbs are generally steeply dipping while back limbs
dip almost parallel to footwallSuppe and Medwedeff 19p0However, the vast majority of thrust
related folds do not exhibit kirkype hinges, and instead exhibit a smooth curvature.

Fault propagation folds camaterally show changes from open fold geometry to tight foMisra

1990. Such geometric changes have been observed in the Turner Valley anticline in (zalaga

1951 and the Niger DeltéHiggins et al. 200;/Higgins et al. 200p.
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The mechanism of synchronous and irdependent faulting requires continuousling of the layers

above the fault tip. Splay faults may develop close to the tip of the principal fault forming a trishear
zone as modelled byrslev(1991). Trishear propagation folds have also been observed and described
in the Niger DeltdMueller et al.2005 Briggset al. 2008.

Furthermore, fault propagation folds may be tight and the fault may propagate along the syncline,
because this requires a relatively small synclinal bend in the thrus{Vatrh 1990. The translatio

of the fold through the synclinal bend may result in the formation of an additional backlimb panel.
Alternatively, minor faults or splay faults may develop through the forelimb of the fold, leaving the
synclinal axis in the footwall of the principal tlstufault, such as those in the Taipei Thrust, western
Taiwan (Suppe 1985). Fault propagation folding has also been documented to change to fault ben
folding, especially where the tip of the fault reaches an upper incompeten{Néiyrar 1990. This
translation of thrustrelated fold types may suggest that fault bend folds with steeply dipping forelimb
were initially growing as fault propagation folds. A good example of this evolutionary sequence has

been presented the Willis Mountain anticlingPerry 1979

1.3.4.1 Detachmat fold

A simplified detachment fold is shown in Figure 1.2 f. This fold type was introduced by Jamison
(1987) in the course of modelling the fault propagation (Sldppe 1988 They are simply defined as

folds with no ramp above an incompetent layer where deformation is concentrated exclusively above
the detachment. The best exampléstltoust detachment folds are found in the Canadian Rocky
Mountains(Jamison 199y Western China fold thrust bglfonghe 1999 Southern PyrenedStorti

and Poblet 1997b

Detachment flols are characterized by fold amplitude, the height between the crest of the fold and
surface of the undeformed sedimentary section (arbitrary surface). They grow above a weak layer suc
as salt which flows like liquidgMorley and Guerin 1996 They grow in amplitude, the deformed layer

has to be folded or shortened in order to maintain constant bed length, which could be kinematically
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impossible without detachment. Examples of detachment above mobile units have been documentec
in the southern Pyrened¢Blardy et al. 1996 and the Appalachian@Viltschko and Chapple 19Y.7
Detachment folds have also been mpa to develop above less mobile substrate, a typical example is
found in the Wyoming thrust and fold bé&roshong and Epard 1994 hese cases are less common,
they require deformation in the core so that grgwiald within the anticline is filled in order to
remain balancéNemcoket al.2009.

Fold detachment folds may subsequently translate into forelimbs, similar to fault break thrusts,
described byWillis 1893) in the Appalachians, and also along back limb thrusts as those described by
(Rowan 1997 in the Mississippi Fan fold and thrust belt . Such structures are termed thrust
detachment foldéMitra 2002 Mitra et al.2006).

Similar to thrust propagation folds, some thrust detachment folds can have their forelimb steeper tha
their back limb. Both fault types (propagation thrust and detachtherdt) are characterized by poor
seismic expression because of their steep forelimbs and complex geometries. One of the mai
differences between fault propagation folds and decollement folds is in the geometry of their syn
kinematic sedimentary package oab their limbs and cres(Storti and Poblet 199%b Fault
detachment folds usually have their growth units more steeply dipping than thgropté unit,

while fault propagation folds are characterized by growth units, consistényifig panels which

conform to those of the pigrowth units.
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Figurel.2: The 3 main end member thrust related folds. (a, b) Fault Bend Fold. (c, d) Fault propagation fold. (e, f) Detachment fold.
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¢ f. Fault Detachment folding

Figure 1.3: The 3 main end member thrust related folds. (a, b) Fault Bend Fold. (c, d) Fault propagation fold. (e, f) Detachment fold.
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1.3.5 Duplex and Imbricate Structures

The term duplex was introduced tyahlstrom (1970 to describe the Canadian rocky
mountains. Although the earliest examples of duptexctures have long been described in
cross sections through the Highlands of Scotl§Rdachet al. 1907). The kinematic
development of a duplex with parallel floand roof thrusts, and uniform horse geometry was
first modelled byBoyer and Ellioti(1982. They used a sequence of fault bend anticlines and
a progression of thrusting from hinterland to foreland similar to those observed in field
studes and seismic sectiorfRich 1934 Bally et al. 197Q Stearns 197.8Corredor et al.

2005.

Imbricate faults refer to a fault system made up of severally closely spaced faults in echelon
arrangement. Each of the faults dies out up section by transferring displacentleair to
associated folds at tip or by distributing it among several splays. Some of the faults may
climb directly to the surfacgelliott 1976 . Imbricate and duplex structures are very difficult
to differentiate and in most cases, both structuresxisi. The main difference between
imbricate and duplex systems is that duplex structures have a major site of roof detachment

and he displacement at the roof of an imbricate system is relatively @viiaith 1989.
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a. Independent ramp anticline

c. True Duplex

Figurel.4: Geometric classes of duplex structures consisting of systems of ramp anticline. Final spacing between ramps is demdtiéel i@srep length is
hr cosecd . After (Mitra) 1986.
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d. Partially overlapping Duplex

e. Completely overlapping Duplex

Figurel.5: Geometric classes of duplex structures consisting of systems of ramp anticline. Final spacing between ramps is demdtibéel @srap length is
hr cosecd . After (Mitra) 1986.
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1.3.6 Classification of Duplex and Imbricate Systems

Duplex and imbricate thrust systems vary from simple to complex geometry. The simplest
thrust system consists of a simple fault bend fold with a floor thrust, a roof thrust and a series
of imbricate faults connecting the roof and floor thry&syer and Elliott 198 Complex
duplex geometries display systems of hybrid folds with similar characteristics to fault
propagation folds and fault bend fol@Suppe and Medwedeff 1984Three main classes of
duplex structures have been classified based on ramle, aspacing between individual
thrust faults and their relative displacements (Mitra 1986 Figure 1.3); (1) independent ramp

anticline (2) true duplexes and (3) overlapping ramp anticline.

1.3.6.1 Independent Ramp Anticline and Hinterland Slopping Duplexes

The final spacing between the thrust faults is much higher than their relative displacement for
independent ramp anticline (Figure 1.3 a). The overall shape between the fault anticline is
synclinal in form. The geometry of the syncline is dependent on thesesthsplacements of

the thrust faultgMitra 1986. Hinterland sloping duplexes are formed where $ipacing
between the thrust faults is small so that at the contact between horses, the roof thrust slopes

towards the hinterland (Figure 1.3 b)

1.3.6.2 True Duplex

This is similar to a type of duplex modelled Bgyer and Elliott(1982. A true duplex is
characterized by a parallel floor and roof thrust at the contact of the adjacent(Mitsas
1986. In some cases, the spacing between the anticlines is almost equal the ramp length
(Figure 1.3 c), although in certain conditions (such as the rate of shortening), the spacing

could be larger or smaller than their relative displacements.

1.3.6.3 Overlagping ramp anticline

These structures are characterized by anticlines that partially or completely overlap the fault

ramp. The partially overlapping type consists of duplexes with roof thrusts dipping towards
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the foreland (Figure 1.3 d). Whereas the conabyebverlapping type mainly has spacing
between faults larger than ramp (Figure 1.3 e). In some cases spacing is less than zero,
resembling an anticlinal stack with adjacent hof8ss/er and Elliott 198Por an antiformal

stack(McClay 1992

1.4 FAULT INTERACTIONS
Faults interact when displacement tiansferred between pairs of faults or modified by

another medium. The term displacement transfer was first used by Dahlstrom (1970), when he
observed that as one fault dies out it reassigned its role of shortening and displacement to
another fault. Disglcement transfer occurs between relay fa(itsggins et al. 1995,
intersecting faul@earpock and Bischke 19B91crosscutting faults (Manighetti 2001),
echelon faults(Dahlstrom 197 and, faults and folds (such as a tip propagation fold)
(Williams and Clapman 198B This section focuses on the main types of fafdult

interaction in terms of displacement transfer.

1.4.1 Relay Faults

Faults are said to have a relay pattern (Figure 1.4) when displacement is transferred between
the faults without intersectin_arsen 1988 Peacock and Sanderson 1R9%he zones of
overlap where displacement is transferred from one fault to another is termed relay zone or
soft linkage (Walsh and Watterson 199McClay and Khalil 1998 .This zone has been
defined as a type of overlapping zone where the faults bounding the zone dip in the same
direction and are kimeatically relatedHuggins et al. 1995 subhorizontally layered rocks

will contain a relay ramp or synthetic transfer zqBeyer and Elliott 1982Larsen 1988

Relay ramps can be offset by minor faults connecting the original faults and only the
hangingwall of the principal faults can be completely disconnected fronoditedll as has

been observed in some extensional settifMsrley et al. 1990 Trudgill and Cartwright

1994). Displacement distribution geometry of relay faults tends to be asymmetric, having
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very high gradient across zones of over{ljuggins et al. 1995 this asymmetry has been
observed in normal faultd arsen 1988and thrust fault¢Higgins et al. 2000

In thrust related fault systemselay zones have been described and characterized into types
1, 2 and 3 by Higgins ( 2007) based on their pattern of linkage or branch line relative to the
depth of overlapping zone (Figure 1.4)aType 1 linkage occurs when overlapping zones
occur at ashallow horizon above the branch line forming the pop up structure and convoluted
hanging wal hanging wall (HwHw) within the zone of shortening transfer (Figure 1.4 a and

b). In type 2 linkage, the overlap may form at deeper horizon below the braeclthis
creates distinctive tight fold and an undeformed corridor of footivétlotwall (FwFw) at

the transfer zone (Figure 1.4 ¢ and d). Type 3 linkage is characterized by cross cutting faults
(Figure 1.4 E and F), so that both faults are present adoovdoelow the branch line. Strata
above the cross cutting line form a distinctive convolutedHiwtransfer fold while those
below the line form an indirect undeformed{Fw corridor(Higgins et al. 200)f

Relay zones are relevant to the growth and scaling relationship of both isolated faults and
fault arrays(Cartwrightet al. 1995, hydrocarbon trapping potentidlarsen 1988and pore

fluid migration(McGrath and Davison 1995

1.4.2 Branching Faults

Fault are said to branch when they intersgqioint (Figure 1.4-4). The line of intersection

is termed branch line Boyer and Elli¢11982. Faults that intersect are said to be hard linked
(Walsh and Watterson 19P1Displacement between the principal and branch fault is
transferredBarnettet al. 1987 or conservedGroshong 2006at branch lines. The interfering
fault can merge or link with the principal fault to form a througbing segment@oyer and

Elliott 1982 Childset al. 1995 Higgins et al. 200)
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1.4.3 Splay Faults

Faults generally link or bifurcate into a series of minottéalknown as splay@Boyer and

Elliott 1982 Needhamet al. 19961). Splays mainly occur at the extremities of the principal
faults and they die out along strike at tip 8n&play faults transfer total displacement over a
wider area,(Needham et al., 1996which makes it possible for displacement along the
principal fault to be accommodated by folding rather than by faul@sgfor example in
trishear fault propagation fol@Erslev 199). The principal fault ray continue straight in the
region of fault splays or on the contrary, a splay may have a different orientation from the
principal fault. Splay faults are bound in all directions by branch lines and tip(luggins

et al. 199%. The leading edge of a thrust fault splay is the tip line while the trailing edge is the
branch line(Elliott and Johnson 198Qvhich are often kinematically linke@Needham et al.,

1996.

1.4.4 CrossCutting Faults

Crosscutting mainly occurs when faults, mainlyf different origin or age transect one
another(Watters and Maxwell 198FEaddyet al. 2008 (Figure 1.4 f). The faults can change

in dip and/or strike at the zone iotersection. The line of intersection where one fault offsets
the other is known as coff line (Groshong 2006 which is different from kanch line
(Boyer and Elliott 198p although, Needham et al (1996), Higgins (2007), used the term
branch line for this kind of fault relationship.

Crosscutting faults can be differentiated into contemporaneous and polyphase faults
(Neecham et al.,1996, Groshong, 2006 Contemporaneous faults develop synchronously
while polyphase faults occur sequentially. Contemporaneous faults commonly show an abrupt
change across the cutoff line whicontrasts with polyphase faults which show no abnormal

change along the cutoff line as demonstrated by Needham et al (1996).
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Horizon above level of branch line of antithetic faults (a, ¢c and ¢)

e Type3 Bend in fault due to
displacement

on counterpart fault

Type 2

/\( Tight, bell- shaped fold

Hanging
wall offsct by
counterpart fault

Horizon below level of branch line of antithetic faults (b, d and 1)
Hw-Hw Indirect hangingwall- hangingwall transfer fold. Fw-Fw: Indirect footwall-footwall corridor.
Fo-Fo’: Continous, folded in downdip direction. FI-FI’: Continous , planar in downdip direction.
Diagrammatical antithetic thrust fault linkages
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Figurel.6: Diagrammatic representations of antithetic thrust fault relagszantwo different depths, demonstrating the deformation above a branch line (a, ¢ and e)

and below (b, d and f). Simplified fault geometries are given to demonstrate the position of branch lines. Adagitiggmsret al. 2001/
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One of the aims of this research is to determine where the thrust related folds in yharatudre
crosscut by strike slip faults using a combination of several kinematic techniques which include

structural style, sedimentary packages and displacement distribution analysis.

1.5 MECHANICS AND KINEMA TICS OF THRUST FAULTS
Fault motion analysis is amportant aspect in this thesis because it is used to differentiate isolated

faults from segmented ones where clear and systematic changes in fault displacement can be
attributed to the primary control of fault segmentation. One of the traditional teelsrior analyzing

fault motion history is the expansion index, which was introduced by Th{t9é3. The expansion

index of a given fault is obtained by dividing the thickneka specific unit in the footwall by the
thickness of the unit in the associated footwall block. The concept of expansion index is most useful
in defining the period of most significant fault growfticCulloh 1988, but because it is a ratio, it

does not quantify any absolute slip or slip rate as demonstrated by CartwrightL@®8al.An
alternative method is either the displacement length pla) @ the throw depth plot (Fz). Both
techniques have been found useful in determining the absolute magnitude of slip as detument

many studiegMansfield and Cartwright 199®riggs et al. 2006Baudon and Cartwright 2008b

1.5.1 Displacement Distance Relationship

Fault displacement can be measured systematically at specified length along strike of a single horizon
and/or at each several stratigraphic layer up dip. The former is termed Idigpcement
distribution (Larsen 1988Manighettiet al. 20013, while the latter is termed vertical displacement
distribution (Williams and Chapman 198Ellis and Dunlap 1988 If displacement dies out in all
directions, the fault is surrounded with a tip linegar to that predicted in the general blind fault
model of Barnet et al (1987). Displacement generally dies odlipupnd along strike or transfers
displacement to another medium such as faults and {@ldblstrom 1970 Suppe 1985h The

transfer of displacement or arference with other structures may influence the overall geometry of

the fault. However, a fault may propagate to free surface or may sole into a detachment layer without
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losing displacemen(Briggs et al. 2006Baudon and Cartwright 20088audon and Cartwright
2008h. The variation in both vertical and horizontal digglaent distribution depends on structural

style and interaction with other structu(®uraoka and Kamata 198Bllis and Dunlap 1988Nicol

et al.1995.

Vertical and horizontal displacement variation can be represented using the displacement versus
height plot (Figure 1.5 a), and displacement versus width plot (Figuseb), respectively.
Displacement values can also be represented in contoured fault plane projection plots to give a more
dimensional view (Figure 1.5 c), especially when the study involves both updip and along strike fault
analysig(Baudon and Cartwright 2008Higgins et al. 2000

The standard types of displacement distribution geometries were mainly derivedtdidies f

normal faults. However, similar type of profile geometries have been observed in thrust faults. In
theory, an isolated blind fault along any direction (up dip or along strike) would show the Gxype d
profile (Muraoka and Kamata 198&hich means maximum sjplacement is at the cent(Barrett et

al. 1987, or close to the centi®riggs et al. 20060f the fault length or width (Figure 1.5 a and b).

In summary, contours of equal value of dispraeats for isolated faults would normally produce a
concentric ellipse of maximum value at the centre to zero at the tip line Ryopof, 1985, Walsh

and Watterson, 1989 Figure 1.5 c¥he zone of maximum displacement is often assumed to be
indicative ofthe point of initiation(Barnettet al. 1987 . Any deviation from the standard C type
profile, or concentric elliptical contour pattern would normally indicate linkage or lithological
effects. But these views have been challenged, as other forms of barrier to fault propagation have

been identified(Nicol et al. 199%, such overlapping faults, cross cutting faults etc.
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Figurel.7: Displacement distribution geomein§ an isolated blind fault. (a) Relationship between depth and
displacement. (b) Relationship between width and slip (c) Contoured displacement distribution.
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The different types of displacement geometries which do not conform to the standard blind
displa@ment profile are shown in Figure 1.6. The flat top geometry or the M type profile (Figure 1.6
b) as commonly called signifies that the f at
lithology (Muraoka and Kamata 198Baudon and Cartwright 2008Malik et al. 2010. Fault
displacement tends to systematically ease at high competent zones and decreases at the
incompetent zone but remains almost constant at zones where the lithology shows insignificant
variation in character.

Faults which show the asymmetric type geometry (Figure 1.6 c, e and f) have beaetedeas

lateral tip restricted faultéNicol et al. 199% such as relay faultd.arsen 198Bor those that have

been bound by cross cutting faults oblique to the principal fé@N#sdham et al., 199¢Figure 1.6

c). These kinds of faudt have their maximum displacement or high displacement gradient close to
where they have been restricted and they are characterized to have smaller dmax/L ratio than an
isolated fault(Kim and Sanderson 20D5This kind of profile type may vary in geometry based on

the number of zones or tips restricted. For instance a single tip restricted fault would show the profile
asymmetry shown in Figure 1.6 c, which may be termiedngly asymmetri¢Manighetti et al.

20013. Faults which are double restricted tend to be either symmetric having both resipsted t
steeply dipping (Figure 1.6 d) or asymmetric characterized by a flat central zone with maximum
displacement close to the restricted tip ( Figure 1.5 e).

Another type of profile geometry which has maximum displacement close to one end is the elliptical
with taper type(Manighetti et al., 2001, Figure 1.6 fprofiles of this form are indicative of faults

which have propagated past a restricted zone. Some of the fault displacement is transferred to the

barrier causing restriction to propagation
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Figure 1.8: Displacement distribution geometries of normal faults which do not conform to the standard C type profiles.
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Figurel.9: Displacement distribution gawetries of normal faults which do not conform to the standard C type profiles.
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Faults with profiles characterized by multiple maxima separated by a minimum (Figure 1.6 g), have
largely been interpreted as a fault formed by the process of linkage ahddtbsen incorporated by
many fault growth modeléHiggins et al. 200;7Schlagenhauét al. 2008. This model has widely

been accepted in theaution of faults. It states that faults propagate initially as arrays of isolated
faults which intersect and link to form a through going féGkrtwright et al 1995 Higgins et al.

2007). The zone of minimum displacement is indicative of where the independent faults merge to
form a through growing segme(Williams and Chapman 1988liggins et al. 200). The linkage
theory has been used to explain why many faults do not conform to the widely accepted
mathematical expssion of fault growth model (d=3lor a linear relationshipWalsh and Watterson

1988, but rather shows a considerable scattered relationship orldplak(Cartwright et al. 1996

1.6 THESIS LAYOUT
The thesis is divided into eight (8) chapters, three (3) of which are the main result chapters (Chapters

4, 5 and 6). These represent a logical series of arguniatihgeto the propagation and interactions

of thrust related folds.

Chapter 2 reviews the methods used for this research. This includes the utilization of 3D seismic
data and how it is interpreted. There is also a summary of the various types of stizomeois and

how they were measured on seismic sections.

Chapter 3 reviews the geological setting of the study area. The 3D seismic survey used for this
thesis was also introduced, and a description of the main stratigraphic units that are of importance to

this study.

Chapter 4 describes in detail the main structural elements (thrust related folds, and strike slip faults)
in the study area, and the factors influencing deformation in the area. It also introduces the possible

interactions between the structueéements.

1-27



Introduction

Chapter 5 investigates the influence of strike slip faults on thrust fault propagation, an observation
made in Chapter 4. A combination of kinematic analysis which includes a description of the syn
kinematic sediments, dip slip and shortenahgtribution along examples of thrust related folds
intersected by strike slip faults. The results allow conclusions to be drawn on the timing interactions

between thrust faults and strike slip faults.

Chapter 6 examines an isolated fold internally segneal by thrust faults of similar and opposing

dips and strike slip faults. The vertical and horizontal distributions of throw for each of the thrust
faults are presented. There is also a presentation of shortening, and summed throw of the faults along
strike. The quantification of the strain along the fold allows conclusions on the kinematic interactions

between the constituent thrust faults, and the lateral and vertical development of the fold as a whole.

Chapter 7 draws together the conclusions of Chapte 5 and 6. Displacement and shortening
distributions of some thrust faults described in Chapter 4 are presented. The interrelationship
between thrust faults and folds, and the main factors influence the propagation of thrust related folds
based on faulinteractions are discussed. More also, the main factors controlling deformation in the
study area are proposed, following observations made in Chapter 4. Finally, the implications, and

limitation of the research are discussed and proposals for futurecawackuded the chapter.

Chapter 8lists the main conclusions of the thesis.
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CHAPTER TWO

2 METHODS

2.1 INTRODUCTION
This study mainly relies on the interpretation of two dimensional (2D) and three dimensional (3D)

seismic reflection data Figure 2.1. The aimtlois chapter is to give a general overview of the
methods used for this thesis. We begin by giving a basic introduction of 3D seismic interpretation,

followed by the description of how the results presented in this study were obtained.

2.2 THREE DIMENSIONAL S EISMIC DATA
The <concept of 3D seismic dat gWaloo tdTdkant was i n

introduced in the academic resdatin the 1990s ( Hart, 1999). 3D seismic data was developed due

to the improvement on 2D seismic survey in order to enhance the study of subsurface geology.
Generally, 3D seismic interpretation has a higher resolution than 2D survey and their gridelines a
extremely dense. This results in greater subsurface sampling which enhances the possibility of
developing a more accurate subsurface interpret@lifmmozov et al. 2009. The ability to map in

three dimensions has significantly improved the analysis of subsurface features. For example 3D
seismic interpretation techniques have provenulsef describing and analyzing thrustrelated

folds in deepwater fold and thrust bgl@orredor et al. 20Q9Higgins et al. 2000 This has provided

a unique insight into the nature of such inherently inaccessible regions and enormously increased the

success rate of oil and gas explorai{ipavieset al.2004).

3D seismic data are acquired by generating an acoustic pulse at or near the surface, which for marine
suvey is air gun arraygHart 1999. Some of the waves are reflected or refracted from the

subsurface interfaces that represent a change in acoustic impedance due to variation in rock
propeties. This reflected energy is detected by hydrophones and geophones for marine and land

surveys respectively (Figure 2.2). The time it takes a seismic wave to travel from the source to the
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receiver is measured in seconds or milliseconds two way travel @iWWT). The raw data is
processed to increase the quality and resolution by spatially distributing reflection points correctly

and eliminating unwanted events commonly known as r{¥ismaz 200J.

Acoustic i mpedance which has the symbol nZo i
rock layer(Philip and Brooks 1991 It determines the acoustic transmission and reflection at the
boundaries between two layers having different properties such as fluid content, texture, porosity and
composition. The changes in acoustic impedance across an intedase@ded as wavelets on a
vertical trace, with waveform amplitude propagating towards the direction of propagitibp and

Brooks 199)1

The polarity of seismic data is described as SEG normal or SEG réBasmet al. 2003. This

refers to the conventions promulgated by the Society of Exploration Geophysicists (SEG). SEG
normal corresponds to increase in impedance downwards being represented as peak and is mainly
used in he USA(Bacon et al. 2003 The reverse polarity would imply negative amplitude (trough)

as theincrease in impedance and is commonly employed in E(®p&am and White, 2002, Figure

2.3). The 3D seismic data used in this study is displayed as the SEG normal standard America
polarity convention (Figure 2.3 ¢ and d), where the seabed is a posileetiosf (an increase in

impedance) (Figure 2.3 a and b).

Another major factor to consider in seismic interpretation is the phase of the wavelet because it aids
in understanding polarity (Brown 1999). It is most convenient to work with data that has been

deconvolved to zero phase, which means the maximum amplitude occurs at the center of the
waveform. The main importance of zero phase data is (1) it almost coincides to time horizon which
makes resolution better than other wavelets with same frequencihe(Zhape of the wavelet

decreases ambiguity in the associated waveform with subsurface boundaries, and (3) the majority of
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the energy is concentrated at the central lobe due to the symmetry of the wavelet (Brown 1999). The

data used in this study is presed to near zero phase (Figure 2.3 a and b).

The main purpose of 3D seismic interpretation in this study is to define and visualize subsurface
stratigraphy, structure and physical properties of rock. The simplest and most common method of
surface mapping 3 dimensions is by tracking the horizon of interest on a series of lines orthogonal

to one another. These lines are termed inlines and crosslines. Horizontal sections, or time slices can

also be viewed.

Vertical seismic profiles are made up of numerceffections. Depending on the dataset, in most
cases these horizons vary from high to very low amplitude reflections. The main criteria in choosing
a reflection to map depend on the continuity and strength of the event. The most recognizable and
continuows event is most convenient to trace through a data grid. In some cases, sequence boundaries
are most laterally continuous events on seismic sections such as the Horizon M reflection in the

Levant BasinBertoni and Cartwright 20Q6which is one of the main horizons in the study area.

An attribute is a derivative of a seismic measurement, such as time, amplitude, frequency and
azimuth. Attribute maps provide useful geological information that is not so obvious on other
platforms for interpretation (Brown 1999). The type of attributes usé@Dirgseismic interpretation

varies depending on the software package used. In this study, Schlumberger IESX Geoframe 4.04
was used for both horizon and fault mapping. The main attributes used for this study include dip,
azimuth and RMS amplitude. These #itites were collectively used to reveal and detect small scale
changes corresponding to folds, and faults which aided in the production of the structural maps used

in this thesis (Chapters?).
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2.2.1 Resolution

Stratigraphic seismic resolution has been defined by Sheriff (1991) as the ability to separate two
features that are very close together; the minimum separation of two bodies before their individual
identities ardost. One of the main problems in seismic interpretation is to be able to determine how
and where to distinguish geological elements that are resolved and unresolved. Events which are
unresolvable or undetectable on seismic sections such as faults witbrvall displacement are
termed sukseismic faults(Pickering et al. 1996 and are one of the many factors capable of
modifying displacement geometries in fault mapp{Bgudon and Cartwright 2008b The limit of
detectable events in seismic interpretationethels on the vertical and horizontal resolution of the
dataset. The resolving power of seismic data is always measured with respect to the seismic
wavelength, which is given by the quotient of velocity and frequéWigess 1973Brown 1999.
Generally, seismic velocity increases with depth because the rocks are older and more compacted.
The predominant frequency decreases with depth because the higher frequencies in the seismic
signal are mee quickly attenuatedThis results to a decrease in wavelength with depth making

resolution poorer.

Vertical resolutiorhas twolimits, these include thdéimits separability and visibilityBoth limits

result from the interaction of the wavelets from adja reflecting interfaceBfown, 1999. The

limit of separability is defined as the one quarter wavelength, which is equivalent to the bed
thickness associated with the closest separation of two wavelasfgéhgiven bandwidti{Brown

1999. For a layer thinner than oneagter wavelength, reflection amplitude can be improved due to
constructive interference from the wavelet associated with the top and base of the bed. This
phenomenon is known as the tuning thickness (Brown 1999). The limit of visibility is reached when
a thinned bed (less than ox@arter) is progressively attenuated and the reflection signal becomes
obscured due to background noise (Brown 1999)

structure below this resolution limit may be regarded asssigmic structure. The limit of visibility
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is influenced by the acoustic impedance of the geological layer of interest, noise in the data set, and

the phase of the data set (Brown 1999).

The limit of separability of a given stratigraphic unit can be tlyeestimated by determining the
wavelength, if the formation velocity and dominant frequency are known. For example the vertical
resolution of the data set used for this study has been estimated to be 10m and 50 m for the Plio
Quaternary unit and its undging Messinian unit respectively (see chapter 3 for detailed
stratigraphy of the area. The Pliocene unit has a dominant formation velocity of 2000m/s while that
of the Messinian unit is 4000 = 500m/s (see Chapter 3, Figure 3.6 for stratigraphy). Tlhesg ve

values were determined from a check shot of nearby exploratioffreyl Martinezet al. 2005.

Fresnel zone (Figure 2.2), is defined as the part of a refleot@mred by the seismic signal at a
certain depthSheriff 1997. Reflectinginterfaces are normally made up of an infinite number of
scattered points, each of which contributes backscattered reflections to the receivers (Figure 2.2 a).
The area that produces the reflection is known as the first Fresnel zone, this buried refteating
insonified by the first quarter of a wavelendltearneyet al. 2002). Any feature with lateral extent

larger than the Fresnel zone will be visible.
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Figure2.2: Horizon resolution and definition of the FresneleoHorizontal resolution in seismic surveys is determined in part by detector spacing which affects the
sampling interval (a). The width of the Fresnel zone (b) also controls the resolution, and 3D migration reduces the §imesokt zone to a smsfihere. Adapted
from (Brown 1999).
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Migration is a principal technique which focusesm®y spread over a Fresnel zone and removes
reflection patterns from points and edgBsown, 1999 Figure 2.2 bYhus, improving the horizontal

resolution to about one quarter wavelength.

2.2.2 Limitations and Pit falls

The main pitfalls in seismic interpretati include misidentification of pullp and pustdown, and
multiple reverberations. Pullps and puskowns are seismic artifacts due to anomalous seismic
velocity structure. A unit with high velocity encased in a velocity unit tend to produces-appull
while those within the lower velocity environment will produce a pdeivns (Eigen 1960. Both
pull-ups and puskdowns can be eliminated by convertingnfreime to depth if well data is available
(Bacon et al. 2003 In the absence of well data, pulbs and pushdowns are always considered
especially when analyzing faults and foltHowever, fault displacement mapping in this study is
based within the PliQuaternary overburden, where lateral variation in internal velocity is not
significant (Martirez et al., 2005¢xcept across larger displacement thrust faults, or close to the top
of the Messinian salt (see Figure 3.6 in Chapter 3). The large velocity contrast between the salt and
overburden result in numerous imaging artifacts (poor migration)vatatity anomalies (push

down and pulup).

2.3 DATA AND INTERPRETAT ION
The results presented in this study rely on the interpretation of two dimensional (2D) and three

dimensional (3D) seismic reflection data, and a set of exploration wells located wehiievhnt
Basin. The locations of the seismic and well data are shown in Figure 2.1. Several 2D lines runs
though the study area, some of which extends from the marginal area of the Levant to the distal

domains of the area.
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2.3.1 Three Dimensional Dataset

The 3Dseismic survey set used for this study is located in the southern area of the contractional
domain of the Levant Basii@Gradmanret al. 2005 Figure 2.1. The survey set is referred to as Gal C

and it has area of about 145bnGal C was acquired in 89 and processed to near zero phase using
SEG normal standard polarity, which equals a positive acoustic impedance on the seismic section.
The data was migrated using a single pass 3D post stack time migration, which was used to generate

a 12.6m by 12.6mrgl at sampling interval of 1ms.

The 3D data set was interpreted using Schlumberger Geoframe 4.04 software on a UNIX
workstation. Several key horizons were mapped regionally throughout the survey. The criteria for
selecting mappable horizons were maingpendent on the amplitude strength and continuity of the
reflections through the survey. The main horizon reflections mapped in this study is labeled based on
the stratigraphic subdivision of the Rlguaternary succession and upper Messinian unit (M, M6,
IPM1, BPM2, IPM2, and BPM3, see Figure 3.6 in Chapter 3). Additionally, some reflections which
are not continuous all through the survey but provided valuable local control on structural geometry

were also mapped.

Seismic attribute maps were used as tdotsproper detection of the structures and to produce
structural maps. Horizon slices cut from the coherency volume were also used in producing
structural maps, particularly, along areas where resolution is poor on seismic sections. Coherence
slices wereuseful in detecting kinematic indicators (minor fractures, and sedimentary features), for

strike slip fault displacement and their sense of shear.

Vertical fault interpretation was preferentially oriented to strike of the faults. Fault planes were
typically interpreted based on the following criteria: (1) stratal reflection discontinuity reflection in a

systematic alignment, (2) Juxtaposition across a fault surface efarcectable units and (3) loss in
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amplitude below fault plane possibly as a resulthef juxtaposition of higher velocity units in the

footwall laterally against slower velocity units in the hanging wall (Figure 2.4 a).

One major limitation in fault interpretation is the uncertainty in the positioning of fault planes, due to
the considettale decrease in amplitude reflection close to-aftd, tips and intersection points.
Horizon correlation from footwall to hangingwall was accomplished by use of the combinatien of in

lines, and crosBne, such that direct correlation around zones of pesolution was possible.

Another possible limitation of fault interpretation is the +m@presentation of upper tip points, as
subseismic faults could occur in apparent continuous folds on the seismic data without detection
(Baudon and Cartwright 2008bAccording these authors, the interpretation of fault tip is restricted

to structures where visible systematic refection offset is absent across a zone of at least three trace:
in width (75m). Fault offset invariably passest®mnatic upward into region where reflections are
deflected, but not offs€Baudon and Cartwright 2008hn this thesis, the upper tips of faults were

defined at points where stratal deflection was no longer detectable.

2.3.2 Fault Displacement and Shortening Measurement

The apparent displacement (separation) and shortening of the thrust faults interpreted in this study is
shown in Figure 2.4. These techniques are similar to those documented by previous studies
(Williams and Chapman 1988Barnett et al. 198/Baudon and Cartwright 2008dHowe\er, throw

and dip slip separation were the main displacement components used for this research (Figure 2.4).
The criteria for which component to measure, is mainly dependent on the relative parameter to be
compared with or plotted against, for instances iexpected to use throw if plotted against depth

since both units are the same (TWT. ms).
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2.3.2.1 Throw

A detailed throw analysis was carried out in place of dip separation and {Manmsfield and
Cartwright 1996 Bertoni and Cartwright 2005n Chapter 6, because it is representative, easier and

faster, and it limits error as described below.

Throw values were measured as the difference in vertical distance between the apparent inflection
points of the hangingwall and footwall eaffs (Figure 2.4 a). The depth of the hangingwallafiit

at a specific horizon was recoded as the depth (z) in TWT of the stratigraphic horizon from which
throw was measured. Throw was measured at differentgstaliic depth along strike. In Chapter 6,
throw values were measured on thrust faults using seismic profiles orthogonal to fault strike and
displayed as throw versus depth plotsz(Pplots, Cartwright andMansfield, 1998, lateral profiles

(T-x) and as contoured fault plane projections, following standard techniques outlirarbgtt et

al (1987, Baudon and Cartwrigti20088.

One possible error which may arise from this technique is the unavailability of well data in the study
area for depth conversion. To simplify the analysig, dlots were dislayed in values of twavay
travektime (TWT). In order to verify whether TWT time would introduce significant distortion to the
throw profile geometryBaudon and Cartwrigh®2008h), depth converted faults closest to a control
well using check shot velocity data. Depth converted flots display a strikingly similar overall
pattern to depth in TWT (Figure 2.5). Furthermore, the-Rli@ternary units are characterized by
minimal velocity variatior(Frey Martinez et al. 20Q05implying error due to the absence of well data

is minimal.

The only quantifiable error from the throw measurement arises from the sample interval and the
accuracy of measuring the amplitude peak of thezborat the specified cutoff position on the fault
surface. These errors amount to £ 2ms. Consistency in taking measurements at inflection points

minimizes error due to fold drayvalsh and Watterson 198ize. folds without visible diplacements
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were measured as zero. Measurements were not taken where horizon resolution was too poor anc
fault tips were located at points where stratal reflections were not detectable. Areas characterized by
poor data quality were also interpolated baeadthe profile geometry which may amount to an
additional error that is difficult to quantify. However, interpolations were based on the profile

geometry of the fault.

2.3.2.2 Dip- slip displacement

The dip slip displacements of the thrustated folds (Chaptefs- 7) were measured using a similar
technique to that described Williams and Chapman (1983), and Tearpock and Bis¢hR617).

Dip-slip values were measured as the difference inveutical distance between the apparent
inflection points of the hangingwall and footwall @ffs (Figure 2.4 a)This was done at spiic
intervals (125m or 250m) depending on the length of the structure and were plotted against the
horizontal distance of the thrust folds (Chapter 5 andTHhg plotting convention allows direct

comparison between bulk shortening and summed displatemen

A major limitation of this dipslip method, however, is that the displacement distribution geometry
may not be directly compared to other slip parameters such as throw and heave which have been
used in other studig@audon and Cartwright 2008Hliggins et al. 2000 This restriction will be

true if faults planes vary in dip in cresectional profiles, as horizomtdisplacement will be seen to
decrease at steeper fault dips. This geometry may produce an apparent increase or decrease il
displacement gradient. This issue of variable fault dip has limited impact however, because the thrust
faults in this study have almost constant dip along strike and down dip. For comparison purposes,

all 3 parameters (diplip, heave and throw) of a thrust fault in the study area (Fault T24, see Chapter

4, Figure 4.4), are shown on the same plot for comparison (Figure 2.4b)lothelipplay almost

similar pattern. Additionally, the diplip technique is most widely used in fault slip analysis
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(Muraoka and Kamata 198®%Villiams and Chapman 198&llis and Dunlap 1988 this implies, the

data can easily be compared to other published results.
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Figure2.4: Methodology for calculating slip and shortening. (a) Diagram illustrating the methods used in

measuring displacement and shortening. Values of shortening were calculated by line length analysis: Sh=

(L2+L1)-L, where L2 and L1 represent the l&#mgf hangingwall and footwall respectively while L is length

of the selected horizon.-@ip slip, T- throw and H Heave, here, dipslip was used in place of heave and
throw similar to the line length technique usediggs et al (2006), Baudon and Caritytht (2008b) and
(Higgins et al (2009)(b) Shows a plot of the 3 displacement parameters (dip slip, throw and heave) along a

thrust fault (T24) in Gal C for comparison purposes. D represents Dip slijyrdw and H Heave.
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Potential errors for diglip measurements arise from the sample interval, vertical compaction,
accuracy to take measment from the amplitude peak intersecting the interpreted fault
displacement and inaccurate velocity value used in depth conversion, particularly in throw value
conversion from two way travel time (ms) to one way travel time (m). These errors amount to
+10 percent. Consistency in the position of inflection points minimizes error due to fold drag
(Walsh and Watterson 1987.e. folds without visible displacements were measured as zero.
Measurements were not taken, where resolution was particularly in areas where tips are

restricted. Such areas were interpolated based on assumed displacement geometry.

2.3.2.3 Shortening Measurement

Shortening values were measured and calculated by simple line length balancing technique
(Dahlstrom 1969Higgins et al. 200Q The values were measured on the same seismic horizon
where displacement values were obtaime@ltow direct comparison between both parameters

on some of the fold and fault pair examples (Chapt@r. 5

The sections were pinned away from the fstcucture at a point of udeformed layer cake
stratigraphy.The width of the section is assumed t® the predeformed length which was
subtracted from the summed length of hanging wall and footwall sections, such that shortening
(sh) = (L2+L1}L (Figure 2.4 a). This method is important in allowing time efficient calculation

and it is representative féacilitating high definition plot of shortening distribution.

Additionally, the method has the advantage to be less prone to error induced by algorithms and
assumptiongHiggins et al. 200P Similar to the dipslip measurement, the main possible error
occurs fom the sampling interval, and imprecision in measuring amplitude peak. Total errors are

+10 percent and are limited due to consistency in the measurement technique.
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2.3.3 Well Data.

A total of 9 exploratory wells were made available within the extensional doffigiare 2.1)

and these wells have previously been used for stratigraphic stBersni and Cartwright 2005
2006; Baudon and Cartwright 200BbHowever, only the gamma ray log within well 2 gives a
full coverage of the Pli®Quatenary succession which is the main focus of this study. For the
purpose of well calibragn we tied information from well 2 to the Gal C survey at a distance of

c. 100 km (Figure 2.1,). The displayed well data is shown in Figure 2.6.

Well 2 is characterized by regular variability in gamma radiation, with distinctive peaks, some of
which do no coincide with high amplitude reflections (Figure 2.6). Those anomalies which do
not coincides with high reflection (for instance at 1.7s and 1.9s, TWT) may be attributed to shift
in well bore (Cartwright in press). Beyond this abnormal characteristteeitog signature, the

well displays insignificant changes from the sea bed to about 1.35s (TWT) where it abruptly
increases in radiation due to increase in clay content. At degltB8¢2 TWT) the GR values
exhibit a gradual decrease in radiation follovagdan abrupt increase, corresponding to the Yafo

Sand Membe(Frey Martinez et al. 2005

2-17



Geology of the Levant Basin

CHAPTER THREE

3 GEOLOGY OF THE LEVAN T BASIN

3.1 INTRODUCTION
The aim of this chapter is to review the regiogablogy of the Levant Basin. We begin by

giving a summary of the formation of the Basin, followed by the structural setting of the area.
We concluded by reviewing the seismic stratigraphy of the dataset as established by previous
authors(Bertoni and Cartwright 20Q08Clark and Cartwright 20Q9and the main horizons

mapped in this study.

3.2 REGIONAL GEOLOGY
The Levant Bain is located in the easternmost part of the Mediterranean Sea (Figure 3.1 a

and b). It is bounded to the east by the passive continental margins of Israel, Lebanon, and
Syria, to the south by the noréfastern lobe of the Nile Deep Sea Fan; to the noett by
Eratosthenes Seamount and to the north by the subduction zone and transform fault of the

Cyprian Arc Ben-Avraham et al., 1988, 199¥jdal et al., 2000a).

The Levant Basin is overlain by over 14km thick sediment mainly deposited by tectonic
forces caused by both several compressional and extensional tectonics (Figure 3.1). The
regional stratigraphy and structural domains of the Levant Basin is shown in Figure 3.2.
Formation of the Levant Basin is associated with the opening of theTétags Ocean
following the breakup of the Pangaea in the Early MesozZ@arfunkel 1998 Netzebandket

al. 20063. The Ba&in began to close during the Middleate Cretaceous, during which they
were several phases of compression and uplift. The northern margins were intensely
deformed and subsequently subducted particularly at the present day region of Cyprus and

southern Ttkey (Figure 3.1b and 3.3%arfunkel 1998 The southern margins, at the Israel
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Sinai margin, remained stable near the coastline betweael land Sina{Peacocket al.

2000.

Associated with rifting of the Tethys, the Dead Sea system tbamdransform faulgvidal

et al. 2000, as it accomnodates the differential motion between the African and Arabian
plates by lef lateral slip(Girdler 1990. The Dead Sea fault slips at a rate of 4mm/yr and it
extends about 1000km from the Red Sea Rift to the collision zone in the eastern Turkey
(Klinger et al.2000. Rifting subsequently resulted in the detachment of the Eratosthenes as a

single block as it drifted away from the Africdrabian platg Badawy and Horvath 1999

The end of rifting wasfollowed by cooling and subsidence of newly formed crust or
modification of the Levant BasifGarfunkel 1998 The composition of the crus the

Levant Basin is still disputed. It is either oceanic lithosphere formed when early rifting
evolved into full scale seafloor spreadifigakris et al. 1983 Ben-Avraham and Ginzburg

1990 or thinned continental crust formed during iApdate rifting(Hirsch 1984 Cohenet al.

1988. Recent studies suggest it is composed of highly stretched, thinned continental crust
with an estimated b factor (The ratio bet\

stretching) of 2.80 (Gardosh and Druckman 2008etzeband et al. 200ba

During the Middle Jurassic, a patdepositional hinge belt which parallels the Levant and
Sinai coast was formed did eastern margin of the Bagi@inzburg and Gvirtzman 1979

The belt separated a vast shallow marine platform in the east from a deep setting basin to the
west(Ginzburg and Gvirtzman 1979t has been interpreted as a zone in which a transition
from a continental to an oceanic crastcurs and in which there is a rapid change in the

thickness and deposition of sedimentary cq@nzburg and Gvirtzman 19Y9
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Figure3.1: Location maps of the study area. (a) Showing countries that border the eastierisinean Sea. (b) Thectonic setting of the Eastern
Mediterranean Sea. Arrows indicate the sense of plate motion; half arrows indicate transforstifstiakdts. DSF Dead Sea fault system, fEsatosthenes
SeamountAdapted fromGardosh et al (2@). (c) Showing the structural domains and features along the Levant Margin. The updip edge of the Messinian
salt (red dashes) correlates closely with the updip limit of extension (blue areas). The frontal scarp (hachured) Hissdréeksires in therth but

deviates in the south. P marks the Palmahim submarine landslide. Adapted from Cartwright et al (2008).
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The Late Cretaceous to Early Tertiary stratigraphy is composed ofgetagic to pelagic
sediments which marks the termination of the extensive shallow marine carbonate deposition
in the LevantBasin (Gardoshet al 2008. This change in lithology indicates a major
drowning event and ecological transition associated with plataraegement and the
beginning of the closure of the Nd@thys OceariSass and Bein 1982The collision of the
Anatolian plate and the Afr@rabian plate in the Senonian (Late Cretaceous) initiated a
northward dipping subduction zone at the southern-Nethhys Ocean in the present day
areas of Cyprus and Southern Turkey (Figure 3.1b and(@&dosh et al. 2008 The
convergence of the plates (Eurasia plate and-Afabian plate) is the main cause of the
formation of a series of NE and NNE strikifadds and faults commonly known as the Syrian
Arc or Levantine Fold and Thrust Bdltivhat and Kronfeld 1985Gardoshet al. 199Q
Garfunkel 1998 (Figure 3.2). The Syrian Arc forms an S shape, extending from western

Egypt, through the Sinai and the Levant into central SfalidMotaal and Kusky 2003

Deformation of the Syrian Arc has been interpreted to have evolved as an extensional rift in
the Late Palaeocene times followed by contractional tectonics that tzegarerse the rift

basin in the Late Cretaceo(is-Motaal and Kusky 2003At the time of the formation of the
Syrian Arc, there was uplift in the eastgrart of the Levant Coast and updoming of the
Arabian shield south of the Levant. This activity is represented by a regional unconformity
surface that is identified in the upper section of the Eocene unit, which demarcates the older
carbonate section fronmé overlying OligeMiocene siliciclastics of the Saqgyie Gro(pall

and Ball 1953 Tibor and BeprAvraham 1992 Deposition of the Oligocerkliocene unit is
associated with the widespread erosion and basinward transport of sediments through an
extensively modified submarine drainage system by the Afig Canyon on the Levant margin

(Druckmanet al.1995 .
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Towards themiddle of the Miocene, Seafloor spreading in the Red sea which is mainly
caused by the breakup of the Arabian Craton initiated the Dead Sea Transform Fault
(Gradmann et al. 2005In this context, there was shifting of motion from the Gulf of Suez to
the Dead Sea system, and theation of the postulated Sinai sub pl@adawy and Horvath

1999. At the same time, the motion was associated with a strike slip stress pattern, with
minimum principal stress trending towards NE and maximum stress NWh wdsulted to

the lateral motion between the Arabian plate and Sinapkatb(Badawy and Horvath 1999

The formation of this plate boundary is the main cause of the tectonic movement of the

MiocenePliocene Levant Basi(Buchbinder and Zilberman 1997

In the late Miocene, the ddion of the African plate and the Eurasian Plates caused isolation

of the Mediterranean Sea from the Atlantic Ocean. This caused sea level fedistiitad in

the so called Messinian Salinity Crigldsu et al. 19731978, which led to the deposition of

upto 2km thick evaporit¢Muller and Mueller 1991 Bertoni and Cartwright 2006 The
Messinian evaporites represent an influential part of the eastern Mediterranean stratigraphy,
and they are likely madeup of gypsum, anhydrite, halite and some shaly layers. The
evaporites are part of the Mavqgiim formation which were deposited in both the marginal and
basinal domains of the Levant Bag¢arfunkelet al. 1979. The margnal domain covers the
coastal plain and the offshore area which extends to the present continental slope where the
Messinian salt pinches out (Figure 3.2). The marginal domain was greatly dissected by
erosion, and the relief is covered only in part by #waporite less than 150m thi€kibor

and BerAvraham 1992 The Messinian thickens towards the basinal domain where it has a
maximum thickness of more than 1.5KBertoni and Cartwright 2006 The Messinian salt
represents the detachment zone of the thrust related folds and strike slip faults analysed in

this thesis (Figure 3.2).

3-7



Geology of the Levant Basin

West a East
Structural Domains
_ Contractional [P  gyiensional Judean Hills g

Levant Basin

" e
PL60 Pleistocene ’ Top Pliocen

/4

“‘Top Messinian

L

Valley

€ inian —*
24 Base Mess! Inner
£ (landward)
S hinge zone
a Base Eocene

6- enonian Syrian

Base © Arc folds
| —
us Outer T T 1
8 Gase Cretace® (seaward) 0 40 km
hinge zone Join V.E. x 8

E 04 zzr___b——7
= ——
;CEL — V.E. x 1
o}
&)

Figure3.2: Regional section showj the offshore thiiskinned structural domains and inner and outer crustal hinge zones. (a) Vertically exaggerated section

(b) unexaggerated section. Large upright folds in the Syrian Arc dominate thkeps@ian structure. Figure 3.1d shows locatiothefonshore geological

section (based on Survey of Israel, 1960) and offshore section based on aalepted seismic line, joined at the bend on the map. Figure adapted from

Cartwright et al.(2012).

3-8



Geology of the Levant Basin

Xo X
o North South
Anatolian Collision Margin
Wrench Basin Deformation Zone Main Levant Basin

7 ‘ 2 3 %’\/{ 1‘_/\\ X :
. P D
8000 DEL‘\\QS'a'@a“{ZjJ Anatolian Plate
R =i
T 3
e f}’ﬁ\_ﬁr“\;/mv')
Mooy o
ed/te,_ra o

10000 Nean g

Sa

_—
. - .

African Plate

12000

Figure3.3: Seismic section showing deformation along the Cyprus Arc, close to the boundary between the Anatolian and Arabiatenplegesgidn by
Matt Fariis & Mark Griffiths, courtesy .Shell U.K. Exploration and Production. Inset is location map showing section location.



Geology of the Levant Basin

The Messinian Salinity Crisis ended in the early Pliocene, due to the restoration of normal
marine condition across the Mediterrand@ita and Ryan 1978Ryan and Cita 1978

During the early Pliocene, the shelf and slope began to prograde seaward, which led to very
high sedimentation and subsidence rates towards the basin rfargdmann et al. 2005

Sandy turbidites known as the Yafo Sand Menfbeey Martinez et al. 2005vere deposited

above the Oligocenbliocene canyons (where Messinian evaporites are absent). From the
middle of the Pliocene to Recent, clay rich siliciclastic sediments, mainly derimedtifre

Nile Delta, prograded over the Yafo Sand Member and the Messinian sal{@ayerright

and Jackson 2008The unconformity surface at the top of the Mavquiim evaporitdstias

base of the Yafo Formation is termed the M reflectiegan 1973, and it is marked on the

seismic data by a white marker (Figure 3.6).

The postMessinian progradation of sediment from the Nile coupled with the Messinian salts
likely caused subsidence in the southern part of the Levant Margin, this resulted to increases
in sedimentation rate in the regi¢hibor et d. 1992. According(Cartwright and Jackson
2008, the present day slope is modified by two main active gravity driven deformation
systems: (1) local thiskinned slope failureapicted as slides and slum@&magor 1984
Garfunkel and Almagor 1984rey Martinez et al. 20Q5and (2) regional thiskinned
tectonics involving almost the entire Rliguaternary shelf and slope overburden detaching in
the Messinian evaporit@&arfunkel and Almagor 1984’ ibor and BerAvraham 1992 The

3 main structural domains of gravity spreading are shownguar€i3.2 and 3.4. Two major
crustal hinges underpin these #sikinned domians of deformation further east : (1) an
onshore inner hinge zone towards the hinterland separates the uplifted Judean Hills from the
Seaward cascade of the Syrian Arc folds angl a(Router hinge zone which separates the
seaward fold cascade from the more gentle dipping piedmont of the Syrig@ataright

and Jackson 2008

3-10



Geology of the Levant Basin

3.3 GENERAL STRUCTURE
Structurally the study area is divided into an up dip extensional zone, a translational zone,

and down slope compressional zofteartwright and Jackson 200&igure 3.2 and 3.4.
Deformation aross these structural domains remains active today, this can be inferred from

the highly pronounced folds and faults on the bathymetric map shown in (Figure 3.1 b).

3.3.1 Extensional Domain

The extensional domain occupies the present day continental shelfoprdo the Basin,
(Figure 3.2 and 3.4). The domain has been extensively st(@@tlinkel and Almagor 1984

Baudn and Cartwright 2008ICartwright and Jackson 2008

The outer shelf and slope of the margin is mapeof thinskinned extensional structures
which includes listric normal growth faults, rotateddks, grabens, slumps and salt rollers.
The listric and growth fault anticlines are the most striking extensional features caused by
lateral movement of the Messinian evaporite and its overburden (Figure 3.4). These faults are
synsedimentary and they aoharacterized by variable throws-dp and along strike, and

they detached into several locations within the Messinian (@radmann et al. 2005
Detailed study using tight grids of seismic data within a small area in the province show that

fault length along strike are withi5-10 km(Garfunkel and Almagor 1984

The extensional domain is relatively linear along the northern and central sactbiis
diminishes in strain (highow) southwarddue to variation in structural sty(€artwright and
Jackson 2008(Figure 3.1 c)The updip limit of the Messinian salt, almosbrresponds with

the landwards boundary of the extensional zone along the continental margin (Figure 3.1 c).
Both boundaries are shifted landward in a southern region known as the Palmahim
Disturbance(Garfunkel et al. 1979(Figure 3.1 c).According t&Cartwright and Jackson

(2008, the Palmahim Disturbance represents zone of armajward migration of
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evaporite, this was inferred from the evaporite fill and onlapping of the Ashdod Canyon

Cartwright and Jackson (2008

3.3.2 Translational Domain

The Messinian and its associated overburden are relatively undeformed within this zone.
However, smalkxtensional and contractional features are locally present and they are likely

to be few kilometres or less in lendt@Bradmann et al. 200&artwright and Jackson 2008

3.3.3 Contractional Domain

This domain is dominated by folds, thrust faults and strike slip faults (Figure 3.1 and 3.5).
The folds have a shewave length (44km), upright or gentle inclined folds thi amplitude

of 50- 200m and overlying thrust faults with variable displacement along strike length
(Cartwright and Jackson 2008artwright et al. 2012 These faults detach at different levels
within the Messinian interval and ramp up through the overburden (&getwright et al.

2012.

The thrust faultswithin the evaporite and its overburden have been defined as northward
verging structuregNetzebandet al. 20061, and they strike northwest (Figure 3.1 c). The
limited variation in orientation of the folds and thrust faults have been interpreted as
northward squeezing of the evaporites by the gravitational collapse of the Nile Delta
(Netzeband et al. 200B0Other boundary effects have also been stipulatedaivright and
Jackson, (2008to affect the structural expression of the contractional domain such as the
underlying Sinai microplate kinematics, and buttressing effect of the Eratosthenes Seamount
and the Cyprus trench.h&se interfering boundaries make deformation in the compressional
domain of the Levant Basin complex relative to other gravity driven systems in the world e.g
the Niger Delta(Damuth 199% Bight Basin(MacDonaldet al), NW Borneo(Hesseet al.

2009.

3-13


file:///D:\New%20Levant\Corrected%20thesis.doc%23_ENREF_2
file:///D:\New%20Levant\Corrected%20thesis.doc%23_ENREF_9
file:///D:\New%20Levant\Corrected%20thesis.doc%23_ENREF_9
file:///D:\New%20Levant\Corrected%20thesis.doc%23_ENREF_9

Geology of the Levant Basin

Deformation of the salt layer does notiely correspond to that of the pesfessinian unit
(Bertoni and Cartwright 20Q®Netzeband et al. 200RbThis discordant relationship has been
interpreted to represent multiple phases of deformafi®ertoni and Cartwright 2006
Netzeband et al. 200EbConversely, the most recent study in the area supports a one phase
system which began in the earliest Pleistoogertwright et al. 2012 One of the aims of

this thesis is to describe the styles of deformation in details between the top Messinian unit

and the Posiessinian overburden (see Chapter 4, Figure 4.2).

3.4 SEISMIC STRATIGRAPHY

The stratigraphical ietval of interest to this thesis, are sediments deposited from Miocene to
Recent (Figure 3.2, 3.3 and 3.6). The reflection series is up to 2.8s (TWT) thick, comprises the
Messinian layer separated from the FQaaternary overburden by the regional uncamity

known as Horizon MRyan 1973 (Figure 3.4 and 3.6).

At least a total of 8 seismic packages have been identified from the base of the Messinian
interval to the seabed by previous work@Bertoni and Cartwright 2006 The packages are
distinct seismic units that are baed by notable regional markers recognized through

truncation, onlapping and downlapping reflections.

The Messinian evaporite is a member of the Mavgiim Formation (middle Sagiye Group)
identified throughout the Mediterranean regidnbor and BerAvraham 1992 It thickens
towards the contractional domain of the Levant Basin, reaching a maximum thickness of 0.8s
(TWT) and it is banded at its base and top by the N and M Horizons respec(iRghn

1973.

The origin of the internal layering of the Messinian unit is not clear due to the absence of well

data. Garfunkel (1984), and Garfunkel and Almagor (1984), posiutater pressured shales
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interbeded within impermeable evaporite. Netzeband et al (2006), suggestedidialérd
sulphate rich evaporite sequence. This explains the deformation of the uppermost evaporates,
as already described by Gradmann et al (2008ngto the presence of anhydrite or gypsium

at the top of each sequence. A recent study in the area interpreted the internal layering as
alternating pure and impure evaporii@artwright et al. 2012 accounting for the brittle

behaviour at the top sequence (Figure 3.6).

The precise lithology of the Messinian is not certain; therefore Horizon N is defined on basis of

a strong negative amplitude seismic reflec@ithe top of the préessinian unit (Figure 3.6).

The horizon is relatively undeformed, although it appears to be locally irregular, having up
warped or down sagged geometries. These irregular geometries have been attributed to seismic
pull up or push dow effects resulting from seismic velocity contréBertoni and Cartwright

2006. Horizon M is defined by a high amplitude positive seismic reflection and it represents
the top of the Messinian evaporite. This horizon is regionally continuous and locally deformed
by a series of shoewavelemgth structuregGradmann eal. 2005. Immediately above Horizon

M, are PlieQuaternary clinoformal sediments which onlaps Horizon M in the marginal areas

and downlaps or tangentially converges with the horizon in distal areas.

Horizons M and N converge towards the continentaigmasuch that the evaporite unit thins

and pinches out in a wedge like manner (Figure 3.4). The Messinian evaporites is characterized
by several prominent internal seismic reflections that can be traced for a long d{S@nce
Avraham 1978 These prominent reflections have been interpreted as pure and impure salt in

the absence of well da¢&artwright et al. 2012

The Messinian packages are labelledTI7L(Figure 3.6). The packages can be divided into
layered seismic facies, and transparent seismic facies following the classification established

by Bertoni and Cartwright(2006). T6, T4 and T3 are layered seismic facies, bounded
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respectively by Horizons M#5, M4-M3, and M3M2 (Figure 3.6). The package T6 has an
average thickness of 0.25s (TWT), it is internally composed of medium to high amplitude
positive reflections. The dominaniefiuency in this layer package (T6) is 50Hz. The layered
package T4 and T3 are relatively thin compared to T6, they have thickness ranging between
0.005s and 0.15s (TWT). Both packages (T4 and T3) where defined as a single package (L2)
by Bertoni and Cartvight (2006). They are composed of medium to low amplitude positive

reflection with a dominant frequency of 30Hz.

T7,T5, T2 and T1 are defined as transparent seismic paci@eesni and Cartwright 2006

The packages T7, T2 and T1 are bounded by horizevi@ylM5-M4, M2-M1, and MZXN,
regectively (Figure 3.6). All 3 transparent packages show almost equal maximum thickness:
an average of 0.23s (TWT). T7 is the most deformedusitbamongst all the evaporites and

the majority of faults described here, detach into this unit (Figure 3.6)oudh horizon M6

has a partial patchy distribution, but this is not common where the faults in the Messinian

detached.

The PlicQuaternary layers along with the upper units of the Messinian evaporite are the main
focus of this study. The majority of thauits described in later chapters, ramp up from the
Messinian layer and cut through the pb&ssinian sediment. The overburden sediment attains

its maximal thickness of 1.6km (TWT) along the eastern Ma(@ardosh and Druckman

2006 and thins towards the distal part of the Levant Basin (Figure 3.4). Within the Gal C
survey, it hagnaximum thickness of 1.1s (TWT) and it thins towards the remttern part of

the data set (Figure 3.6). In the eastern margin of the Levant, where the Messinian evaporite
pinches out (merging of the M and N Horizons), the composite horizon surfacspooiie

with the base of the Messinian unconformity.
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Well data (see Figer 2.6) show that the PHQuaternary sediment is mud dominated, it
consists mostly of marine silty clays known as the Yafo Formdtarfunkel and Almagor

1984). Isolated, coarser grained sand bodies interceded with thin clays and marls have also
been found within the margins of the Levant. These sand bodies are termed Yafo Sand
members (Baudon and Cartwright, 2008) and atein biogenic gagGardosh and Druckman
2006. On seismic sections, most bktPlicQuaternary series are well bedded all through the
Levant Basin; it is characterized by continuous, thin, and medium to high amplitude reflections

(Figure 3.6).

Clark and Cartwrighf2009 subdivided the podWlessinian @erburden into 3 main sub units
(PM1-PM3), based on their seismic stratigraphic character and channel distribution. This study

uses the same stratigraphic scheme establish€thbly and Cartwrigh(2009 (Figure 3.6).

3.4.1 Unit PM1

Unit PM1 immediately overlies the M Reflection and is composed of weak to high amplitude
reflections(Clark and Cartwright 2009 The continuity of the majority of the high amplitude
reflections is poor and the base ofituis characterized by an acoustically transparent
reflection (Figure 3.6 and 3.7a). However, some of the high amplitude reflections are
considerably continuous such as horizon IPM1, which was mapped all through the dataset.
The majority of the faults desbed in the Gal C survey, show a maximum displacement
close to IPM1, therefore it is used as one of the key horizons for this thesis (chapter 4, 5 and

6).

Unit PM1 displays no evidence of skimematic deformation. Local thickness variations
observed witin the unit are related to deposition from channel Ig@ark and Cartwright
2009. The majority of these channels are over 450m wide and they predate deformation

within the unit.
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Figure3.7: Magnified sections from Figure 3.6 showing horizon reflectiomasttaristics within the pod¥lessinian overburden. (a) Unit PM1 (b) Unit PM2
(c) Unit PM3.
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