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ARE INITIATING IN THE LEVANT BASIN. C: LATE MIOCENE: CONTINUOUS ACTIVITY OF THE LATAKIA,
MARGAT AND LARNACA RIDGES AS MESSINIAN SALT IS DEPOSITED INTO SMALL DEPRESSIONS. NORMAL
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GRAY LINES INDICATE STRUCTURES PROPOSED IN DIFFERENT STUDIES [PAYNE AND ROBERTSON, 1995;
BAILEY ET AL., 2000; GEOTER, 2005]. THE INVESTIGATED BASINS SOUTH OF TROODOS OPHIOLITES ARE
INDICATED, POLIS, POLEMI, PISSOURI, LIMASSOL AND MARONI/PSEMATISMENOS BASINS.
ABBREVIATINS: 1) AKAMAS CROSS SECTION, 2) POLIS CROSS SECTION, 3) LIMASSOL CROSS SECTION.
ABBREVIATIONS: ATF: ARAKAPAS TRANSFORM FAULT; GFTB: GERASA FOLD AND THRUST BELT; PTF:
PAPHOS TRANSFORM FAULT; OTF: OVGOS TRANSFORM FAULT.......oociiiiiiiiiiiiiiiiiceccicc e 133

FIGURE 4 - 2: GEOLOGICAL MAP OF SOUTHERN AND WESTERN CYPRUS WITH THE AVAILABLE BOREHOLE DATA
(COURTESY OF GSD CYPRUS). BLACK LINES REPRESENT THE LOCATIONS OF THE CROSS SECTIONS. MAPS
ARE FROM THE GSD DATABASE BASED ON PREVIOUS MAPS OF LAPIERRE [1971], TURNER [1992], ZOMENI
AND TSIOLAKIS [2008], ZOMENI AND GEORGIADOU [2015]....cutiieuirieiiieniinieniisieeeeeieseesre s 135

FIGURE 4 - 3: BOREHOLE DATA IN THE POLIS BASIN COURTESY OF THE GEOLOGICAL SURVEY DEPARTMENT OF
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THE CORRESPONDING FORMATION AND AGE AS INTERPRETED HEREIN. ......oooiiiiiiiiiiiiiiiicciien, 138

FIGURE 4 - 4: BOREHOLE DATA: (A) IN THE POLEMI BASIN (9-15) AS THEY ARE INTERPRETED BY GEOTER [2005]
AND (B) IN LIMASSOL BASIN (16-19) AS INTERPRETED BY KINNAIRD [2008] (LOCATIONS IN FIGURE 4 - 2).

FIGURE 4 - 5: GEOLOGICAL MAP OF CYPRUS (FROM GSD, COMPILED BY THE MAPS OF LAPIERRE, 1971; TURNER,
1992; ZOMENI AND TSIOLAKIS 2008; ZOMENI AND GEORGIADOU, 2015) IN THE POLIS BASIN. THE RED

19



SQUARE IN THE INSET MAP DEPICTS THE POSITION OF THE POLIS BASIN ON THE ISLAND OF CYPRUS. THE
POINTS INDICATE THE LOCATIONS OF EACH OUTCROP DISCUSSED IN THIS MANUSCRIPT. 1) FIGURE 4 - 6:
KATHIKAS PANORAMA VIEW. 2) FIGURE 4 - 7 AND FIGURE 4 - 8: PANORAMA UNCONFORMITY. 3) FIGURE
4 - 9: ANDROLYKOU QUARRY. 4) FIGURE 4 - 10: CONTACT BETWEEN OPHIOLITES AND REEFS NEAR NEO
CHORIO PAPHOU. 5) FIGURE 4 - 11: KORONIA MEMBER REEFS NEAR PERISTERONA VILLAGE. 6) FIGURE 4 -
12: GRAVITATIONAL SCARP IN PAKHNA FORMATION OR THE FOLDING LEVEL OF THE CHALKS. 7) FIGURE 4
- 13: NORMAL FAULTS IN PAKHNA FORMATION NEAR PANO AKOURDALIA VILLAGE. 8) FIGURE 4 - 14:
SMALL SCALE NORMAL FAULTS IN PAKHNA FORMATION NEAR KRITOU TERA VILLAGE. 9) FIGURE 4 - 15:
HORST AND GRABEN STRUCTURES IN PAKHNA FORMATION NEAR AKOURSOS VILLAGE. 10) FIGURE 4 - 16:
STRIATIONS IN PAKHNA FORMATION INDICATIVE OF STRIKE-SLIP DISPLACEMENT NEAR KRITOU TERA
VILLAGE. FAULT STRUCTURES AT LOCATIONS 1, 2, 3, 5 ARE PROPOSED FOR THE FIRST TIME IN THIS
STUDY, AS ARE THE INFERRED THRUST FAULS. FAULT STRUCTURES AT LOCATION 4 ARE AFTER
SWARBRICK [1993] AND BAILEY ET AL., [2000]. STRUCTURE AT LOCATION 7 IS AFTER PAYNE AND
ROBERTSON, [1995].FAULTS, BED ORIENTATION AND DIPS ARE FROM THIS STUDY. .....cccoceeviiniiiirinnnne 142

FIGURE 4 - 6: PANORAMIC PHOTOGRAPH SHOWING THE CONTACT BETWEEN THE KATHIKAS FORMATION
(MAASTRICHTIAN AGE) AND LEFKARA FORMATION (MAASTRICHTIAN TO MIDDLE EOCENE AGE) TO THE
SOUTH, WHICH ARE UNCONFORMABLY OVERLAIN BY THE PAKHNA FORMATION (MIDDLE MIOCENE AGE),
NEAR THE VILLAGE OF KATHIKAS. THE JUXTAPOSITION OF THE KATHIKAS FM AND LEFKARA FM IS
CONNECTED WITH THE ACTIVITY OF A THRUST FAULT, COMMENCING IN OLIGOCENE TO EARLY MIOCENE
TIME. THE THRUST FAULT IS VERGING ROUGHLY TOWARDS THE SW. FIELD LOCATION IN FIGURE 4 - 5,
O L PP 145

FIGURE 4 - 7: PHOTOGRAPH SHOWING THE CONTACT BETWEEN THE OVERLYING TERA MEMBER BURDIGALIAN
CHALK AND THE UNDERLYING MAASTRICHTIAN CHALK PRESUMABLY OF THE LOWER LEFKARA MEMBER,
NORTH OF THE VILLAGE OF PEGEIA. THE AGES WERE OBTAINED BY BIO STRATIGRAPHIC DATING [N.
PAPADIMITRIOU, PERS. COMM., 2017]. BLACK DOTTED LINE ILLUSTRATES A KARSTIFIED SURFACE
INDICATIVE OF THE LIMIT BETWEEN THE TWO FORMATIONS AND THE CLOSE PROXIMITY TO THE SEA
LEVEL. RED LINES ILLUSTRATE FAULTS OR CRACKS BETWEEN THE TWO FORMATIONS. OUTCROP
LOCATION INDICATED IN FIGURE 4 - 5 POINT 2. ..ueriiiiiiiiceeccteeee et 146

FIGURE 4 - 8: ZOOMED IN PHOTOGRAPH OF FIGURE 4 - 7 ILLUSTRATING THE DISCONTINUITIES IN THE LATE
MAASTRICHTIAN CHALK FILLED WITH FRAGMENTS FROM SURROUNDING FORMATIONS, PRESUMABLY
FROM THE MAMONIA COMPLEX. OUTCROP POSITION INDICATED IN FIGURE 4 - 5, POINT 2 AND FIGURE 4
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FIGURE 4 - 9: PHOTOGRAPH SHOWING EARLY MIOCENE TERA MEMBER REEF DEPOSITS IN THE ANDROLYKOU
QUARRY, DEPICTING LATE MIOCENE OR PLIOCENE COMPRESSION. SHEARING OBSERVED BY THE LENSES
ILLUSTRATED, INDICATIVE OF THRUSTING-COMPRESSION TOWARDS THE S-SSW. OUTCROP LOCATION
INDICATED IN FIGURE 4 - 5, POINT 3. FIELD BOOK USED AS SCALE. .......covviiiiiiiiiiiiiciiiiecc s 148

FIGURE 4 - 10: PHOTOGRAPH DEPICTING THE CONTACT BETWEEN BRECCIATED REEFS PROBABLY OF KORONIA
MEMBER (TORTONIAN AGE), WITH OPHIOLITES (UPPER PILLOW LAVAS) NEAR THE VILLAGE OF NEO
CHORIO PAPHOU, IN THE AKAMAS PENINSULA. OUTCROP LOCATION INDICATED IN FIGURE 4 - 5, POINT
PP PP PPPPPPRPINE 149

FIGURE 4 - 11: PHOTOGRAPH DEPICTING LATE MIOCENE KORONIA MEMBER REEFS NEAR THE VILLAGE OF
PERISTERONA PAPHOU. BLACK LINES INDICATE THE EASTWARD DIP OF THE KORONIA REEFS. THE TILTING
OF THE REEF DEPOSITS IS CONNECTED WITH A WESTWARD VERGING THRUST FAULT (NOT OBSERVED IN
THIS FIGURE) OUTCROP LOCATION INDICATED IN FIGURE 4 - 5, POSITION 5......ccocviiiiiniininiiineeeenns 150

FIGURE 4 - 12: PHOTOGRAPH DEPICTING A NORMAL FAULT IN THE PAKHNA FORMATION NEAR THE VILLAGE OF
PANO AKOURDALIA. THE FAULT DISPLACES CHALKS OF THE PAKHNA FORMATION, IT IS TRENDING NW-SE
AND IS DIPPING EASTWARD AT ~45-50°. OUTCROP LOCATION INDICATED IN FIGURE 4 - 5, POSITION 7.151

FIGURE 4 - 13: PANORAMIC PHOTOGRAPH SHOWING A SEQUENCE OF PAKHNA CHALKS DIPPING TOWARDS
THE EAST. THE RED DOTTED LINE ILLUSTRATES EITHER THE GRAVITATIONAL SURFACE THAT DISPLACES
THE CHALKS, OR THE LEVEL AT WHICH THE CHALKS ARE FOLDING. OUTCROP LOCATION INDICATED IN
FIGURE 4 = 5 POSITION B....uvviiiiiiieictiicte ettt st snae e 152

FIGURE 4 - 14: PHOTOGRAPH DEPICTING NORMAL FAULTS DISPLACING THE PAKHNA FORMATION, NEAR
KRITOU TERA. DIRECTION OF FAULTS SSE-NNW. INSET IMAGE INDICATES THE STEREOGRAPHIC
PROJECTION OF THE MEASURED FAULT PLANES. OUTCROP LOCATION INDICATED IN FIGURE 4 - 5,
POSITION 8. ..ttt b e bbb e b e s b e e s b e e sab e e saae e et 153

FIGURE 4 - 15: PHOTOGRAPH OF NORMAL FAULTS IN THE PAKHNA FORMATION, NEAR THE VILLAGE OF
AKOURSOS. FAULT ACTIVITY IS OF MIDDLE TO LATE MIOCENE ILLUSTRATING A NE-SW EXTENSION. THE
FAULT MOVEMENTS RESULT IN THE CREATION OF HORST AND GRABEN STRUCTURES WHICH IS
CHARACTERISTIC OF AN EXTENSIONAL ENVIRONMENT. THE SMALL OFFSET MEASURED FROM THESE
FAULTS INDICATES A RATHER LOCAL DISPLACEMENT. OUTCROP LOCATION INDICATED IN FIGURE 4 - 5,
POSITION O. it bbb b b e e s b e s b e e s b e e s b e e s aae e sab e e sae e et 154
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FIGURE 4 - 16: PANORAMIC PHOTOGRAPH DEPICTING A LARGE SINISTRAL STRIKE SLIP FAULT STRIKING SW-NE,
IN THE PAKHNA FORMATION NEAR THE VILLAGE OF KRITOU TERA. INSET FIGURES ILLUSTRATE THE
RIEDEL STRIATIONS MEASURED AT THIS OUTCROP AND THE STEREO NET PROJECTIONS INDICATE
COMPRESSION (COMPRESSIONAL-TRANSPRESSIONAL STRESS) IN A NNW-SSE DIRECTION AND AN
EXTENSION (EXTENSIONAL-TRANSTENSIONAL STRESS) IN AN ENE-WSW DIRECTION. OUTCROP LOCATION
INDICATED IN FIGURE 4 - 5, POSITION 10. ..ciiiiiiiiiiiiiiiiiiiieiiri ittt ssane s e 155

FIGURE 4 - 17: GEOLOGICAL MAP OF CYPRUS (FROM GSD COMPILED BY THE MAPS OF LAPIERRE, 1971; ZOMENI
AND TSIOLAKIS 2008) IN THE POLEMI BASIN. THE RED SQUARE IN THE INSET MAP DEPICTS THE POSITION
OF THE POLEMI BASIN. THE POINTS INDICATE THE LOCATIONS OF EACH OUTCROP DISPLAYED IN THIS
MANUSCRIPT. 11) FIGURE 4 - 18: REVERSE FAULT IN LEFKARA FORMATION. 12) FIGURE 4 - 19 INDICATES
REVERSE FAUTLS IN THE LEFKARA FORMATION AND FIGURE 4 - 20 ILLUSTRATES NORMAL SYN-
SEDIMENTARY FAULTS IN LEFKARA FORMATION. NORTHERN FAULT STRUCTURE IS AFTER SWARBRICK
[1993] AND BAILEY ET AL., [2000]. SOUTHERN FAULT STRUCTURE IS AFTER GEOTER, [2005]. BED
ORIENTATION AND DIPS ARE FROM THIS STUDY. ....cuiiiiiiiiiiiii ittt 157

FIGURE 4 - 18: PHOTOGRAPH DEPICTING FOLDED LEFKARA FORMATION CHALKS NEAR THE VILLAGE OF
FOINIKAS (FIGURE 4 - 17, POSITION 11). BIO-STRATIGRAPHY DATING INDICATED A PRIABONIAN AGE
(LATE EOCENE, NANNO FOSSIL ZONE NP 20/19), WHICH IS ASSOCIATED WITH THE UPPER LEFKARA
MEMBER CHALKS ...ttt bbb b sae e 158

FIGURE 4 - 19: PHOTOGRAPH DEPICTING A REVERSE FAULT DISPLACING THE CHALKS AND CHERTS OF THE
LEFKARA FORMATION NEAR THE VILLAGE OF NATA (FIGURE 4 - 17, POSITION 12). THE DIP OF THE
MEASURED FAULTS IS LARGE BETWEEN 40 TO B09. ......oouiiiiiiiiiiii ittt 159

FIGURE 4 - 20: PHOTOGRAPH DEPICTING NORMAL FAULTS DISPLACING LEFKARA FORMATION CHALK AND
CHERTS LAYERS (MID EOCENE AGE), NEAR THE VILLAGE OF NATA. SYN-SEDIMENTARY FAULT ACTIVITY IS
IDENTIFIED FROM THE CHANGE IN THICKNESS OF THE CHALKS ON EITHER SIDE OF THE DEPICTED FAULT.
THE INSET STEREOGRAPHIC PROJECTION ILLUSTRATES A NE-SW EXTENSION. OUTCROP LOCATION
INDICATED IN IN (FIGURE 4 - 17, POSITION 12)..c.utiiiiieiiiieiiienie ettt sttt saesre s s 160

FIGURE 4 - 21: PHOTOGRAPH SHOWING NORMAL FAULTS IN THE CHALK AND CHERT MEMBER OF THE LEFKARA
FORMATION (MIDDLE EOCENE AGE), NEAR THE VILLAGE OF NATA. A HORST GEOMETRY IS IDENTIFIED AT
THIS OUTCROP. THE INSET STEREOGRAPHIC PROJECTION INDICATES A NW-SE EXTENSION (FIGURE 4 - 17,
POSITION 12). .ttt et e h st et e e b sb e e b e bt e bt et e e b e seesrenbesreeanennan 161
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FIGURE 4 - 22: GEOLOGICAL MAP OF CYPRUS (FROM GSD COMPILED BY THE MAPS OF LAPIERRE, 1971; ZOMENI
AND TSIOLAKIS 2008) AT THE WESTERN FLANK OF THE LIMASSOL BASIN. THE RED SQUARE IN THE INSET
MAP DEPICTS THE POSITION OF THE LIMASSOL BASIN. THE POINTS INDICATE THE LOCATIONS OF EACH
OUTCROP DISPLAYED IN THIS MANUSCRIPT. 13) FIGURE 4 - 23: FOLDING IN MAMONIA COMPLEX. 14)
FIGURE 4 - 24: CONTACT BETWEEN LEFKARA AND MAMONIA COMPLEX. 15) FIGURE 4 - 25: FOLDING IN
THE PAKHNA FORMATION INDICATING LATE MIOCENE THRUSTING. 16) FIGURE 4 - 26: S-TYPE SHEARING
IN PAKHNA FORMATION. NORTHERN FAULT STRUCTURE IS AFTER SWARBRICK [1993] AND BAILEY ET AL.,
[2000]. SOUTHERN FAULT STRUCTURE IS AFTER GEOTER, [2005]. BED ORIENTATION AND DIPS ARE FROM
THIS STUDY. ettt bbbt e s s bt e s e b b e e e s b e s e e s bb e e e saba e e s sbaeessanbaeesannns 162

FIGURE 4 - 23: PHOTOGRAPH DEPICTING THE FOLDING OF MAMONIA COMPLEX RADIOLARIAN CHERT LAYERS,
NEAR THE VILLAGE OF STAVROKONNOU. FAULT THRUSTING MOVEMENT IS TOWARDS THE SW, WITH A
FOLD AXIS OF 155°, 04° E. EXACT AGE OF DEFORMATION IS DIFFICULT TO DETERMINE DUE TO THE LACK
OF SEDIMENTARY COVER. OUTCROP LOCATION INDICATED IN FIGURE 4 - 22, POSITION 13................... 163

FIGURE 4 - 24: PANORAMIC PHOTOGRAPH SHOWING THE STRATIGRAPHIC CONTACT BETWEEN THE TRIASSIC
MAMONIA COMPLEX AND THE OVERLYING LEFKARA FORMATION (MIDDLE EOCENE AGE) AT THE PETRA
TOU ROMIOU (WESTERN LIMASSOL BASIN). OUTCROP LOCATION INDICATED IN FIGURE 4 - 22, POSITION
PP PPPPRPNS 164

FIGURE 4 - 25: PHOTOGRAPH SHOWING FOLDED PAKHNA FORMATION CHALKS (MIDDLE MIOCENE AGE) NEAR
THE VILLAGE OF KOUKLIA. THRUSTING MOVEMENT IS OF QUATERNARY TIME AS FOLDED TERRACES
WERE IDENTIFIED IN A TRENCH EXCAVATION [RESULTS OF GEOTER, 2005], WITH THE FOLD VERGING
TOWARDS THE SW. FOLD AXIS 125°, 04°N. OUTCROP LOCATION INDICATED IN FIGURE 4 - 22, POSITION
USRS 165

FIGURE 4 - 26: PHOTOGRAPH DEPICTING FOLDING OF THE PAKHNA FORMATION (MID MIOCENE AGE) NEAR
THE PETRA TOU ROMIOU. REVERSE FAULT DISPLACEMENT IS ENVISAGED IN MIDDLE-LATE MIOCENE,
WITH A THRUSTING DIRECTION TOWARDS THE SW. A) THRUSTING AND SHEARING OF THE SEDIMENTS B)
FOLDING OF CHALKS CREATING KINKS OF APPROXIMATELY 90°. BOTH OUTCROPS ARE IN THE SAME
VICINITY. OUTCROP LOCATION IN FIGURE 4 - 22 POSITION 16......ccoiviiiiiiiiiiiiiiiiiiiiccien e, 166

FIGURE 4 - 27: GEOLOGICAL MAP OF CYPRUS (GSD COMPILED BY THE MAPS OF LAPIERRE, 1971; TURNER, 1992;
ZOMENI AND TSIOLAKIS 2008; ZOMENI AND GEORGIADOU, 2015) WITH THE MAIN TECTONIC
STRUCTURES IN THE EASTERN FLANK OF THE LIMASSOL BASIN. THE RED SQUARE IN THE INSET MAP
DEPICTS THE POSITION OF THE LIMASSOL BASIN. THE POINTS INDICATE THE LOCATIONS OF EACH
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OUTCROP DISPLAYED IN THIS MANUSCRIPT. 17) FIGURE 4 - 28: FOLDING IN THE LEFKARA FORMATION,
18) FIGURE 4 - 29: JUXTAPOSED VERTICAL BEDS OF LEFKARA FORMATION WITH TROODOS OPHIOLITES,
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Abstract

The Cyprus Arc system is a major plate boundary in the Eastern Mediterranean, where
different plates interact, namely the Arabian, African, Eurasian, as well as the Anatolian micro-
plate. It constitutes the northern boundary of the Levant Basin (thin stretched continental crust)
and the Herodotus Basin (oceanic crust). The Cyprus Arc is directly linked with the northward
convergence of the African continental plate with respect to the Eurasian continental plate since
the Late Cretaceous. The indentation of the Arabian plate and the slab pull effect of the African
plate roll back in the Aegean region on the eastern and western part of the Anatolian plate
respectively, lead to the westward escape of Anatolia from Late Miocene to Recent, which
results in a strike-slip component along the Cyprus Arc system and onshore Cyprus.

Several scientific questions with regard to the geological setting of the region were
investigated during this project. How is the deformation accommodated at the Cyprus Arc
system? Is this deformation style affected by the variation of the crustal nature at each domain?
How is this deformation recorded on the sedimentary pile onshore Cyprus? How does the
onshore and offshore deformation connect within the geodynamic context of the region?

In order to answer these scientific questions, 2D reflection seismic data were utilized,
that image the main plate structures and their lateral evolution south and east of Cyprus.
Interpretation of these data lead to the identification of nine tectono-sedimentary packages in
three different crustal domains south of the Cyprus Arc system: (1) The Levant Basin
(attenuated continental crust), (2) The Eratosthenes micro-continent (continental crust) and (3)
The Herodotus Basin (oceanic crust). Within these domains, numerous tectonic structures were
documented and analysed in order to understand the mechanism and timing of deformation.

At the northern boundary of the Levant Basin domain, thrust faults verging towards the
south were documented in the Cyprus Basin with the thrust movement commencing in Early
Miocene time as identified on the Larnaca and Margat Ridges. On the Latakia Ridge no activity
was identified during this time interval. The peak of deformation occurred in Middle to Late
Miocene time, with the activity of the Latakia Ridge indicating the forward propagation of the
deformation front towards the south. This southward migration was documented from the
development of flexural basins and from stratigraphic onlaps in the Cyprus Basin. Successive
tectonic pulses through the Late Miocene until Recent times, are evident from the angular
unconformities and the piggy back basins. In Plio-Pleistocene time, the westward escape of the
Anatolian micro-plate resulted in the reactivation of existing structures. The evolution to strike-
slip deformation along the plate boundary is identified by the creation of positive flower
structures revealing transpressive movements along the Larnaca and Latakia Ridges (eastern
domains). The central domain includes the Eratosthenes Seamount which is identified as a
Mesozoic carbonate platform covered by a thin sequence of sediments ranging from Miocene-
Messinian to Pliocene-Pleistocene deposits. An important thrust bordering a flexural basin



infilled by Plio-Pleistocene sediments is evidence of the active compressive nature of the
Cyprus Arc until Recent times and could be associated with the convergent movement of the
African plate and the collision and northward subduction of the Eratosthenes Seamount under
Cyprus. The South-West domain of the Herodotus Basin is characterized by thick Pliocene and
Messinian salt sedimentation, which poses difficulties in the observation of deep structures.
Messinian and Pliocene aged faulting is observed and could be attributed to salt tectonics. The
westward change in the internal architecture of the plate boundary as well as the increase in
shortening along the Cyprus Arc are in accordance with the change of the crustal nature of the
Eastern Mediterranean basin.

Two field campaigns were undertaken in order to record and constrain the tectonic
structures onshore Cyprus. The study area was the south and southwest Alassa and Polemi
Basins respectively. Initial reconnaissance lead to a number of outcrops consisting of the
following sedimentary formations: a) Triassic age Mamonia Complex; b) Campanian age
Kannaviou Formation; c) the Maastrichtian Moni and Kathikas Formations; d) the Paleogene
Lefkara Formation; e) the Miocene Pakhna Formation which is divided into the i) Early
Miocene Tera Member; ii) the Middle Miocene Pakhna Formation; and iii) the Late Miocene
Koronia Member; and f) the Plio-Pleistocene Nicosia Formation. The main focus of the two
campaigns was the Cenozoic sedimentary cover as the Late Cretaceous structures are difficult
to constrain due to the debris flow and melange nature. In the Polis Basin, an Oligocene to Early
Miocene thrusting movement was identified as Late Maastrichtian chalks are overlying Middle
Eocene chalks and cherts. This deformation phase was also observed on the eastern flank of the
Limassol Basin as Miocene Pakhna chalks are unconformably overlying the Eocene Lefkara
chalks, thus indicating a regional deformation event. A second tectonic pulse of Late Miocene
time was identified in the Polis Basin as Koronia Member reefs are in direct contact with the
Kannaviou Formation. In the Limassol Basin the Tortonian Koronia Member reefs are
overlying the Campanian Moni Formation, a large hiatus which is indicative of a regional
tectonic pulse. During the Plio-Pleistocene both basins are progressively shallowing due to the
collision of the Eratosthenes Seamount with Cyprus.

Based on the onshore observations, the geological maps were revised and information
from existing boreholes were utilized to create cross-sections of the SW and S part of the island.
Structural field data and bio-stratigraphic dating were gathered especially in the area of the
Polis Basin in order to comprehend the main geometries and to obtain key information in order
to constrain the timing of tectonic activity. These data are combined to propose reconstruction
models at different key periods which illustrate the structural evolution of SW Cyprus since
Late Cretaceous. Onshore and offshore observations highlight the deformation, in the form of
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SW verging thrusts. Although it is more difficult to constrain strike-slip faults, these are inferred
at least during the later stages of deformation.

Concluding three major deformation phases were identified, commencing with a
compression from Oligocene to Early Miocene time. The most intense compressional phase is
recorder in Middle to Late Miocene time and it is associated with propagation of the
deformation front towards the south and re-activation of inland structures. The final phase is
recorded in Plio-Pleistocene time and it is associated with strain partitioning and transpressive
deformation. These observations were tied together by using offshore data which provide a
large scale regional understanding and by correlating it with onshore data which provide a good
understanding of the outcropping formations and a good constrain on the timing of deformation.
In the eastern domain, the interaction between continental crust and attenuated continental crust
results in strike slip deformation, while in the central domain collision between
continent/continent crust results in compressional deformation.
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Resume

En M¢éditerranée orientale, I’arc de Chypre est une frontiere géologique majeure ou
interagissent les plaques Arabie, Afrique, Eurasie et la microplaque anatolienne. 1l constitue la
limite Nord du bassin du Levant (crolte continentale amincie étirée) et du bassin d’Hérodote
(crotite océanique). L’arc de Chypre est directement 1i¢ a la convergence vers le Nord de la
plaque Africaine sur la plague Eurasienne depuis la fin du Crétacé. Dans la région Egéenne,
I’indentation de la plaque Arabique sur la partie orientale de la plaque Anatolienne d’une part,
et I’effet « roll back » du plan de subduction africain dans la partie occidentale de la plaque
Anatolienne d’autre part, ont pour conséquence 1’expulsion de 1I’Anatolie depuis la fin du
Miocene a aujourd’hui, ce qui se traduit par un décrochement le long de 1’arc de Chypre, se
prolongeant sur 1’ile de Chypre.

Plusieurs questions scientifiques concernant le cadre géologique de la région ont été
étudiées au cours de ce projet. Comment la déformation est-elle intégrée dans le systeme de
I'Arc de Chypre? La variation crustale de chaque domaine affecte-t-elle le style de déformation?
Comment cette déformation est-elle enregistrée dans les sédiments de 1’ile de Chypre?
Comment ces déformations (Onshore / Offshore) peuvent étre connectées au contexte
géodynamique régional?

Afin de répondre a ces questions scientifiques, des données sismiques de réflexion 2D
ont été utilisées, et ont permis d’imager les structures principales et leur évolution spatiale dans
les parties Sud et Orientale de Chypre. L'interprétation de ces données conduit a I'identification
de neuf unités tectono-sédimentaires dans trois différents domaines de la croGte crustale au sud
du systeme de I'Arc chypriote: (1) le bassin du Levant (crolte continentale amincie), (2) le
micro-continent d'Eratosthéne (crolte continentale) et (3) le bassin d'Hérodote (crodte
océanique). Dans ces domaines, de nombreuses structures tectoniques ont été documentées et
analysées afin de comprendre le mécanisme et le timing de la déformation.

A la limite nord du domaine du bassin du Levant, des accidents majeures chevauchants
vers le Sud ont été documentés dans le bassin de Chypre, commengant au debut du Miocene et
enregistrés par les failles de Larnaca et de Margat. La faille Latakia n’a quant a elle enregistré
aucune activité pendant cette période. L'apogée de la déformation s'est produite du Miocéne
moyen jusqu’a la fin du Miocene, 1'activité de la faille de Latakia indiquant la propagation vers
le Sud du front de déformation. Cette migration vers le sud a été documentée a partir du
développement de bassins flexuraux et des chevauchements stratigraphiques dans le bassin de
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Chypre. Les pulses tectoniques successifs depuis la fin du Miocéne jusqu’a aujourd’hui, sont
indiquées par les discordances angulaires et les bassins piggy back. Pendant la période Plio-
Pléistocene, I’expulsion vers 1'ouest de la microplaque anatolienne a entrainé la réactivation des
structures existantes. L'évolution de la déformation le long de la limite de la plaque est identifiée
a partir de la création de structures en fleur positives révélant des mouvements transpressifs le
long des failles Larnaca et Latakia (domaines orientaux). Le domaine central comprend le mont
sous-marin d'Eratosthéne qui se caractérise comme une plate-forme carbonatée mésozoique
recouverte d'une mince séquence sédimentaire allant des dép6ts Messinien aux depdts
Pléistocene. L’un des marqueurs de 1’activité de la compression a cette période est le
chevauchement marquant la bordure du bassin flexural remplis de sédiments Plio-Pléistocene,
qui peut étre associé a la collision et a la subduction vers le Nord du mont sous-marin
Eratosthéne sous Chypre. Le domaine Sud-Ouest du bassin d’Hérodote est caractérisé par une
pile sédimentaire épaisse d’age Pliocéne et le dépot de sel Messinien, ce qui pose des difficultés
pour I’observation des structures profondes. Une activité des chevauchements, supposée
Messinienne a Pliocéne, pourrait étre attribuée a la tectonique salifere de cette période. La
variation latérale de 1’architecture interne en allant vers I’Ouest de la frontiere de plaque et
I’augmentation du raccourcissement le long de 1’Arc de Chypre sont concordantes avec le
changement de nature crustal du bassin méditerranéen oriental.

Dans ce projet, deux campagnes de terrain ont été entreprises afin de cartographier et de
contraindre les structures tectoniques de la partie Sud-Ouest de Chypre (bassins d’Alassa et de
Polémi). Ces deux campagnes visaient principalement la couverture sédimentaire Cénozoique,
les structures Crétacée étant difficiles a caractériser en raison de I’altération prononcée du
mélange. Dans le bassin de Polis, les failles chevauchantes ont été actives depuis 1’Oligoceéne
jusqu’au début du Miocéne. Cette phase de déformation a également été identifiée sur les flancs
Est du bassin de Limassol, montrant ainsi qu’il s’agit d’'une déformation régionale. Une seconde
phase de déformation compressive a été identifiée a la fin du Miocéne dans les bassins de Polis
et de Limassol, indiquant une déformation d’échelle régionale. Pendant le Plio-Pléistocéne, les
deux bassins subsident progressivement en raison de la collision d’Eratosthéne avec Chypre.

Des données structurales de terrain et des datations bio-stratigraphiques ont été
entreprises dans le but de comprendre les principales géométries actuelles et reconstruire
’activité tectonique dans le temps. Ces données ont été assemblées afin de proposer un modele
de reconstruction illustrant 1’évolution structural du Sud-Ouest de Chypre depuis la fin du
Crétacée.
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Trois phases de déformation majeures ont été identifiées, débutant avec une
compression a 1’Oligocéne jusqu’au début du Miocéne. La phase de compression la plus
importante est enregistrée au Miocéne moyen jusqu’a la fin du Miocéne et est associées avec la
propagation du front de déformation vers le Sud et la réactivation des structures internes. La
derniere phase de déformation est enregistrée au Plio-Pléistocene et est associée a un
partitionnement des contraintes et a une déformation transpressive. Ces observations ont été
reliées entre elles en utilisant les données offshore qui permettent une compréhension régionale
et les données de terrain qui permettent une bonne compréhension des affleurements et des
timings de déformation.

La partie orientale de ’arc de Chypre est finalement marquée par des déformation
transformantes tandis que le domaine central est marquée par la collision continent / continent
conduisant a des déformations compressives.
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Chapter 1: Introduction

The Eastern Mediterranean region is governed by a complex geological setting
depicting different, interactive plate boundaries, which create major tectonic structures (Figure
1 - 1). The continuous changes in tectonic regime through the geological periods, have shaped
this rather rugged corner of the world in a monumental way. The opening of the Neo-Tethys in
Early Mesozoic time in connection with the rifting phase from Triassic to Jurassic times, the
continuous convergence of the African and Eurasian plates since Late Cretaceous resulting in
the emplacement of the ophiolite bodies in the region and the expulsion of the Anatolian micro-
plate towards the West, are considered major geodynamic processes that impacted profoundly
the tectonic evolution of the Eastern Mediterranean.

The Cyprus Arc System which is situated just south of the island of Cyprus (Figure 1 -
1), is described as a major plate boundary that separates the African and Eurasian plates. It is
bordered to the north-east by the Cyprus Basin, which is covered by at least 4-6km of sediments
as identified on seismic profiles [Ben-Avraham et al., 1995; Vidal et al., 2000; Hall et al., 2005;
Calon et al., 2005; Bowman, 2011; Montadert et al., 2014] and a proposed crustal nature
consisting of obducted ophiolites [Calon et al., 2005; Bowman, 2011]. To the south-east, the
Cyprus Arc is bordered by the Levant Basin, which is considered as a deep basin infilled by a
thick sedimentary cover of around 12-14km [Makris et al., 1983; Vidal et al., 2000a, b; Ben-
Avraham et al., 2002; Montadert et al., 2014] and underlain by thin attenuated continental crust
[Netzeband et al., 2006; Granot, 2016; Inati et al., 2016]. Directly south it is bordered by the
Eratosthenes Seamount, a Mesozoic carbonate platform which is underlain by continental crust
[Welford et al., 2015]. Finally, the south-west boundary is the Herodotus Basin, a deep basin
filled by ~12km of sediments [Montadert et al., 2014], and floored by oceanic crust [Makris et
al., 1983; Vidal et al., 2000a, b; Ben-Avraham et al., 2002; Netzeband et al., 2006; Montadert
et al, 2014; Granot, 2016; Inati et al., 2016]. The eastern continuation of the Cyprus Arc system
is the Latakia Ridge system which extends onshore Syria and joins up with the Eastern
Anatolian Fault [Kempler and Garfunkel, 1991, 1994; Faccenna et al., 2006]. The western
continuation of the Arc joins up with the Florence Rise [Baroz et al., 1978; Woodside et al.,
2002; Hall et al., 2014] and passes from the offshore Anaximander Mountains [Zitter et al.,
2003; Aksu et al., 2005] to Antalya region (southwest Turkey) [Hall et al., 2014].

To this accord a large number of studies have been published in the last fifty years
focusing on deciphering the tectonic evolution of the eastern Mediterranean region by
establishing models that explain the key geological processes. A sizeable amount of studies
focuses on the onshore deformation and the tectonic structures in Cyprus [Lapierre et al., 1975;
Cleintuar etal., 1977; Mantis, 1977; Pantazis 1978; Robertson, 1977; Simonian and Gass, 1978;
Swarbrick and Naylor, 1980; Swarbrick and Robertson, 1980; Swarbrick, 1993; Eaton and
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Robertson, 1993; Payne and Robertson, 1995, 2000; Bailly et al., 2000; Lord et al., 2000; Baill
Harrison et al., 2004, 2008, 2012; Geoter, 2005; Kinnaird 2008; Kinnaird et al., 2011, 2013],
in Syria [Brew et al., 2001a, b; Kempler and Garfunkel, 1994; Al Abdala et al., 2010], in
Lebanon [Ghalayini et al., 2014, 2017; Homberg et al., 2010; Hawie et al., 2013], in Israel
[Garfunkel and Derin, 1984], in Egypt [Moustafa et al., 2010], in Turkey [Dilek and
Altunkaynak, 2009; Dilek and Sandvol, 2009; Robertson et al., 2012; Faccenna et al., 2006;
Kelling et al., 1987] and in Greece in the Aegean region [Jolivet and Facenna, 2000]. Offshore
investigations have proved extremely important for the recognition of tectonic structures, and
since the last decade they were beneficial for oil-gas companies. Indeed, such investigations led
to a number of major hydrocarbon discoveries such as Tamar, Leviathan, Aphrodite-A and Zohr
fields [www.nobleenergyinc.com; Montadert et al., 2010; Esestime et al., 2016], making this a
very prospective area for further research. These studies have highlighted structures such as the
Cyprus Arc system [Montadert et al., 2014; Reiche et al., 2015], the Latakia Ridge System
[Ben-Avraham et al., 1995; Vidal et al., 2000; Hall et al., 2005; Calon et al., 2005; Bowman,
2011; Montadert et al., 2014], and the Eratosthenes Seamount [Kempler, 1998; Robertson,
1998; Montadert et al., 2014; Welford et al., 2015]. They helped in gathering data about the
crustal nature that constitutes the different basins offshore via different geophysical techniques
[Makris et al., 1983, Ben-Avraham et al., 2002; Ergun et al., 2005; Netzeband et al., 2006;
Granot, 2016; Inati et al., 2016]. Nevertheless, questions still remain regarding the tectonic
deformation of the Cyprus Arc system through time. What impact does its configuration and
longitudinal change in tectonic regime have on the geodynamic context at a plate scale? What
are the deformation mechanisms that can explain this plate boundary?

The Levant Basin area is well documented [Gardosh and Druckman, 2006; Roberts and
Peace, 2007; Gardosh et al., 2010; Bowman, 2011; Hawie et al., 2013; Montadert et al., 2014,
Ghalayini et al., 2014], as is the Latakia Ridge [Vidal et al., 2000; Hall et al., 2005; Calon et
al., 2005; Bowman, 2011; Montadert et al., 2014]. Although data exist on the Cyprus Basin it
is not well constrained as most studies focus on the Latakia Ridge itself [\Vidal et al., 2000; Hall
et al., 2005; Calon et al., 2005; Bowman, 2011; Montadert et al., 2014]. In contrast the
sedimentary cover of the Herodotus Basin is still debated [Montadert et al., 2014]. Due to the
water depth and the lack of drilled wells, it is very difficult to describe the facies of the
sediments and thus understand the timing of deformation on the various tectonic structures.

Paleo-geographic, structural reconstruction models focusing on the Eastern
Mediterranean [Stampfli and Borel 2002; Garfunkel 1998, 2004; Barrier and Vrielynck, 2008;
Gardosh et al., 2010; Frizon de la Motte et al., 2011; Robertson et al., 2012; Montadert et al.,
2014] have illustrated that the region was first molded by a rifting phase that commenced in the
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Early Mesozoic and halted in Mid-Late Jurassic time [Gardosh and Druckman, 2006]. A
compressional regime followed suite from Late Cretaceous until Late Miocene, expressed by
the continuous northward convergence of the African continental plate with respect to the
Eurasian continental plate and evidenced by the emplacement of the ophiolite suite at Baer-
Bassit (Syria), at Troodos (Cyprus) and at Antalya (Turkey) [Montadert et al., 2014]. From Late
Miocene onwards, a change in tectonic regime from a compressional to a transpressional regime
(Latakia Ridge) is attributed to the westward expulsion of the Anatolian micro-plate [McClusky
et al., 2003; Wdowinski et al., 2006; Faccenna et al., 2006; Le Pichon and Kreemer, 2010].

This complexity of the Eastern Mediterranean region is directly connected with the
northward movement of the African continental plate with respect to the Eurasian plate and the
differential crustal nature that underlays each domain. The results of this displacement are well
documented from investigations on tectonic structures such as: a) the Zagros Thrust belt (Figure
1 - 2), which resulted from continent-continent collision [Agard et al., 2011]; b) the Hellenic
Arc (Figure 1 - 3), developed under an extensional regime due to the northward subduction of
the African plate under the Aegean region which later changed into slab roll back [Dilek and
Sandvol, 2009]; and c) the Cyprus Arc system (Figure 1 - 4), with its eastern segment
illustrating transpressional regime in response to the collision between a thin attenuated
continental crust (Levant Basin) and a suspected ophiolite basement (Cyprus Basin) and its
central segment displaying a compressional regime from the collision of Eratosthenes
Seamount with the island of Cyprus [Montadert et al., 2014].

Several authors attribute the general tectonic evolution of Cyprus and the particular
evolution of the Cyprus Arc system to an advanced collision setting of the African and Eurasian
plates. This collision in Eocene time, resulted in the creation of southward verging thrust
systems [Sage and Letouzey, 1990; Calon et al., 2005]. By Miocene time, thrusting on the
Troodos-Larnaca culmination and the Kyrenia Range results in the creation of the Mesaoria
Basin which is considered as a piggy back basin [Calon et al., 2005]. Evidene of activity is
indicated by two deep boreholes [Cleintuar et al., 1977], where Eocene deep pelagic carbonates
of the Lefkara formation and Miocene hemi pelagic carbonates of the Pakhna Formation are
juxtaposed with a thick sequence of Miocene flysch deposits of the Kythrea Formation [Calon
et al., 2005]. A second group of authors, associate the tectonic evolution with a transpressive
regime as most of the tectonic structures identified onshore from Late Miocene onwards are in
accordance with strike slip deformation [Harrison et al., 2004, 2008, 2012]. The Ovgos fault in
the Mesaoria Basin is one example as sediments of Miocene and Pliocene age are laterally
displaced and juxtaposed [Harrison et al., 2004, 2008]. Thus a restraining bend model is
proposed in order to explain the evolution of the region [Harrison et al., 2008]. A third scenario
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is proposed invoking subduction and collision in Pliocene to Recent times [Robertson, 1990].
During the Early Neogene the pre-existing subduction zone was reactivated as evidenced by
the change in depositional sediments from Paleogene deep pelagic chalks of the Lefkara
Formation to the Miocene hemipelagic chalks of the Pakhna Formation [Eaton and Robertson,
1993]. From Early Miocene onwards, slab roll-back is proposed associated with extensional
faults in the Polis graben [Payne and Robertson, 1995]. The uplift in Pliocene time is attributed
to the collision of the Eratosthenes Seamount with Cyprus, as it is indicated by the deposition
of clastic material throughout the island [Robertson, 1998; Kinnaird et al., 2011; Kinnaird and
Robertson, 2013].

The differentiation of the crustal nature along strike of the Cyprus Arc system is an
integral part of the deformation style with the interaction not fully understood in this
compressional/transpressional setting. Question marks still loom large with respect to the
deformation mechanisms that explain the mixture of tectonic structures and styles along of the
Cyprus Arc system. How does the deformation style evolve along strike at this major plate
boundary? How do the different crustal natures of the interacting domains affect the
deformation patterns recorded in the sedimentary cover?

Thus the aim of this PhD project is to test the pre-existing theories of tectonic evolution
onshore and offshore Cyprus and provide an adequate understanding for the geodynamic
processes which are tied with the small scale tectonic structures, by proposing a working
conceptual model regarding the role of major plate boundaries such as the Cyprus Arc system,
in this complex geodynamic region. This will be achieved by examining the deformation style
onshore Cyprus through field work undertaken in the south and south-west areas of the island,
in combination with the interpretation of industrial quality reflection seismic profiles (24
profiles, 2D) that cover the Exclusive Economic zone of Cyprus (courtesy of PGS and the
Ministry of Energy, Commerce, Industry and Tourism of the Republic of Cyprus).

Onshore field campaigns and acquisition of structural data, enabled the documentation
of the tectonic stress prevailing during different time periods. Field investigations also helped
in constructing key geological cross sections. The seismic interpretation aided in the
documentation of the main tectonic structures in the Eastern Mediterranean basin (offshore
Cyprus), thus providing the tools to constrain the timing and deformation mechanisms of the
Cyprus Arc system. As a result by combining the onshore and offshore data a regional synthesis
is proposed. Through this work it is illustrated that the variation in crustal nature influences the
deformation style distinctively in the onshore sedimentary basins (in the west Polis Basin, in
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the south Limassol Basin and in the north Mesaoria Basin) and similarly offshore Cyprus as it
is portrayed at the eastern and western segment of the Cyprus Arc system.

The PhD Thesis is organized in six chapters, which are presented as follows: the
introduction of the thesis indicates the geography of the Eastern Mediterranean region, it
portrays the pre-existing studies in the different domains, discusses the scientific questions and
the significance of the work undertaken. The second chapter, focusses on the literature review
with regard to the major tectonic structures that are documented in the Eastern Mediterranean
region, thus aiming to comprehend the tectonic evolution of this region. In chapter 3 the
offshore tectonic structures are described as the interpretation of seismic data highlights the
deformation timing and mechanism of the investigated structures. This chapter is in the form
of an article, which is accepted in the journal of AGU Tectonics with the title: Longitudinal and
temporal evolution of the tectonic style along the Cyprus Arc system, assessed through 2D
reflection seismic interpretation. The fourth chapter examines the onshore deformation as it was
documented from field campaigns and the recorded fault measurements and field observations.
Chapter 5 consists of a synthesis of the results obtained throughout this PhD and the assessment
of the onshore and offshore data in order to comprehend the regional tectonic evolution. The
last chapter exhibits the conclusions derived from this thesis.
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Figure 1 - 1: Tectonic map of the Aegean and eastern Mediterranean region, showing the main plate boundaries,
major suture zones, and fault systems. Thick, white arrows depict the direction and magnitude (mm/a) of plate
convergence; grey arrows mark the direction of extension (Miocene—Recent) (from Reilinger et al., 2006). Light-
grey tone north of the North Anatolian Fault Zone (NAFZ) and west of the Calabrian Arc delineates Eurasian
plate affinity, whereas the grey tones south of the Hellenic, Strabo and Cyprus Trenches delineate African plate
affinity. BF, Burdur fault; CACC, Central Anatolian Crystalline Complex; DKF, Datca-Kale fault; EAFZ, East
Anatolian fault zone; EF, Ecemis fault; EKP, Erzurum-Kars Plateau; IASZ, 1zmir-Ankara suture zone; IPS, Intra-
Pontide suture zone; ITS, Inner-Tauride suture; KF, Kefalonia fault; KOTJ, Karliova triple junction; MM,
Menderes massif; MS, Marmara Sea; MTR, Maras triple junction; NAFZ, North Anatolian fault zone; OF, Ovacik
fault; PSF, Pampak-Sevan fault; TF, Tutak fault; TGF, Tuz Golu fault; TIP, Turkish-lranian plateau [from Dilek
and Sandvol, [2009], as it was modified from Dilek [2006]. Red lines indicate the locations of the three figures
that follow.
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Figure 1 - 2: Geological cross section through the Zagros Fold and Thrust belt, illustrating the tectonic
deformation in the Zagros region [Agard et al., 2011].
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Figure 1 - 3: Geological cross section indicating the subduction of the African plate under the Aegean region and
slab roll back [Dilek and Altunkaynak, 2009].
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Figure 1 - 4: Geological cross section illustrating the collision of the Eratosthenes Seamount with the island of
Cyprus [modified by Kinnaird, 2008 from original Sage and Letouzey, 1990].
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2.1 Regional geology

The Eastern Mediterranean domain is considered as a remnant of the Neo-Tethys Ocean
[Robertson, 2007; Gardosh et al., 2010; Montadert et al., 2014]. Its present day configuration
consists of various lithospheric plates, under a collisional regime. These lithospheric plates are
the African continental plate, the Arabian continental plate, the Eurasian continental plate and
the Anatolian micro plate.

The African and Arabian continental plates are moving northwards at a rate of
~10mm/yr and ~15-18mm/yr respectively, in correlation with a fixed Eurasian plate.
[McClusky et al., 2000]. In comparison, the Anatolian micro plate is moving towards the West
at ~15mm/yr (central Turkey), while in the Aegean region the Anatolian plate is moving
towards the SW at a rate of ~30mm/yr [McClusky et al., 2000].

The northward movement of the African plate results in a convergence regime as
currently it collides with the Eurasian plate with the main plate boundary expressed as the
Cyprus Arc system (Figure 2 - 1). The northward movement of the Arabian plate (which results
in the creation of the Dead Sea Transform Fault) and the slab pull of the subducting African
plate in the Aegean region, result in the westward escape movement of the Anatolian micro
plate. This westward escape is evidenced as a transpressional regime at the eastern part of
Turkey and at the eastern extent of the Cyprus Arc system.

The Eastern Mediterranean region is divided into different domains with different
composition as they correspond to the Late Eocene closing of the Neo-Tethys Ocean [Barrier
and Vrielynck, 2008; Frizon de la Motte et al., 2011]. These domains are: a) the Levant Basin
which consists of thin attenuated continental crust; b) the Herodotus Basin consisting of oceanic
crust; c) the Cyprus Basin, which is poorly constrained but it is proposed that it consists of
obducted ophiolite onto continental crust; d) the island of Cyprus underlain by continental crust,
characterized by the exposure of the ophiolite sequence on the Troodos Montains; and €) the
Eratosthenes micro continent interpreted as a Mesozoic carbonate platform which is underlain
by continental crust (Figure 2 - 2).

The breakup of the supercontinent of Pangea and the formation of the Neo-Tethyan
Ocean took place in Late Paleozoic time [Gardosh et al., 2010]. The initial rifting phase in the
Eastern Mediterranean region was followed by a convergent phase that resulted in the creation
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of tectonic structures (i.e. Cyprus Arc zone, Latakia Ridge), basins (i.e. Levant and Herodotus
Basins) and the emplacement of the ophiolitic belt in the region [Garfunkel, 1998; McClusky
et al., 2003]. A number of palinspastic maps were proposed in order to constrain the
geodynamical context of the Neo-Tethys Ocean, which will be presented below.

Figure 2 - 1: Regional geological map illustrating the main tectonic elements [Ghalayini, 2015].
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Figure 2 - 2: Schematic cross section across the Levant lithosphere, showing the main units and interfaces used
during the isostatic calculation. Position indicated in Figure 2 - 1. [Inati, et al., 2016].

2.1.1 Late Permian — Early Jurassic

The Late Paleozoic to Early Mesozoic period is considered to be at the onset of fragmentation
of the northern margin of the super-continent of Pangea and Tethyan rifting [Gardosh et al.,
2010; Montadert et al., 2014]. The breakup of the Gondwana (southern part of Pangea) resulted
in the creation of smaller continental fragments like the Tauride micro-continent (Figure 2 - 6)
which rifted form the northern margin of Gondwana and then drifted further north towards the
Eurasian continental plate [Garfunkel, 2004; Bowman, 2011]. The breakup led to the opening
of the Neo-Tethys Ocean and the gradual creation of smaller oceanic basins, separated by the
resulting continental fragments [Robertson, 2007; Robertson et al., 2012]. Garfunkel [2004]
suggests that the rifting of the Tauride micro-continent caused the formation of the Eastern
Mediterranean (perceived as a relic of the southern Neo-Tethys) and the Levant margin. The
southern Tethys Ocean is preserved, although it is fragmented into several pieces including
oceanic basins (Herodotus Basin), relic oceanic crust emplaced as ophiolitic belts (Baer Bassit
in Syria and Troodos ophiolites in Cyprus) and a hyper extended domain (Levant Basin). The
Tethyan rifting in Early Mesozoic, culminated in the creation of the Levant Basin from an
extensional regime of NW-SE orientation [Garfunkel, 1998; Gardosh and Druckman, 2006;
Gardosh et al., 2010]. The Levant Basin is in-filled by 12-15km of sediments of probably
Triassic-Jurassic age until recent [Makris et al., 1983; Vidal et al., 2000a, b; Ben-Avraham et

51



Chapter 2: Geological Setting

al., 2002; Montadert et al., 2014]. Its crustal nature is considered as a thin (~8 km) attenuated
continental crust [Netzeband et al., 2006; Granot, 2016; Inati et al., 2016]. The Eratosthenes
micro-continent is described as a Mesozoic carbonate platform underlain by continental crust
[Markris et al., 1983; Welford et al., 2015] which was rifted from the northern margin of the
Arfican plate [Garfunkel, 1998]. Towards the west, the Herodotus Basin is constructed by
oceanic crust [Granot, 2016] and it is covered by a thick sedimentary sequence of 12-14km
[Montadert et al., 2014]. The ophiolitic belt is regarded as a remnant of the southern Tethys
Ocean and was obducted during Early Campanian to Late Maastrichtian time. Biostratigraphic
dating of foraminifera bearing radiolarian sediments observed at the contact between the Upper
and Lower Pillow Lavas, suggested an extrusion age of Cenomanian to Campanian time for the
Upper Pillow Lavas [Mantis, 1971]. A later study based on U-Pb dating of the plagiogranites
of the Troodos Ophiolites revealed an age of early Late Cretaceous time (Cenomanian, 92-95
Ma) [Mukasa and Ludden, 1987] which is in good accordance with the biostratigraphic data
presented by Mantis [1971].

Whereas most of the Tethyan structures were amalgamated in the collision zones, the
Levant Basin constitutes a well preserved and moderately deformed domain. Rifting in the
Levant Basin started from Middle Triassic (Anisian), and continued through the Late Triassic
(Liassic) (Figure 2 - 6) and Early-Mid Jurassic (Bajocian-Bathonian) (Figure 2 - 6, Figure 2 -
8). It finally ended in Mid-Late Jurassic time [Gardosh and Druckman, 2006; Gardosh et al.,
2010; Montadert et al., 2010; Bowman, 2011]. The Tauride micro-continent which emanates
from the continental breakup and the Tethyan rifting (Figure 2 - 3), is initially placed opposite
Egypt due to its Pre-Cambrian basement and the similarity in Paleozoic sediments with the
Northern Egypt and Western Sinai regions [Garfunkel and Derin, 1984]. Offshore Israel,
continuous rifting during the Anisian-Liassic period [Gardosh and Druckman, 2006], led to the
thinning of the crust. Wells drilled onshore show that in Middle Triassic faulting was intense
as sediments in the Helez drill hole (Figure 2 - 13) were displaced by 0.5-1km [Garfunkel and
Derin, 1984]. In north Sinai, Moustafa [2010] indicates that the divergence of Arabia and
Eurasia resulted in the thinning of the continental crust from 32km to 27km and the creation of
the extensional basins of Maghara, Yelleg and Halal in Egypt (Figure 2 - 13).

Several geodynamic models were proposed to explain formation of the Levant Basin
[e.g. Gardosh et al., 2010, and references therein]. Dewey et al. [1973], Robertson and Dixon
[1984], Stampfli and Borel [2002], all suggest that the Levant Basin opened in a NE-SW
direction. The Levant margin (now located along the Israeli, Lebanese and Syrian coast) is
interpreted by these authors as a N-S directed transform margins as depicted in Figure 2 - 3a.

52



Chapter 2: Geological Setting

Garfunkel and Derin [1984], suggested extension and rifting of NW-SE orientation. The
separation was accommodated by a transform fault which runs along the Sinai coast and
projected a southern transform margin (Figure 2 - 3b). Gardosh et al. [2010] state that the
normal faults found in the area have a dominant direction of NE-SW to ENE-WSW (i.e.
offshore/onshore Israel or even in northern Sinai). The proposed direction shows that the
extension in the area is perpendicular to the strike of the normal faults with a direction of NW-
SE and NNW-SSE as it was suggested by Garfunkel [1998] (Figure 2 - 3d). The outcome was
the separation of the Tauride micro-continent and the Eratosthenes continental block from the
Gondwana plate.

By comparing the models of Dewey et al. [1973], Robertson and Dixon [1984], Stampfli
and Borel [2002] in Figure 2 - 3a, Gardosh et al., [2010] realized that this model is not supported
by the geological data as the main structural elements and the directions of the faults found in
the Levant Basin were not consistent with NE-SE extension along a N-S transform margin
[Gardosh et al., 2010]. It is proposed that the main trend of rifting, follows a NW-SE direction
of opening as it is illustrated in the proposed models (Figure 2 - 3c and d) and from field
observations [Gardosh et al., 2010].

Montadert et al. [2014] suggested the creation of the Levant Basin from Triassic to
Middle Jurassic times (Figure 2 - 4), in contrast with the model proposed by Gardosh et al.,
[2010], who suggested the basin formed from Late Permian to Early Triassic time. Gardosh et
al., [2010] propose the creation of a small number of faults during the rifting process. Montadert
et al., [2014] suggest segmented structures in the Levant Basin including numerous transform
faults, with the rifting occurring in pulses and opening in the western part of the region with the
creation of oceanic crust (Figure 2 - 4, orange arrows) under the Herodotus Basin which is
attested by the gravity and magnetic anomalies maps [Woodside, 1977].

Ongoing rifting resulted in the separation of the Eratosthenes Continental Block (ECB)
from the Arabian continental plate (Figure 2 - 6) [Montadert et al., 2014], with many authors
proposing that its current shelf edge fits closely to the present day coastline and therefore it is
perceived as a continental block which was detached from the Arabian plate [Garfunkel, 2004;
Gardosh et al., 2010].

53



Chapter 2: Geological Setting

Taurid T

it ot

Gondwana

Gonr{w&na |
Permé-Triaésic Triaséic
(c) F ——
et v “r'
""""""" C
Taurid . y
Seemmma=T -7 )‘i’y
Gondwana = ¥ Gondwana
Permo;Triaésic L. Triéssic;E. Jurassic

l__j_ —_—_11 Sea-floor spreading, /;, Continental breakup,

new oceanic crust rifting

Figure 2 - 3: Several alternative reconstructions of the Tethyan rifting in the Levant region. Two previously
proposed models are: (a) After Dewey et al. [1973] and Stampfli and Borel [2002], showing north-south extension
with eastern transform margin and (b) after Garfunkel and Derin [1984] and Garfunkel [1998], showing NW-SE
extension with southern transform margin. Reconstructions (c) and (d) are based on Gardosh et al., [2010].
Tethyan rifting on the northern margin of Gondwana was pulsed and progressed from the Late Paleozoic (c) to
Early Jurassic (d) [from Gardosh et al., 2010].

54



Chapter 2: Geological Setting

| = Triassic to
Mid. Jurassic

AF

Figure 2 - 4: Paleotectonic sketch maps of the Eastern Mediterranean since the Triassic (ER=Eratosthenes
Continental Block, CY=Cyprus, BD= BeyDaglari, HB=Herodotus Basin, PB=Pamphylian Basin, T=Taurus,
AR=Arabia, AF=Africa, MR=Mediterranean Ridge). (I) rifting from Triassic to Middle Jurassic. [from Montadert
etal., 2014].

The southern branch of Tethys, which is now identified as the Tauride block in south
Turkey, is a core complex consisting of Precambrian and Jurassic to Early Cretaceous carbonate
rocks intercalated with volcano-sedimentary rocks [Ricou et al., 1975; Dilek and Sandvol,
2009]. Emplacement of the ophiolitic belt onto the Tauride block occurred in Late Cretaceous
and is linked with metamorphism in the Anatolide-Tauride block [Dilek and Sandvol, 2009].
The closure of the northern branch of the Neo-Tethys in Early Eocene, resulted in the collision
of the Sakarya continent with the Anatolide-Tauride block, which caused regional deformation
and metamorphism, observed in the central and southern part of Turkey [Dilek and Sandvol,
2009].

2.1.2 Late Jurassic — Early Cretaceous

Rifting ceased by Mid-Late Jurassic time as it is suggested by the transition from
volcanics to the deposition of clastic sediments [Gardosh and Druckman, 2006; Gardosh et al.,
2010; Bowman, 2011; Montadert et al., 2014].
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During Early Cretaceous the Lebanese margin and nearby areas were dominated by the
deposition of either shallow marine carbonates or continental sandstones [Homberg et al.,
2010]. Measured faults in the Mount Lebanon anticline are characterized by steeply dipping
planes implying normal faults of WSW-ENE to WNW-ESE direction, associated with an
extensional setting of roughly N-S direction that occurred during Early Cretaceous time, up
until the Cenomanian (Upper Cretaceous time) [Homberg et al., 2010].The field-investigated
faults of Mesozoic age were located in the Chouf sandstone (Lebanon). Lenses of Upper
Oxfordian to Early Kimmeridgian basaltic formations were also observed in the fluvial deposits
of the Chouf sandstone [Homberg et al., 2010]. These deposits attest to an extensional regime
and subsequent volcanic activity of Early Cretaceous age in Lebanon [Homberg et al., 2010].
Brew et al., [2001a] are in agreement with this volcanic activity as they suggest Early
Cretaceous mantle plume activity underneath Syria, marked by alkaline volcanism and block-
faulting.

Montadert et al., [2014], propose that the Eratosthenes Continental Block (ECB) was
detached from the African plate during Late Triassic to Early Jurassic times. In contrast with
Gardosh et al. [2010], the model of Montadert et al. [2014] proposes that the ECB was moving
faster towards the NW as they postulated spreading and extension (Figure 2 - 5, orange arrows)
by Upper Jurassic to Lower Cretaceous time (Figure 2 - 5).

N
Il - Upper Jurassic
to Lower-Cretaceous

Figure 2 - 5: Paleotectonic sketch maps of the Eastern Mediterranean from Late Jurassic to Early Cretaceous
(ER=Eratosthenes Continental Block, CY=Cyprus, BD= BeyDaglari, PB=Pamphylian Basin, T=Taurus,
AR=Arabia, AF=Africa). (II) Blue arrows indicate extension and spreading from Upper Jurassic to Lower

Cretaceous. [from Montadert et al., 2014].
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Figure 2 - 6: Palinspastic reconstruction of the Tethys region in Late Triassic times, indicating the main structural

elements [Barrier and Vrielynck, 2008]. Black box indicates the study area. Lithology and tectonics elements as

in Figure 2 - 7.
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Figure 2 - 7: Description of tectonic elements, lithology, kinematics and palaeogeography for the palinspastic
reconstruction models as illustrated in Figure 2 - 6, Figure 2 - 8, Figure 2 - 9, Figure 2 - 10, Figure 2 - 11.
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Figure 2 - 8: Palinspastic reconstruction of the Tethys region in Middle to Late Jurassic times, indicating the main
structural elements and the NW-SE opening of the Neo-Tethys Ocean [Barrier and Vrielynck, 2008]. Black box
indicates the study area. Lithology and tectonics elements as in Figure 2 - 7.

2.1.3 Upper Cretaceous — Oligocene

The Upper Cretaceous to Paleogene period (Figure 2 - 9) is considered to be the start of
convergence between the African and Eurasian plates [Bowman, 2011; Klimke and Ehrhardt,
2014; Montadert et al., 2014]. It resulted in the formation of the Cyprus Arc belt which is
described by Montadert et al. [2014] as a “south-verging fold and thrust belt, still active today”
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that runs from the Syrian coast to Turkey though the island of Cyprus. In Late Maastrichtian
times, the initial closing stage of the Neo-Tethyan Ocean due to the convergence of the tectonic
plates had come to an end and ophiolites were emplaced in Baer-Bassit in Syria, Hatay in
Turkey and the Troodos ophiolites of Cyprus [Garfunkel, 2004]. Some authors suggest that the
Latakia Ridge system initiated during Late Cretaceous times, as a compressional fold-thrust
belt due to the convergent movement between the African and Eurasian plates [Vidal et al.,
2000a, b; Bowman, 2011].

The first phase of the Syrian Arc formation (Up. Cretaceous to Early Eocene) emanated
from the Upper Cretaceous compressional regime that affects the region, as evidenced in the
west Coastal Ranges of Syria where uplifted Jurassic and Upper Triassic sediments are exposed
on the surface [Brew et al., 2001b]. In North Sinai, compression and folding of Upper
Cretaceous time is evident from the echelon folds of the Mitla Pass area (Figure 2 - 13), where
Cenomanian, Turonian and Late Senonian formations are deformed [Moustafa, 2010]. A model
for the Upper Cretaceous (Figure 2 - 12) illustrates the change in motion that affected the
Eastern Mediterranean region (Figure 2 - 12, orange arrows).The compressional motion creates
the subduction of pre-existing oceanic basins (Pamphylian Basin) and the generation of the
Cyprus Arc zone that runs from Baer-Bassit in Syria to the Antalya region of southern Turkey
through Cyprus [Montadert et al., 2014].

An active subduction zone of Paleogene age (Figure 2 - 10) is proposed south of the
Cyprus Arc system from the seismic data recorded in the northern Levant Basin, as it postulated
by the contrast in thickness between the older and thicker Late Cretaceous (Senonian)-Eocene
sediments with the thinner and younger Oligo-Miocene sediments [Montadert et al., 2014]. In
the Eocene period the on-going convergence of the African and Eurasian plates, led to the final
closure of the Neo-Tethyan Ocean [Bowman, 2011].

Brew et al., [2001b] argue that the first stage of uplift of the Syrian coastal ranges
decelerates by Mid-Eocene. This is indicated from field observations as limestone deposits seal
the Paleogene deposits throughout Syria. A second uplift was proposed by Early Eocene to
Miocene time as no strata of this age is identified in the Syrian coastal ranges [Brew et al.,
2001b]. In north Sinai, Moustafa [2010] postulates folding of Middle to Late Eocene age, as
observed from the folded rocks of Falig anticline and El Dirsa (Figure 2 - 13) (Early Eocene
and M. Eocene rocks respectively).
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Figure 2 - 9: Palinspastic reconstruction of the Tethys region in Early Campanian times, indicating the main
structural elements [Barrier and Vrielynck, 2008]. Black box indicates the study area. Lithology and tectonics
elements as in Figure 2 - 7.
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Figure 2 - 10: Palinspastic reconstruction of the Tethys region in Middle Eocene times, indicating the main

structural elements [Barrier and Vrielynck, 2008]. Black box indicates the study area. Lithology and tectonics
elements as in Figure 2 - 7.
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Figure 2 - 11: Palinspastic reconstruction of the Tethys region in Plio-Pleistocene times, indicating the main

structural elements [Barrier and Vrielynck, 2008]. Black box indicates the study area. Lithology and tectonics
elements as in Figure 2 - 7.
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Figure 2 - 12: Paleotectonic sketch maps of the Eastern Mediterranean from Late Cretaceous to Oligocene
(ER=Eratosthenes Continental Block, CY=Cyprus, BD= BeyDaglari, HB=Herodotus Basin, PAL=Pamphylian
Basin, T=Taurus, AR=Arabia, AF=Africa). (1) Late Cretaceous: Formation of the Cyprus Arc and Ophiolite
Belt, subduction continuing during Paleogene [from Montadert et al., 2014].

2.1.4 Miocene — Present

The Miocene is marked by the separation between Arabia and Africa, the initiation of
the Dead Sea Transform fault and the movement of the Anatolian micro-plate towards the west
[Montadert et al., 2014]. By Middle Miocene the increased northward movement of Arabia
(~18-25 mm/yr [McClusky et al., 2000]) with respect to Africa (~10 mm/yr [McClusky et al.,
2000]) was accommodated by the Dead Sea Transform fault [Brew et al., 2001b].
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Figure 2 - 13: Regional map of the Eastern Mediterranean illustrating the main structural elements in the region.
Inset map indicates the area of interest Abbreviations: EAF=East Anatolian Fault, M=Maghara fold, Y=VYelleg
fold, H=Halal fold, G.F=Falig anticline, G.ED=EI Dirsa anticline, MP=Mitla Pass. [modified from Bowman,
2011].

The northward movement of the Arabian plate resulted in the westward escape of the
Anatolian microplate during latest Miocene to Early Pliocene (Figure 2 - 11) [Le Pichon and
Kreemer, 2010; Montadert et al., 2014]. The result of this movement is the creation of a triple
junction point, which is comprised of the East Anatolian Fault (sinistral strike-slip fault), the
Latakia Ridge (sinistral strike-slip fault) and the Dead Sea Transform fault (sinistral strike-slip
fault) (Figure 2 - 13) [Kempler and Garfunkel, 1994; Aksu et al., 2005]. Westward of the triple
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junction the motion changes from slight compression to extension with regard to the strike of
the boundaries, while east of the triple junction the motion is characterized by shortening which
is transverse to the plate boundary [Kempler and Garfunkel, 1994]. The result of the movement
of the Anatolian micro-plate towards the SW is the creation of strike-slip faulting in the eastern
part of the Cyprus Arc system and the initiation of the strike-slip movement of the Latakia
Ridge system, which constitutes the offshore continuation of the Eastern Anatolian fault
[Kempler and Garfunkel, 1994; Montadert et al., 2014]. Montadert et al. [2014] evolutional
model (Figure 2 - 14) refers to the progressive but continued separation of Arabia from Africa
and the compressional deformation due to the movement of Africa-Eurasia plates (Figure 2 -
14, orange arrows).

Bowman [2011] suggested that the initial compressional nature of the Latakia Ridge
system changes to a sinistral strike-slip regime, as is supported by seismic interpretation from
data that cover the northern part of the Levant basin [Hall et al., 2005a, b]. This change in
motion is associated with the re-organization of tectonic stresses of the major plates by Late-
Miocene to Early-Pliocene time [Bowman, 2011]. Analogue modelling experiments indicate
that this re-organization of the stress is due to slab break-off under the Bitlis-Zagros suture zone
[Faccenna et al., 2006].

The strike slip deformation in the Tartus Ridge (eastern segment of the Latakia Ridge,
Figure 2 - 13) is defined by sub-vertical faulting and uplift along its margins, while the
deformation at the Latakia and Margat Ridges is defined by the back-thrusts with opposite
direction from the earlier SE trending compression thrusts close to the Syrian margin, thus
creating pop-up and flower structures [Bowman, 2011].

Kinnaird and Robertson [2013] suggested that the ECB collided with the Cyprus arc
during Early Pleistocene times, thus subducting underneath the arc and causing intense uplift
[Garfunkel, 1998; Robertson et al., 2012] of the island of Cyprus. The arrival of the ECB at the
Cyprus Arc system during this time is portrayed as the point at which a change in plate tectonics
occurs passing from subduction to a continent-continent collision [Schattner, 2010]. Plate
kinematics and GPS velocities in recent times [McClusky et al., 2000, 2003; Reilinger et al.,
2006], suggest that while the Anatolian plate rotates counter-clockwise, Africa continues its N-
NW motion, resulting in the sinistral strike-slip movement along the Cyprus Arc system in
accordance with the Latakia Ridge [Vidal et al., 2000a, b; Hall et al., 2005a, b; Le Pichon and
Kreemer, 2010; Bowman, 2011].
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At the foot of the Cyprus arc in the Levant Basin, subduction was still active [Robertson,
1998], and compressional structures were shaped while to the west the creation of the
Mediterranean Ridge is perceived [Montadert et al., 2014].

IV - Miocene to Present

Figure 2 - 14: Paleotectonic sketch maps of the Eastern Mediterranean of Miocene to Present (ER=Eratosthenes
Continental Block, CY=Cyprus, BD= BeyDaglari, HB=Herodotus Basin, AR=Arabia, AF=Africa). (IV) Miocene
to Plio-Pleistocene geodynamic model [from Montadert et al., 2014].
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2.2 Gravity and magnetic data

The palinspastic reconstructions of the Eastern Mediterranean indicate the complex
tectonic evolution of the region. The different crustal fragments described above are further
constrained through gravity and magnetic data. These data give further indication for the nature
of the crust thus clarifying the different pieces that make up the Eastern Mediterranean.

2.2.1 Gravity data

A positive anomaly that relates to the Late Cretaceous ophiolites of the Cyprus Arc belt
is observed, passing from Baer-Bassit in Syria to Antalya in Turkey through Cyprus (Figure 2
- 15), with the values changing along the Arc presumably due to the subduction of Eratosthenes
continental block under Cyprus which causes the uplift of the island and can be connected with
the high values found onland Cyprus [Woodside, 1977; Montadert et al, 2014].
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Figure 2 - 15: Bouguer gravity anomalies map, orange arcuate line represents the Cyprus Arc, TO refers to the
Troodos ophiolite. High anomalies indicate the ophiolite body [from Woodside, 1977 as modified by Montadert et
al, 2014].
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The negative anomalies observed south and east of the island bounding the Cyprus Arc
may be associated with the combined effect of low-density sediments and the ECB continental
crust that subducts below Cyprus [Montadert et al, 2014]. This idea is further enhanced by four
gravity profiles and 2D models (Figure 2 - 16, Figure 2 - 17) produced by Ergun et al. [2005].
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Figure 2 - 16: Bouguer gravity map of the eastern Mediterranean. Location of modelled gravity profiles A-D
shown. Red dashed line represents the Cyprus Arc [modified from Ergun et al., 2005].

Profile A runs from SW to NE passing from the Anaximander Mountains towards the
west part of the Antalya Basin (Figure 2 - 16, Figure 2 - 17). South of Turkey, around the 220km
position a gravity high is observed and is considered as a combination of the thin continental
crust moving closer to Turkey, the thin sediments encountered south of it and the possible
occurrence of an ophiolitic body at a shallow depth. To the NE, relatively low gravity values
can be correlated with the continental crust found under Turkey and the elevated onshore
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topography. The high values to the SW of the profile are difficult to evaluate as the section runs
obliquely to important structures in the area [Ergun et al., 2005].

Profile B extends from the deep Herodotus Basin across the Florence Rise up to the
Antalya Basin (Figure 2 - 16, Figure 2 - 17). The first high observed to the SW is attributed to
the oceanic crust of the Herodotus Basin, while the following low (red arrow) is associated with
the thick sedimentary cover of almost 14km that covers the Florence Rise. At the 270km mark
north of the Florence Rise, the high identified is thought to be an ophiolitic body under the
Antalya Basin and the contrasting low at the end of the profile is caused by the thick continental
crust in Turkey [Ergun et al., 2005].

Profile C runs from the Eratosthenes seamount, passes through Cyprus and the outer
Cilicia Basin and stops at the Taurus Mountains in Turkey (Figure 2 - 16, Figure 2 - 18). A high
at the start of the profile is attributed to the Eratosthenes seamount which is considered as a
thinned continental block at the north tip of the African plate. South of Cyprus at 120km
position on profile C (red arrow), a gravity low is observed between the ECB and Cyprus and
it is interpreted as the plate boundary due to the thick sediments that have accumulated here as
a result of the accretionary wedge that sits in the pre-existing trench. Further north the next high
on the section is connected with the Troodos ophiolite onshore Cyprus and the thin sedimentary
succession observed onshore. The ongoing gravity decrease towards the north, passing from
the Cilicia Basin to mainland Turkey is attributed to the change in crustal thickness from
oceanic to continental [Ergun et al., 2005].

Profile D spanning from the coastline of Syria, across the Cyprus Basin, Latakia and
inner Cilicia Basins, ends onland Turkey at the Taurus Mountains (Figure 2 - 16, Figure 2 - 18).
The authors model a thin crust under Syria which corresponds to a structural high at the start of
the section while the next high is attributed to the continuation of the Troodos ophiolites which
plunge to the east [Ergun et al., 2005].

70



Chapter 2: Geological Setting

=100 =120
] “
) £
E 50+ € 50
g H
= =
g 2
3 W %
50 -50 Florence Rise Turkey
: [ f—

L " i
o a0 “ 60 Position (km) 240 o 00 200 Position (km) @
b 3 2677
- 2,00 2.30 A &5 267

Depth (km)

Depth (k)

Figure 2 - 17: Bouguer gravity profiles and 2D models. Dots are observed gravity, full line shows model values, red arrows show lows where the Cyprus arc runs. Densities of
layers are given in mg.m[modified from Ergun et al., 2005]. Locations of profiles A and B are indicated in Figure 2 - 16.
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Figure 2 - 18: Bouguer gravity profiles and 2D models. Dots are observed gravity, full line shows model values, red arrows show lows where the Cyprus arc runs. Densities of
layers are given in mg.m [modified from Ergun et al., 2005]. Locations of profiles C and D are indicated in Figure 2 - 16.
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2.2.2 Magnetic data

From the magnetic map of Woodside [1977], anomalies (Figure 2 - 19) were identified
along the Levant margin and can be associated with volcanic rocks of different ages, while a
set of positive anomalies can be related to the ophiolite belt of Late Cretaceous time that runs
from Syria to Turkey, passing through the Cyprus arc [Montadert et al, 2014]. A positive
magnetic anomaly identified east of ECB, can be associated with the continental nature of the
crust under the Levant basin [Woodside, 1977].
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Figure 2 - 19: Magnetic anomalies map, orange arcuate line represents the Cyprus Arc [from Woodside, 1977, as
modified by Montadert et al, 2014].

2.3 Geology of Cyprus

2.3.1 Stratigraphic Units

The Island of Cyprus is situated in the farthest corner of the Eastern Mediterranean Sea.
It is 225km long from east to west and 95km wide from north to south. The most prominent
features that govern the topography of the island are the Troodos ophiolite complex (highest

elevation about 1952m above sea level), the Kyrenia mountain range (highest elevation: 1024m
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above sea level) to the north, the Mesaoria valley between these two ranges, the Mamonia
Complex to the west and the predominantly marine sedimentary units that cover the southern
part and extend from east to west.

The Troodos Ophiolite Complex (Figure 2 - 22), which was emplaced in Early
Campanian to Late Maastrichtian (Figure 2 - 20) time, is comprised of the ophiolitic sequence
which consists of serpentinite, tectonized harzburgite, dunite, gabbros, diabase and basalts
(lower/upper pillow lavas) [Kinnaird, 2008]. Another major geological zone is the Mamonia
Complex, comprised of volcanic and sedimentary formations of Mid-Upper Triassic age
[Swarbrick and Robertson, 1980; Lapierre et al., 2007]. To the north of the island the Kyrenia
range is of Permian to Lower Cretaceous age and it is comprised of massive limestone slivers,
re-crystallized limestones, dolomites and flysch [Montadert et al., 2014].

The Mamonia Complex is considered as a tectonized remnant of a Mesozoic continental
margin (Figure 2 - 20), which is divided in two groups; each of which is further subdivided into
different formations [Swarbrick and Robertson, 1980]. The first group is the Ayios Fotios group
and consists of sedimentary deposits that record the Late Triassic to Cretaceous evolution of an
inactive continental margin [Swarbrick and Robertson, 1980]. This group is subdivided from
older to younger sediments in: a) the VIambouros Formation which consists of quartzose
sandstones, siltstones and mudstones, b) the Episkopi Formation consisting of siltstones,
calcilutites and radiolarian mudstones, and ¢) the Marona Formation which consists of strongly
bioturbated calcilutites with considerable styolites [Swarbrick and Robertson, 1980]. The
second group is the Diarizos Group which reflects Triassic alkalic volcanism and the
sedimentation in close proximity to a continental margin [Swarbrick and Robertson, 1980]. This
group is subdivided from older to younger deposits in: a) Petra tou Romiou Formation
comprised of coralline limestone observed as detached blocks, b) the Fasoula Formation
consisting of pillow lavas which are intercalated with pink and grey calcilutites, and c) the
Loutra tis Aphroditis Formation comprised of lava breccias, volcaniclastic breccias and in a
lesser extent by volcaniclastic siltstones and radiolarian mudstones [Swarbrick and Robertson,
1980].

The Circum Troodos sedimentary succession is made up by Upper Cretaceous and
Cenozoic sediments affected by the compressional tectonics and the erosion of the Troodos
ophiolites. The Perapedi Formation consists of radiolarites and manganiferous sediments
described as umbers which are associated with volcanic activity and hydrothermal vents
[Robertson, 1975; 1976; Urquhart and Banner, 1994; Prichard and Maliots, 1998]. The
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Campanian Kannaviou Formation [Urquhart and Banner, 1994] is comprised of grey bentonitic
clays, radiolarian mudstones, volcaniclastic siltstones and sandstones (Figure 2 - 20) [Swarbrick
and Robertson, 1980]. At certain localities it conformably overlies the Perapedi Formation,
whereas in areas where the Perapedi Formation was not deposited or it was eroded, the
Kannaviou Formation overlies unconformably the pillow lavas of the Troodos ophiolites
[Swarbrick and Robertson, 1980]. The Maastrichtian Moni Formation is observed south of the
Troodos ophiolites and is made up of siltstones and radiolarian mudstones, in a matrix of
bentonitic clays, most probably derived from the older Kannaviou Formation [Swarbrick and
Robertson, 1980]. The Kathikas Formation is considered as a sedimentary melange (Figure 2 -
20) of red argillaceous silt riddled by angular clasts derived from the Mamonia Complex and
rarely by clasts of the Kannaviou Formation [Swarbrick and Robertson, 1980]. The Kathikas
Formation is of Maastrichtian age, it is encountered predominantly at the western edge of the
island and it generally passes upwards into the Lefkara Formation [Swarbrick and Robertson,
1980].

In the Paleogene period a change in sedimentation is observed passing to the deep
marine biogenic deposits of the Lefkara Formation which span for approximately 50Ma (Figure
2 - 20) and are composed of calcareous nannofossils and planktonic foraminifera [Lord et al.,
2000]. It is subdivided in three members: a) the Lower Lefkara marl member which is sparsely
deposited throughout Cyprus and is of Mid-Maastrichtian to Late Paleocene age, according to
bio-stratigraphic dating at the southern flank of the Troodos Mountain; [Lord et al., 2000]; b)
the Middle Lefkara Formation characterized by the deposition of chert and massive chalk beds—
its age is most probably Late Paleocene to Late Eocene [Lord et al., 2000]; and c) the Upper
Lefkara marl member which is not widely exposed (or even deposited in the first place) where
an Oligocene to early Mid Miocene age has been determined [Lord et al., 2000].

The change from deep pelagic Lefkara Formation to the sedimentation of the hemi
pelagic deposits of Pakhna Formation (16Ma), is an indication of an uplift of the Troodos
ophiolite due to collision of the leading edge of Africa with Cyprus [Robertson 1977, 1990].
This uplift is evidenced in the Pakhna Formation, as terrigenous fragments are identified in its
beds [Lord et al., 2000].

The Miocene time is characterized by the deposition of the Pakhna Formation (Figure 2
- 20). In Early Miocene time, shallow water bio clastic carbonate is deposited which is named
the Tera Member of the Pakhna Formation. This formation is encountered mainly on the eastern
and western shores of Cyprus (i.e. Androlykou quarry; Figure 2 - 22) and by dating benthic
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forams a Late Oligocene-Early Miocene (Aquitanian-Burdigalian) age is proposed [Lord et al.,
2000]. In Middle Miocene time most of south and west Cyprus is covered from the deposition
of chalks, marls and chalky marls of the Pakhna Formation. It is difficult to distinguish the
upper and lower boundary of this formation at each outcrop, however bio-stratigraphic dating
has given a range of late Early Miocene to Late Miocene (Burdigalian to Tortonian) age [Lord
et al., 2000]. The Late Miocene deposits are associated with the Koronia Member and are
dominated by the growth of coral reef limestones. These limestones grew on palaeohighs
situated on the flanks south, southwest and north of the Troodos ophiolites and on the Akamas
peninsula. Micro paleontological dating of these reef limestones suggest a Tortonian age
[Follows et al., 1992; 1996; Lord et al., 2000].

The uppermost Miocene age deposits are called the Kalavasos Formation (Figure 2 - 20) and
are characterized by the gypsum deposits alternating with chalky marls and marly chalks. These
deposits are consistent with the widespread Messinian Salinity Crisis that affected the
Mediterranean Sea during this time [Lord et al., 2000]. Ongoing uplift in Plio-Pleistocene times
[Kinnaird et al., 2011] is characterized by the deposition of the Nicosia Formation (Figure 2 -
20) calcarenites and sandstones (Pliocene age), while the Apalos Formations (fluvial sands and
gravels) and the Fanglomerate (gravels, sands, silts) are considered to be of Pleistocene age
[Geological Survey Department of Cyprus].

2.3.2 Sedimentary basins

Well preserved tectonic elements recognized onshore Cyprus include several Neogene
basins and faults of various extend. These sedimentary basins (Figure 2 - 22) are: a) the Late
Miocene/Plio-Pleistocene Polis Graben to the west of the island formed by an extensional
regime due to slab roll back of the African plate [Robertson, 1990; Payne and Robertson, 1995,
2000]; b) the Late Miocene/Plio-Pleistocene Pegeia half-Graben created from extension [Payne
and Robertson, 1995, 2000]; c) the Early-Middle Miocene Pissouri and Limassol Basin situated
south-centrally of the island formed from an extensional due to slab roll back of the southward
subducting African plate [Payne and Robertson, 1995]; d) the Maroni-Psematismenos Basin to
the south-east, perceived as an Early to Middle Miocene basin [Robertson, 1990; Eaton and
Robertson, 1993; Kinnaird, 2008]; and e) the Mesaoria plain in the center of the island,
perceived as a Late Miocene to Early Pliocene basin [Harrison et al., 2004, 2008].
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77



Chapter 2: Geological Setting

Legend e
ws==wo Calci-tubidites .o Conglomerates
Shallow marine marl and limestone

intercalations (fossiliferous) Silt/clay Ay Brosion/hiatus
chalky limestone ' Volcanics

Siliciclastics
=11 Hemipelagic/pelagic bz (fluvial, aeolian,
====3 (marl, shale and chalk) *//‘"5/ Reefal features turbidites)

A s .
2+ | Evaporites

sand turbidites

Deep marine siliciclastics
(sand, silt)

Figure 2 - 21: Legend of Figure 2 - 20, describing the lithological units of the chart.

In the Paphos region, the Polis and the adjacent Pegeia Basins trend in a NW-SE
direction and are infilled by Neogene, Paleogene and Cretaceous sediments. Payne and
Robertson [1995; 2000] interpreted these basins as a graben and a half graben respectively,
which were produced by a rifting episode associated with roll back of the slab of the African
plate, on the western end of the Cyprus Arc. Payne and Robertson [1995; 2000] postulate the
existence of major NNW-SSE faults and further propose that the normal faults created local
highs (horst structures) on which Tortonian reef carbonates grow. Kinnaird [2008], describes
three deformational events: a) a Late Miocene extensional event (Figure 2 - 23) which gives
rise to NNW-SSE or N-S striking faults; b) a second extensional event in Pliocene time,
responsible for the formation of WNW-ESE normal faults; and ¢) a
compressional/transpressional episode of Pleistocene/Holocene time (Figure 2 - 24), which
reactivated structures of the two previous events.
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Figure 2 - 22: Outline geological map of Cyprus illustrating the main tectonic structures and sedimentological
formations. AL=Akrotiri Lineament; ATFS=Arakapas Transform Fault system; AQ=Androlykou Quarry;
GTFB=Gerasa Thrust and Fold Belt; LB=Limassol Basin; LFB=Limassol Forest Block; MB=Maroni Basin;
OTF=0vgos Transform Fault; PB=Polis Basin; PFS=Paphos Fault system; PiB=Pissouri Basin [modified after
Kinnaird et al., 2011].

A similar origin is proposed for the Pegeia half graben but its structure is still debated.
The first assumption by Payne and Robertson [1995, 2000] was the creation of the so called
Pegeia half-graben by WNW-ESE normal faults that were dipping to the south. In his study,
Kinnaird [2008] observed NNW-SSE normal faults, WNW-ESE normal faults and sinistral
faults striking from NNE-SSW. Kinnaird’s [2008] most important observation was that WNW-
ESE striking faults dipping to the NNE were more widespread than the expected WNW-ESE
faults dipping to the SSW and concluded that the half graben configuration proposed by Payne
and Robertson [1995, 2000] does not fit the puzzle. Thus, the existence of NW-SE and WNW-
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ESE normal faults in the Paphos region may suggest that both areas were affected by the same
tectonic regime [Kinnaird, 2008].
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Figure 2 - 24: Post Miocene compression expressed from structural data collected by Kinnaird from the Polis
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The Pissouri Basin (south Cyprus, Figure 2 - 22), is considered as an extensional basin
of Burdigalian to Mid-Miocene age associated either with slab roll back of the African plate
Payne and Robertson, 1995, 2000] or with a transpressional regime [Harrison et al., 2004].
Kinnaird [2008] identified four deformation events (Figure 2 - 25): a) a Late Miocene extension
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trending east-west controlled by N-S and NW-SE oriented normal faults; b) an extensional
episode in the Messinian associated with NNW-SSE, NNE-SSE and NE-SE normal faults; c) a
compressional/transpressional event of Early to Mid-Pleistocene age responsible for the re-
activation of the N-S striking faults of Late Miocene age; and d) a Late Pleistocene/Holocene
extension due to dissolution of Messinian salt and the collapse of the overlying Fanglomerate
group and Terra Rosa soils.
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Figure 2 - 25: Deformation phases in the Pissouri Basin from structural data collected by Kinnaird: D1:- ~ N-S
orientated faults formed during Tortonian E-W extension; D2:- ~ NE-SW orientated faults formed due to
dissolution and collapse of gypsum; and, D3:- reactivation of D1/D2 structures in a dextral sense [from Kinnaird,
2008].

The Maroni-Psematismenos Basin (Figure 2 - 22), is considered of Early to Mid-
Miocene age, created during the beginning of the uplift of Cyprus [Kinnaird, 2008]. Near the
village of Choirokoitia a submarine channel containing poorly sorted chalk of Lefkara and
Pakhna Formation, reworked corals of the Koronia member and igneous clasts of the Troodos
massif are evidence of the first uplift and erosion of the Troodos Massif. This channel was dated
to be of Middle to Late Miocene age, by tetrapod assemblages [Kinnaird, 2008; Geological
Survey Department of Cyprus]. Data gathered by Kinnaird [2008] in this area attest to three
deformational events: a) a Late Miocene extension (Figure 2 - 26) governed by NE-SW trending
faults; b) an extension due to normal faults of ENE-WSW orientation in the Messinian; and c)
a compressional/transpressional episode of Pleistocene age which was responsible for the
reactivation of the of the NE-SW oriented faults of the previously described events (Figure 2 -
27).
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Figure 2 - 26: Structural data collected by Kinnaird from the Maroni-Psematismenos Basin showing extension in
the area during Late Miocene time. Faults shown are as mapped by the Geological Survey Department of Cyprus

[from Kinnaird

, 2008].
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Figure 2 - 27: Structural data collected by Kinnaird from the Maroni-Psematismenos Basin showing compression
in the area during Pleistocene time. Faults shown are as mapped by the Geological Survey Department of Cyprus
[from Kinnaird, 2008].

The Mesaoria plain (Figure 2 - 22), is an east-west oriented basin that is situated between
the northern extremity of the Troodos Massif and the southern limit of the Kyrenia range. Three
scenarios are proposed for the creation of the Mesaoria Basin. Robertson [1998] suggests that
the basin formed as a half-graben from fore-arc extension that was active from Oligocene until
Middle Pliocene time (Figure 2 - 28a). Calon et al. [2005a, b] infer an evolution as a large piggy
back Basin during Eocene-Oligocene until Recent times in the middle of the active Troodos-
Larnaca culmination and the Kyrenia Thrust belt (Figure 2 - 28b). A third hypothesis from
Harrison et al. [2004] proposes the development of the basin as a fore-deep in front of the Ovgos
Fault (Figure 2 - 28c).
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Figure 2 - 28: Models for the tectonic evolution of the Mesaoria Basin and Kyrenia range as proposed by different
authors (seen in text), MF = Mesaoria fault, OF = Ovgos fault, KF = Kyrenia fault [from Kinnaird, 2008].

2.3.3 Main faults

The Arakapas transform fault zone (Figure 2 - 22) is identified as a large structure that
runs from east to west and consists of oceanic crust which is intensely brecciated [Simonian
and Gass, 1978]. It is considered as a Late Cretaceous structure characterized by right lateral
strike slip movement [Kinnaird, 2008]. The study undertaken by Geoter [2005] on the active
seismic hazards onshore Cyprus, proposes that the northern part of the Arakapas transform fault
was re-activated as a left-lateral strike slip fault in Quaternary time from geomorphological
observations in the field.

The Gerasa Lineament (Figure 2 - 22) is a WNW-ESE trending zone of left lateral
movement, considered to be of Early to Middle Miocene age and corresponds with the
southward thrusting and folding of the ophiolites of the Limassol Forest Block over the chalks

85



Chapter 2: Geological Setting

and cherts of the Lefkara Formation observed to the south [Kinnaird, 2008]. Eaton and
Robertson [1993] suggested that the activity on this lineament ceased by Late Miocene
connecting it with the deposition of Tortonian reefs (Koronia Member) on top of the pillow
lavas of the Troodos ophiolite in several locations (i.e. Parekklisia, Moni Formation,
Armenochori). The neo-tectonic study of Geoter [2005] proposes the reactivation of the Gerasa
lineament in a right-lateral sense in Quaternary time from field geomorphological observations.

As described in the previous section, the large normal faults (Mid/Late Miocene time)
that bound the Polis Graben (Figure 2 - 22), are trending NNW-SSE and it is perceived that
these faults formed by slab-roll back during the subduction in the western part of Cyprus and
are associated with extension [Payne and Robertson, 1995, 2000].

Bailey et al. [2000], identified three deformational events that shaped western Cyprus
and they further divided this area into the northern and southern regions (Figure 2 - 29). The
first event is associated with dextral strike-slip with its activity calculated from 83-90Ma, while
evidence of dextral shear and the parallelism of the orientation of the foliated Ayia Varvara
Formation indicate a dextral strike slip system [Bailey et al., 2000]. The second event is
associated with dextral transtension and it covers almost the same time span as the first event
(73-90Ma). In the southern region the coeval timing of dextral and extensional faults indicates
a dextral transtensional regime, while field observations are suggestive of serpentinite
protrusions along these faults [Bailey et al., 2000]. In the Northern Region tectonic structures
are dominantly thrusts and folds [Bailey et al., 2000], while Malpas et al. [1993] report that the
Kannaviou Formation was deposited within hollows which are bounded by faults, indicative of
the extensional regime during Campanian time and further justified by the observations of
serpentinites adjacent to extensional contacts [Bailey et al., 2000]. The close proximity or the
initial juxtaposition of the Mamonia Complex onto the Troodos Ophiolite complex is perceived
as the Campanian to Early Maastrichtian time [Bailey et al., 2000]. This is suggested by field
observations where in both terranes extensional and dextral strike slip structures are evident
[Bailey et al., 2000]. Another indication is the deposition of the Moni Formation on top of both
terranes in South Cyprus (Limassol area), with the Moni Formation (Figure 2 - 29) described
as an olistostrom derived from the Mamonia Complex and deposited on a north verging slope
[Robertson, 1977]. The third event is associated with transpression (sinistral strike slip in the
Southern region, whereas in the Northern region SW directed thrusting prevails) and the final
collision between the Mamonia Complex and the Troodos Ophiolites [Bailey et al., 2000]. The
timing of the final juxtaposition is believed to be between late Campanian and early
Maastrichtian as it is defined by the deformation of the Kannaviou Formation and the deposition
of the overlying Kathikas and Lefkara Formations [Swarbrick and Naylor, 1980; Urquhart and
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Banner, 1994; Bailey et al., 2000]. Furthermore, Swarbrick and Naylor [1980] argue that the
emplacement of the serpentinites is restricted to Early Maastrichtian due to the small amount
of serpentinite clasts identified in the Kathikas debris flows. Field observations from SW
Cyprus, suggest that displacements are small with the maximum offset of the serpentinite
thrusts ranging from 1 to 2 km in the Northern region and roughly 500m in the Southern region
[Bailey, 1997]. The Southern region is connected with shortening oriented towards N-S to NE-
SW (Figure 2 - 29) [Bailey, 1997; Bailey et al., 2000]. In the Northern region, SW, West or
NW thrusting was observed with the shortening oriented E-W (Figure 2 - 29) [Bailey, 1997,
Bailey et al., 2000].

Swarbrick [1993] proposed a general scheme to interpret SW Cyprus (Figure 2 - 30),
stating that from the juxtaposition of the Mamonia Complex and the Troodos ophiolite a suture
zone was created which originated from sinistral restraining bend. This conclusion was based
on the anastomosing pattern of the high angle faults, the contacts between unrelated basement
types, the tectonic setting and the interweaving nature of the tectonic slivers of metamorphosed
lavas and sediments are all consistent with strike slip displacement. Thus Swarbrick [1993]
suggested that the southern extend of the Polis Basin (Figure 2 - 29, southern region) was a
result of pull apart at a releasing bend. In the northern region (Figure 2 - 29, current western
flank of the Polis Basin) the Diarizos basement was uplifted due to push up at a restraining bend
thus giving rise to submarine slopes from which the Kathikas Formation was derived due to
debris flows.

The Ovgos fault system (Figure 2 - 22) is an E-W trending, left lateral strike slip fault
that separates the Mesaoria plain and the Kyrenia range. This fault zone is characterized by
faults and folds and was active since Miocene time [Harrison et al., 2004, 2008]. By that time
the Mesaoria Basin was a shallow open marine platform with deposits of the Pahkna Formation,
while further north the Kyrenia range was a deep ocean basin with deposits of turbidites
(Kythrea Formation) [Harrison et al., 2004]. A continuous change of facies across the Ovgos
fault zone led Geoter [2005] to suggest that the deposition of sediments was transported along
the fault in a strike-slip manner since Late Miocene time. Indeed Harrison et al., [2008] agree
with this notion and proposed that the change in convergence between Africa and Eurasia in
Tortonian time (9My), correlates with the movement observed on the Ovgos fault zone, where
the left lateral strike slip nature of the fault preserved the Kalavasos Formation of Messinian
age in pull-apart basins.
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Figure 2 - 29: Geological map of southwest Cyprus, showing the outcrop patterns of Diarizos oceanic basement
(part of the Mamonia Complex) and the Troodos oceanic basement (Troodos Complex), serpentinite (marking the
location of basement faults) and the Kathikas Formation. The main outcrops of metamorphic rocks are at: 1,
Loutra tis Aphroditis; 2, Galataria; 3, Ayia Varvara. Place names referred to in the text: Kt, Kathikas; K,
Kannaviou; S, Statos; MD, Mavrokolymbos Dam; N, Nata; PTR, Petra tou Romiou. A Cyprus Geological Survey
borehole BH, near Neokhorion, indicates Troodos oceanic basement beneath the Tertiary chalks [Bailey et al.,
2000].
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Figure 2 - 30: Campanian to Maastrichtian deformation along the Mamonia Complex suture zone. A) Dextral
transtension along the suture zone during the anti-clockwise rotation of the Troodos microplate in Campanian,
with fragments of the Troodos ophiolites detached and locally juxtaposed against the Mamonia Complex. The
Moni Formation is deposited above the Troodos ophiolites indicative of the close proximity of the two terranes.
B) SW directed impingement of Troodos ophiolites into the Mamonia Complex. Black arrows illustrate the radial
pattern of shortening [Bailey et al., 2000].

The Paphos Thrust system (Figure 2 - 31) was described by Geoter [2005] from
fieldwork in Cyprus. It comprises of a serpentinite belt, the Agia Marinouda and Kouklia fold,
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the Cape Aspro fault and the Mavrokolymbos river-Theletra transverse fault zone. The Kouklia
fold is a NW-SE trending anticline which deforms Paleocene/Miocene strata and marine
sediments of Pleistocene age [Geoter, 2005]. It is suggested that the compression in Pleistocene
to Recent times that is the result of the subduction of the Eratosthenes seamount under Cyprus
[Robertson, 1998], was responsible for the creation of the Agia Marinouda and Kouklia fold
belt [Kinnaird, 2008].

N Agia \
W+E Marinouda
fold

PAPHOS

LARNAKA

LEMESOS

Figure 2 - 31: The location of the Agia Marinouda and Kouklia folds in the Paphos area [from Kinnaird, 2008].

2.3.4 Offshore Structures

Offshore Cyprus the sea bottom topography (Figure 2 - 13) is dominated by the Cyprus
Arc system and the Eratosthenes Seamount to the south, the Hecataeus Rise, the Cyprus Basin
and the Latakia Ridge to the east, with the Anaximander Mountains and the Florence Rise
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located to the west [Papazachos and Papaioannou, 1999; Vidal et al., 2000a, b; Zitter et al,
2000; Zitter et al., 2003; Hall et al., 2005a, b; Wdowinski et al., 2006; Bowman, 2011; Reiche
and Hubscher, 2015; Welford et al., 2015].

The Cyprus Arc system can be divided in three segments. The western segment which
was identiefied from focal mechanisms, portrays a compressional element with NW striking
planes that could be linked with the Florence Rise thus indicating the continuation of the Arc
towards the northwest. The central part is situated south of Cyprus where the Eratosthenes
Seamount is subducting under Cyprus and is considered as the plate boundary between the
African and the Eurasian plates [Kempler and Garfunkel, 1994; Robertson, 1998; Vidal et al.,
2000a, b; Bowman, 2011]. The final part is located to the south east where the strike slip
component is more notable on the Latakia Ridge system and it is associated with the change in
movement between the Arabian and African plates by Late Miocene time [Kempler and
Garfunkel, 1994; Robertson, 1998; Vidal et al., 2000a, b; Hall et al., 2005b; Bowman, 2011].

The Latakia Ridge system (Figure 2 - 1) is considered as the boundary between the
Levant Basin and the Cyprus Basin [Kempler and Garfunkel, 1994; Vidal et al., 2000a, b; Hall
et al., 2005b; Bowman, 2011; Montadert et al., 2014]. It consists of structural lineaments that
trend towards the NE from the Hecataeus rise to offshore Syria and it is characterized by
sinistral strike slip movement [Hall et al., 2005b]. It is perceived that the Latakia Ridge system
started off as a compressional thrust belt by Mid-Late Cretaceous time and it is associated with
the convergence between the African and Eurasian plates due to the closure of the Neotethys
[Bowman, 2011].

The Cyprus Basin extends from the coastline of Cyprus to offshore Syria as an elongated
E-W trending basin, which is bound by the Hecataeus Rise offshore Cyprus, the Latakia Ridge
system to the south and the Larnaca Ridge to the north (Figure 2 - 1). The creation of the Cyprus
Basin is linked with the first convergent movement between the African and Eurasian plate
around late Maastrichtian time [Garfunkel, 2004; Bowman, 2011].

The Florense Rise (Figure 2 - 1) constitutes the western segment of the Cyprus arc. It is
identified as a zone with long folds, which are earmarked by NE-SW and NW-SE sub-vertical
faults and it is considered as a transpressive trench zone responsible for the creation of flower
structures [Zitter et al., 2000, 2003]. Its continuation to the north runs through the Anaximander
Mountains, a rifted block from the Taurus Mountains of southwestern Turkey [Zitter et al.,
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2000, 2003]. The Anaximander Mountains is cut by faults trending NNW-SSE [Zitter et al.,
2000, 2003].

2.3.5 Present-day tectonics

Papazachos and Papaioannou [1999] focused their work on available seismological data
and the fault plane solutions of earthquakes that shook the area, in order to define the
lithospheric boundaries and the plate motion around Cyprus. The results that arose from the
earthquake epicenters are assembled in three main zones of which the two are arcuate while the
other is a linear seismic zone termed as the Paphos Transform Fault (PTF) to the southwest of
Cyprus (Figure 2 - 32) with a strike orientation of NNE and is considered as a dextral fault
[Papazachos and Papaioannou, 1999]. They also observed that strong seismic phenomena of
intermediate depth are confined mainly to the west of the island in contrast with the east side,
which prompted them to suggest that subduction is not active in the east due to ECB’s collision
which leads to the creation of a deformation zone [Papazachos and Papaioannou, 1999].
Papadimitriou and Karakostas [2006] also agree that a deformation zone is created and affects
the trench and the trench slope and not the fore-arc region, due to the fact that this collisional
event is created by a rather small seamount, the Eratosthenes Seamount. By analyzing the fault
plane solutions they have concluded that the dextral PTF is governed by “strike-slip faulting
with a thrust component” with a direction parallel to the alignment of the epicenters (Figure 2
- 33) which implies that southern Cyprus moves southwestwards, while the Larnaca set of
earthquakes indicates a thrust component also showing a southwestward movement with
Cyprus overriding the African plate in the eastern Mediterranean [Papazachos and
Papaioannou, 1999].
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Figure 2 - 32: Geomorphological map of Cyprus with plate boundaries and relative motion [from Papadimitriou
and Karakostas, 2006].

Figure 2 - 33: Graphical representations of the fault plane solutions of earthquakes in the area. The typical
solutions of the three clusters (a, b, ¢) are denoted by larger symbols [from Papazachos and Papaioannou, 1999].
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Seismic models (Figure 2 - 34) illustrating the crustal architecture and evolution of the
plate boundary at the vicinity of the Cyprus Arc, indicate that the geometry of the slab is better
presented as a slab-breakoff which dips deeper in the Antalya Basin, while under Cyprus the
slab is not rolling-back but is rather byoyant due to asthenospheric upwelling [Dilek and
Altunkaynak, 2009; Dilek and Sandvol, 2009]. This model is consistent with the existence of
oceanic crust in the Herodotus basin [Granot, 2016] and a continental crust underneath Cyprus
and the Eratosthenes Seamount [Gass and Masson-Smith, 1963; Makris et al., 1983; Ben-
Avraham et al., 2002].

Eratosthenes

Cyprus Trench Seamount Hellenic Trench
East West

AFRICAN
Oceanic Lithosphere

~Slab
window

Asthenospheric
upwelling

Figure 2 - 34: Interpretive geodynamic model of the evolution of the north-south trending field in the western
Anatolia along a subduction-transform edge propagator (STEP) fault zone, developed in a tear withtin the
northward subducting African lithosphere [Dilek and Altunkaynak, 2009].
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This chapter is divided in two parts. The first part discusses the methodology that was
utilized for the interpretation of the seismic profiles. The second part is presented in the form
of an article that is to be published in AGU — Tectonics journal [Symeou et al., in print]. The
article is entitled “Longitudinal and temporal evolution of the tectonic style along the Cyprus
Arc system, assessed through 2D reflection seismic interpretation”. It focuses on the
identification, mapping, constraining the timing and the deformation mechanisms of key
tectonic structures offshore Cyprus. Thereafter, the impact of such structures on the local and
regional geodynamics in the Eastern Mediterranean is inferred. Industrial quality 2D reflection
seismic profiles that cover the Exclusive Economic Zone of Cyprus were used to investigate
for the first time the longitudinal evolution of the Cyprus Arc System. A number of structures
were identified and described, such as south verging thrusts, flexural basins and an array of
extensional faults. These structures are closely connected to the prevailing regional geodynamic
setting as a result of the convergence of the African and Eurasian plates and the expulsion of
the Anatolian micro-plate (discussed above, Chapter 2). The main objective of this chapter and
the attached article is to illustrate the change in tectonic style along strike of the Cyprus Arc
system, which is best described by the migration of the deformation front towards the south.

3.1 Methodology

The area of interest covers the length of the Cyprus Arc system and the different
domains that border it, between the latitudes 34°N-32°N and longitudes 34°E-30°E (Figure 3 -
1). For the purposes of this study, 24 profiles of 2D reflection seismic lines are available,
courtesy of Petroleum Geo-Services (PGS) and the Ministry of Energy, Commerce, Industry
and Tourism of Cyprus. Details on the acquisition of the data are provided in the article. The
seismic interpretation was performed on the 2D interpretation software GeoFrame Charisma
(v4.4), which was available at IFP Energies nouvelles (Rueil-Malmaison).

3.1.1 Data

2D seismic data were acquired from two surveys undertaken by PGS in collaboration
with the Cypriot Government. The 2D surveys that were designed, cover the 13 exploration
blocks in the Exclusive Economic Zone of Cyprus. These seismic data provide a regional
overview of prospective oil and gas leads that interest oil companies.
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During the two surveys, a large number of seismic profiles were acquired, namely
6770km of 2D profiles in 2006 and 12200km of 2D profiles in 2008, covering the EEZ of
Cyprus. The distance between the profiles of the first survey was 10 x 25 km. For the second a
different approach was taken, as it was deemed more important to adequately image the eastern
segment of the EEZ, where the distance between the profiles was designed to be 5 x 5 km,
whereas in the western extend the coverage was 20 x 20 km.

The striking difference between the two surveys is the method applied for the imaging.
The 2006 survey was undertaken with the use of a conventional hydrophone streamer which
resulted in profiles lacking clear images under the thick Messinian salt deposits identified
throughout the Levant Basin. This problem was dealt with in the second survey in 2008, were
the GeoStreamer® technology was introduced, a dual sensor hydrophone which resulted in
better clarity of the seismic profiles under the Messinian salt. For both surveys the specifications
of the seismic profiles were similar, as a shot interval of 25m was used and the length of the
profiles extended up to 8100m.

3.1.2 Stratigraphic picking and time determinations

The identification of the seismic horizons and seismic packages was based on previous
studies that correlated the offshore Levant Basin with offshore wells in Israel and onshore rock
exposures in Lebanon [Gardosh et al., 2010; Hawie et al., 2013], as well as the Cyprus Basin
with onshore wells in Syria [Bowman, 2011]. This approach was deemed necessary due to the
lack of access to the existing wells offshore Cyprus (Aphrodite well drilled by Noble Energy,
Amathusa and Onasagoras wells drilled by Eni/Kogas, Onisiforos well drilled by Total/Eni).
Thus the ages proposed for the litho-stratigraphic units offshore Cyprus, follow the description
of the main markers as they are identified in previous studies. For example the Base Messinian
horizon has a characteristic clear signature due to the presence of a thick layer of salt which
makes it easily recognizable. In similar fashion the Base Pliocene horizon is easily identified
due to the sharp contrast between the clastics and the salt layer seismic signals.
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Offshore Cyprus

Figure 3 - 1: Location map of the 2D seismic profiles available for this study. Grey line depicts some of the blocks
in the Exclusive Economic Zone of Cyprus. Blue lines represent the seismic profiles available from the MC2D-
CYP2006 survey and orange lines represent seismic profiles from the MC2D-CYP2008 survey (courtesy of PGS).

Advancements in geophysical methods such as the new dual sensor GeoStreamer®
technology used by PGS have managed to enhance the imaging of the sediments underlying the
Messinian salt package. Hence, the seismic profile imagery and the confidence for the resulting
interpretation are improved. The seismic units identified in this study include eight seismic
packages which are believed to correspond to (from base to top): Late Jurassic, Early
Cretaceous, Eocene/Senonian, Oligocene/Eocene, Lower Miocene, Middle-Upper Miocene,
Messinian and Pliocene (Figure 3 - 2). These seismo-stratigraphic assumptions are based on the
best practice and correlations with available studies in the East-Mediterranean region [e.g.,
Gardosh et al., 2010; Bowman, 2011; Hawie et al., 2013; Montadert et al., 2014; Nader, 2014,
Ghalayini et al., 2014; 2016].

3.1.3 Structural interpretation on seismic profiles

Following the picking of the seismic horizons, various tectonic structures were
identified, through the displacement of the sedimentary cover. Each structure was investigated
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to deduce the timing of deformation and the likely involved mechanisms. This led to mapping
of the main tectonic elements along strike of the Cyprus Arc system. Besides, the mapped
tectonic elements could be organized in various domains — such as the Levant Basin, the Cyprus
Basin and the Eratosthenes domains. This was important in order to understand and further
constrain the tectonic regime through different time periods and to propose a working model
that best explains the mapped tectonic elements and their history of deformation.
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(m) Age Horizons
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Oligocene / <pa
L Eocene
| 8000 R4
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| 5685 Senonian SP3
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M Early res
| 70000 | Cretaceous
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Late Jurassic SP1
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Figure 3 - 2: Different seismic units and horizons utilized in this study. Ages and seismic units are in accordance
with previous studies [Gardosh et al., 2010; Hawie et al., 2013].
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3.1.4 Time to Depth conversion

Dix Formula (Figure 3 - 3) was used to achieve time to depth conversion models for
each interpreted seismic horizon. This was done based on the stack velocities that PGS
provided. Thus the artifacts created in certain domains, due to the large difference between the
seismic wave velocities of the salt layers compared to the overlying clastic deposits, were
accordingly corrected, while the thickness of the sediments was used to deduce the timing of
movement of the faults.

Vint = [(f2 Vamsz® — t Vaums12) /(o — 1)1,

where
Vint = interval velocity

ty = traveltime to the first reflector

t> = traveltime to the second reflector

Vrmz1 = root-mean-square velocity to the first reflector
Vris2 = root-mean-square velocity to the second reflector.

Figure 3 - 3: Dix Formula, an equation used to calculate the interval velocities of flat or parallel layers [Dix,
1955].
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Start of Article

Longitudinal and temporal evolution of the tectonic style along the Cyprus
Arc system, assessed through 2D reflection seismic interpretation

Vasilis Symeou'?, Catherine Homberg?, Fadi H. Nader?, Romain Darnault?, Jean-Claude
Lecomte?, Nikolaos Papadimitriou®?

tUniversite Pierre et Marie Curie, ISTEP, 4 place Jussieu, 75005, Paris, France
2|FP Energies nouvelles, Geosciences Division, 1-4 Avenue du Bois-Preau, 92852, Rueil-Malmaison, France

Key points:

o Lateral changes from a compressional to a strike-slip regime along the Cyprus Arc.
o Different crustal nature in the Eastern Mediterranean.

e Forward propagation of thrusting towards the south.

e Shortening observed towards the West of the Cyprus Arc.

3.2 Abstract

The Cyprus Arc system constitutes a major active plate boundary in the Eastern Mediterranean
region. This structure is directly linked with the northward convergence of the African and
Eurasian plates since the Late Cretaceous. 2D reflection seismic data were utilized, that image
the main plate structures and their lateral evolution within the 150km-250km Exclusive
Economic Zone of Cyprus. Interpretation of these data allowed the identification of nine
tectono-sedimentary packages in three different crustal domains south of the Cyprus Arc
system: (1) The Levant Basin (attenuated continental crust), (2) The Eratosthenes micro-
continent (continental crust) and (3) The Herodotus Basin (oceanic crust). Within these
domains, numerous tectonic structures were documented and analyzed in order to understand
the mechanism and timing of deformation. In the north, south verging thrusting commenced in
Early Miocene along the Larnaca and Margat ridges, whereas no activity was identified before
Middle Miocene along the Latakia Ridge. Thus, the deformation front migrated southwards and
was accompanied by the development of flexural basins and stratigraphic onlaps as in the
Cyprus Basin. The acme of deformation occurred in Mid-Late Miocene. A regional
unconformity of Pliocene age marks the end of the first deformation sequence. In Plio-
Pleistocene time, the westward escape of the Anatolian micro-plate resulted in the reactivation
of existing structures. The evolution of deformation along the plate boundary is identified from
the creation of positive flower structures revealing transpressive movements along the Larnaca
and Latakia Ridges (eastern domains) whereas in the Eratosthenes domain a flexural basin
highlights a compressive regime.
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3.3 Introduction

The geological evolution of the Eastern Mediterranean, which is directly linked with the
opening and closing of the Neo-Tethys ocean [Garfunkel, 1998, 2004; Stampfli and Borel,
2002; Gardosh et al., 2010], has attracted great interest and is still debated. The Cyprus Arc
system, which includes the Cyprus Island, is located in the central part of the Eastern
Mediterranean region and constitutes the present-day boundary of the African and Anatolian
plates (Figure 3 - 4).

Different scenarios attempting to describe the tectonic evolution of the region exist. The
three main scenarios are the following: a) long-lived collision scenario: depicting continuous
thrusting and folding onshore and offshore Cyprus from Eocene until recent as a result of the
continent-continent collision between the African and Eurasian plates. This scenario is
suggested by the change in facies of the juxtaposed Paleogene-Oligocene deep pelagic
carbonates with the Miocene flysch deposits in the Mesaoria basin, a basin considered as a
piggy back basin which developed between the Troodos-Larnaca culmination and the Kyrenia
thrust belt [Sage and Letouzey, 1990; Calon et al., 2005 a, b]; b) strike-slip scenario, supported
by the absence of a volcanic arc and a Benioff zone offshore Cyprus, in addition to the
recognition of strike-slip structures onshore, which suggests that the emplacement of the
ophiolites and the creation of the Cenozoic basins and Recent structures are associated with a
left-lateral strike-slip regime since Late Cretaceous [Harrison, 2008; Harrison et al., 2012];
and c) Pliocene collision scenario: where the Pliocene compressional tectonics followed a
succession of compressional (from Late Cretaceous to Paleogene) and extensional regimes
(Miocene time due to slab roll-back of the northward subducting African plate). This last
scenario rests on the recent uplift of Cyprus and the change in sedimentation from Miocene
hemi-pelagic carbonates to Pliocene clastics as a result of the continent-continent collision
between the Eratosthenes micro-continent and the Eurasian plate in Pliocene [Robertson et al.,
2012; Kempler, 1998; Kinnaird et al., 2011].

These different models/scenarios highlight the main plate-scale driving mechanisms
responsible for the Cenozoic deformations in the Eastern Mediterranean region. The
deformation commenced with the northward convergence of the Afro-Arabian plates with
respect to Eurasia and is later accompanied by the westward extrusion of the Anatolian
microplate relative to the African plate through time. Only a limited amount of published work
on the Cyprus Arc system focuses on the lateral evolution of the structural style along this major
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boundary. Even less emphasis is given on the integration of the tectonic structures of the Cyprus
Arc system within the frame of the complex nature of the Eastern Mediterranean Basin.

Recent magnetic and gravity studies [Granot, 2016], indicate the boundary between the
thinned stretched continental crust of the Levant Basin [Netzeband et al., 2006; Montadert et
al., 2014; Granot, 2016; Inati et al., 2016] and the oceanic crust of the Herodotus Basin
[Montadert et al., 2014; Granot, 2016] (Figure 3 - 4, red dashed line). This entices us to
investigate the following scientific interrogations: How is the convergent movement of the
plates and the deformation along the Cyprus Arc accommodated in this type of setting? Does
the variation of the crustal nature affect the deformation style?

The main objective of this paper consists in investigating the aforementioned questions
related to the structural style of deformation and the crustal variation between the Eastern,
Central and Western domains. In the Eastern domain thin continental crust (Levant Basin) and
obducted ophiolite (Cyprus Basin) are in contact. In the Central domain the continental crust
underneath the Eratosthenes micro-continent is colliding with the continental crust under
Cyprus. Finally in the Western domain, the oceanic crust of the Herodotus Basin is subducting
northwards under the continental crust of the Antalya Basin (Southern margin of Turkey).
Interpretation of industrial quality 2D (TwT) seismic reflection data which cover the Exclusive
Economic Zone offshore Cyprus (Figure 3 - 4, Figure 3 - 6) were the key tool utilized in order
to materialize this objective. These seismic data cover the E-W extension of the Cyprus Arc
system which allows for comparison with previous data in order to observe along strike the
lateral evolution of the Arc system, by mapping the various tectonic structures in order to
deduce the mechanism and timing of the observed deformations.

3.4 Geological Setting

The tectonic evolution of the Eastern Mediterranean starts with the break-up of the
supercontinent of Pangea and the creation of the Neo-Tethys Ocean [Gardosh et al., 2010;
Frizon de Lamotte et al., 2011]. Rifting was followed by a convergent phase, resulting in the
creation of tectonic structures (i.e. Cyprus Arc system), and the emplacement of the ophiolitic
belt [Garfunkel, 1998] from East in Baer-Bassit in Syria, through Troodos Mountains in Cyprus
to the West in the Antalya region in Turkey.
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3.4.1 Early Triassic — Early Cretaceous

The Early Mesozoic period is considered as the onset of fragmentation of the northern
margin of the super-continent of Pangea and the beginning of Tethys rifting [Gardosh et al.,
2010; Montadert et al., 2014]. This break-up resulted in the creation of smaller continental
fragments, such as the Tauride micro-continent which drifted northwards from the northern
margin of Gondwana towards the Eurasian plate [Garfunkel, 2004; Bowman, 2011]. The
outcome was the opening of the Neo-Tethys Ocean in late Middle Jurassic time (Callovian
time) [Barrier and Vrielynck, 2008; Frizon de Lamotte et al., 2011] and the gradual creation of
smaller oceanic basins, separated by the resulting continental fragments [Robertson, 2007,
Robertson et al., 2012]. Rifting commenced in Mid-Triassic (Anisian) and halted in Mid-Late
Jurassic time [Gardosh and Druckman, 2006; Gardosh et al., 2010; Bowman, 2011; Montadert
et al., 2014]. Tethys rifting (Figure 3 - 5, box A), culminated in the creation of the Levant Basin
from an extensional regime oriented in a NW-SE direction, with NE-SW trending normal faults
[Garfunkel, 1998; Gardosh and Druckman, 2006; Gardosh et al., 2010]. The Levant Basin is
regarded as a basin overlain by ~12-14 km of sediments of probably Triassic-Jurassic age until
recent [Makris et al., 1983; Vidal et al., 2000a, b; Ben-Avraham et al., 2002; Montadert et al.,
2014], with its crustal nature considered as a thin attenuated continental crust of ~8 km
[Netzeband et al., 2006; Segev et al., 2011; Granot, 2016; Inati et al., 2016]. In contrast the
Herodotus Basin, is constructed of oceanic crust [Makris et al., 1983; Granot, 2016] and is
covered by a thick sedimentary sequence of ~14-16 km [Montadert et al., 2014]. Ongoing
rifting [Gardosh and Druckman, 2006] resulted in the *’separation” of the Eratosthenes micro-
continent from the Arabian continental plate [Montadert et al., 2014]. Faulting ceased by Mid-
Late Jurassic time in the southern Levant, whereas tectonic activity continued during Early
Cretaceous onshore Lebanon [Homberg et al., 2010].

3.4.2 Upper Cretaceous — Oligocene

The Upper Cretaceous period is regarded as the start of the convergence regime between
the African and Eurasian plates [Gardosh et al., 2010; Bowman, 2011; Klimke and Ehrhardt,
2014; Montadert et al., 2014] and the inversion of the East Mediterranean basins. In Late
Maastrichtian, the initial closing stage of the Neo-Tethys Ocean results in the obduction of
ophiolites in Baer-Bassit - Syria, in Antalya - Turkey and in Troodos - Cyprus [Garfunkel,
2004] (Figure 3 - 5, box B) described as the peri-Arabian ophiolitic crescent that extends from
Turkey and Cyprus to the Oman ophiolites [Ricou, 1971]. Some authors suggest that the Latakia
Ridge system initiated during Late Cretaceous time, as a compressional fold-thrust belt due to
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the convergent movement between the African and Eurasian plates [Vidal et al., 2000a, b;
Bowman, 2011]. In Late Eocene to Early Oligocene time the on-going convergence of the
African and Eurasian plates, led to the closure of the eastern strand of the Neo-Tethys Ocean
[Barrier and Vrienlynck, 2008; Frizon de Lamotte et al., 2011; Bowman, 2011].

Figure 3 - 4: Regional bathymetric map [EMODnet], with the main tectonic structures. Red dashed line delineates
the boundary between the thin continental crust (Levant Basin) and the oceanic crust (Herodotus Basin) as it was
identified by Granot [2016]. Black arrows indicate the relative motion and average slip rate for the African and
Anatolian plates [McClusky et al., 2000]. Abbreviations: AM=Anaximander Mountain, CA=Cyprus Arc,
COB=Continent-ocean boundary, DSTF=Dead Sea Transform Fault, FR=Florence Rise, HA=Hellenic Arc,
LR=Latakia Ridge, MdR=Mediterranean Ridge, PTF=Paphos Transform Fault, PST=Pliny and Strabo Trenches.
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3.4.3 Miocene — Present

By Miocene time, the “separation” between Arabia and Africa resulted in the initiation
of the Dead Sea Transform fault [Montadert et al., 2014]. This event was largely due to the
difference in motion between the two plates. The increased northward movement of Arabia
relative to Eurasia (~18-25 mm/yr [McClusky et al., 2000]), in comparison with the smaller
movement of the African plate relative to Eurasia (~10 mm/yr [McClusky et al., 2000]), was
accommodated by the opening of the Red Sea and the propagation of the Dead Sea Transform
Fault [Brew et al., 2001].

The westward escape of the Anatolian plate is associated with the slab pull of the
northward subducting Hellenic Arc system and the asthenospheric flow [Le Pichon and
Kreemer, 2010] in the Aegean region. This slab pull effect is created due to the slab roll back
of the subducting Hellenic Arc resulting in an extensional regime and arc volcanism which is
observed in the south Aegean [Dilek and Altunkaynak, 2009; Dilek and Sandvol, 2009] and is
correlated quoted as the main mechanism for the escape of the Anatolian plate [Le Pichon and
Kreemer, 2010]. A second scenario proposes that the western movement of the Anatolian plate
is related with the northward movement of the Arabian plate during Latest Miocene to Early
Pliocene time [McClusky, et al., 2000, 2003; Hall et al., 2005b; Montadert et al., 2014].

A consequence of the westward movement of the Anatolian microplate, was the creation
of a triple junction point, where the East Anatolian fault (left-lateral strike-slip fault), the North
Anatolian fault (right-lateral strike-slip fault) and the Dead Sea Transform fault (left-lateral
strike-slip fault) meet [Kempler and Garfunkel, 1994; Aksu et al., 2005]. In addition, strike-slip
faulting in the eastern part of the Cyprus Arc system and the initiation of the strike-slip
movement along the Latakia Ridge system occurred at the same time and facilitated Anatolia’s
escape tectonics [Kempler and Garfunkel, 1994; Montadert et al., 2014].

Bowman [2011], proposes that the initial compressional nature of the Latakia Ridge
system changes to a left-lateral strike-slip regime during Pliocene to Recent times, as it is
supported by positive flower structures identified from the interpretation of seismic data that
cover the Northern part of the Levant Basin and the Cyprus Basin [Hall et al., 2005a, b;
Bowman, 2011]. This change in motion is associated with the re-organization of tectonic
stresses of the major plates in the region by Late-Miocene to Early-Pliocene time [Bowman,
2011], which is in accordance with analogue modelling experiments indicating slab break-off
under the Bitlis-Zagros suture zone [Faccenna et al., 2006].

107



Chapter 3: Offshore Investigations

Kinnaird and Robertson [2013] suggest that the ECB collided with the Cyprus Arc
during Early Pliocene times, thus subducting underneath the arc and causing uplift of the island
of Cyprus [Garfunkel, 1998; Robertson et al., 2012]. Analysis of plate kinematics and GPS
velocities [McClusky et al., 2000, 2003; Reilinger et al., 2006], suggests that the African plate
moves towards the N-NW, while the Anatolian plate is experiencing a counter-clockwise
rotation. These two movements are in accordance with the left-lateral strike-slip movement
proposed for the Latakia Ridge [Vidal et al., 2000a, b; Hall et al., 2005a, b; Le Pichon and
Kreemer, 2010; Bowman, 2011].

3.5 Data and Methodology

A multi-client seismic reflection data library courtesy of Petroleum Geo-Services (PGS)
exists offshore Cyprus. This data base includes 12,200 km of 2D seismic data shot with the dual
sensor GeoStreamer® technology, 6,770 km of conventional 2D seismic and 5,000 km? of 3D
data covering part of the Exclusive Economic Zone (EEZ) of Cyprus (Figure 3 - 4)
(https://www.pgs.com/data-library/europe/mediterranean/). For the purposes of this study and
under the authorization of PGS and the Ministry of Energy, Commerce, Industry and Tourism
of Cyprus, access to 24 lines of 2D seismic data was granted (Figure 3 - 6).

The conventional 2D seismic lines were acquired during the MC2D-CYP2006 survey
and cover 6,770 km of the EEZ. One conventional hydrophone streamer was used extending
8100 m, with a shot interval of 25 m, a sample rate of 2 ms and a recorder two-way travel time
(TwT) of 9216 ms in water depths of 1000 to 2500 m. The chosen seismic grid (seismic profile
spacing) for this first survey was 10 x 20 km. Ten conventional 2D seismic lines, reprocessed
by PGS in 2011 are available for this project.

With the use of the dual sensor GeoStreamer® technology a second survey, MC2D-
CYP2008 that covers 12,200 km of the EEZ was acquired in 2008, with the processing
completed in 2009. The dual sensor was utilized with a cable length of 8100 m, a shot interval
of 25 m, a sample rate of 2 ms and a recorder two-way travel time (TwT) of 9216 ms in water
depths extending from 1000 to 2500 m. The gridding for the second survey was 20 x 20 km in
the western side while a denser grid of 5 x 5 km was drawn in the eastern side. Fourteen lines
of the second survey are utilized in this project.
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Figure 3 - 5: Paleo-geographic maps of the Levant region illustrating the tectonic evolution: (A) Mesozoic rifting
phase, normal fault activity ceases by Middle Jurassic time; (B,C) initial closure of the Neo-Tethys due to
convergence; (D) initial folding along the Levant margin; (E) westward expulsion of the Anatolian microplate;
and (F) current tectonic regime [modified from Ghalayini et al., 2017].

The use of the dual sensor technology ensured an improved signal to noise ratio and
better seismic imaging in geological areas with complex structures and a thick salt deposition

of 1,5-2 km [Hsu et al., 1977], as sub-salt imaging with the conventional methods didn't herald
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good results. Towed at a deeper depth, it ensured a quieter environment and less noise providing
a better image [Montadert et al., 2010].

Both data sets were processed by PGS as 'conventional marine data including SRME,
noise removal in common depth point (cdp) domain, Kirchhoff pre-stack time migration,
residual move-out correction, radon de-multiple, and post-stack processing' (see also Montadert
etal., [2010]).

The seismic data were loaded in GeoFrame Charisma (v. 4.4) a 2D interpretation
software available at IFP Energies nouvelles (Rueil-Malmaison). The identification of different
seismic packages and the picking of fault planes from the offset horizons was undertaken
through this software. A velocity model provided by PGS was loaded in the GeoFrame
Charisma database in order to convert the picked horizons from two-way travel time to depth,
allowing for the creation of depth grids.

3.6 Results

3.6.1 Seismo-stratigraphy and structural domains

Description and interpretation of seismic horizons and seismic packages was composed
in accordance with previous studies [Roberts and Peace, 2007; Gardosh et al., 2010; Bowman,
2011; Hawie et al., 2013; Ghalayini et al., 2014] as there is a lack of physical evidence (no
access to borehole data) in the investigated area. Eight major seismic packages were identified
from the interpretation of the reflection seismic data at our disposal (Figure 3 - 6) (courtesy of
PGS and the Ministry of Energy, Commerce, Industry and Tourism of the Republic of Cyprus).
These packages are constrained by nine key, regional horizons (Figure 3 - 7; [Roberts and
Peace, 2007; Gardosh et al., 2010; Bowman, 2011; Hawie et al., 2013]): R9-Seabed, R8-Base
Pliocene, R7-Base Messinian, R6-Base Mid-Miocene, R5-Top Oligocene, R4-Eocene
unconformity, R3-Senonian unconformity, R2-Top Jurassic and R1-Middle Jurassic.
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Figure 3 - 6: Map of offshore Cyprus. Main structural elements identified after seismic interpretation. Red dotted
line delineates the transition boundary between continental and oceanic crust [Granot, 2016]. Black thin lines
delineate the available seismic data, while the red thick lines delineate the seismic profiles illustrated in this paper.
Abbreviations: CA=Cyprus Arc, CB=Cyprus Basin, COB=Continent-ocean boundary, EMC=Eratosthenes
micro-continent, FR=Florence Rise, HR=Hecataeus Rise, LnR=Larnaca Ridge, LR=Latakia Ridge, MR=Margat
Ridge, PTF=Paphos Transform Fault.

The R1 is a high amplitude horizon which delimits the deepest chaotic seismic package
identified on the data from a seismic package with more continuous reflectors. Horizon R2 is a
high amplitude continuous horizon which delimits the Upper Jurassic from the overlying Lower
Cretaceous seismic unit. The R3 horizon corresponds to a regional unconformity described as
the Senonian unconformity and correlates with a major subsidence of the Levant Basin. Horizon
R4 represents the Eocene unconformity where low-stand siliciclastic sediments (deposited from
the uplift and tilting of the eastern Levant margin), are overlaid by deep marine Oligocene
sediments (mixed system of carbonates, shales and marls) which indicate the continuous
subsidence of the Levant Basin. Horizon R5 is the lower boundary of the Early Miocene
sediments which are characterized as deep water clastic deposits. The R6 horizon, of Mid
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Miocene age, is a high amplitude reflector identifiable throughout the Levant Basin [Gardosh
et al., 2010; Hawie et al., 2013]. The R7 horizon is considered as the Base Messinian horizon
overlain by the evaporitic sequence, mixed with some low stand clastics derived from the Nile
Delta. Horizon R8 relates to the inundation of the Mediterranean Sea during Pliocene time and
the deposition of hemi-pelagic sediments [Hawie et al., 2013]. Finally, R9 horizon represents
the seabed.

The study area can be sub-divided in four different domains, based on the seismic
interpretation and the identification of the different horizons and seismic packages (Figure 3 -
8). The first domain relates to the Levant Basin (Figure 3 - 8A) and it is located south-east of
Cyprus (Figure 3 - 8, box 8A). The Levant Basin which is floored by a thin attenuated
continental crust [Inati et al., 2016], is infilled by a thick sedimentary sequence of ~12-14 km.
This deepening of the basin is directly linked with the continuous subsidence of the Levant
Basin and the uplift of the eastern passive margin [Hawie et al., 2013].

The second domain is the Cyprus Basin (Figure 3 - 8B) just east of Cyprus (Figure 3 -
8, box 8B). It is proposed that this basin is floored by obducted ophiolites and constitutes the
continuation of the Troodos ophiolites towards the East where it connects with the Baer-Bassit
ophiolites of Syria [Calon et al., 2005 a, b; Bowman, 2011]. The uplifted position of the Cyprus
Basin due to the compressional events in the region, played an important role in the infilling of
this basin as sediments of approximately 5 km thick were deposited, considerably less compared
to the thickness of the Levant Basin sediments. The continuous uplift of this basin is also
attested by the thin lenses of Messinian salt or the total absence of the salt in this domain.

The third domain is dominated by the Eratosthenes micro-continent (Figure 3 - 8C),
south of Cyprus (Figure 3 - 8, box 8C). This is a carbonate platform constructed by carbonate
build-ups of Cretaceous and presumably Miocene age, overlain by a thin Pliocene cover ~100
m. Seismic interpretation of the Eratosthenes micro-continent suggests that the
Eocene/Oligocene sediments are either absent or extremely thin. The basement of the
Eratosthenes micro-continent is considered to be of thin continental crust [Welford et al., 2015].

The Herodotus basin is the fourth domain (Figure 3 - 8D) situated south-west of Cyprus
(Figure 3 - 8, box 8D). It is filled by an estimated 14 km of sediments. Due to the lack of wells
and data to tie the horizons, the older horizons are not identified. The thick Pliocene sediments
(~2.5 km) and the very thick Messinian salt deposition (~2.5-3.8 km) are an indication of the
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continuous subsidence of the basin and the drastic infill from the Nile Delta. The challenges of
sub-salt imaging renders it very difficult to identify any deep structures in this area.

3.6.2 Tectonic structures and timing of deformation

A major sub-vertical fault described as the Latakia Ridge is identified on the seismic
data and corresponds to a major boundary that separates the deeper Levant Basin to the south
from the shallower Cyprus Basin to the north (i.e. the two first domains, presented above). This
fault trends NE-SW to E-W and offsets the R8-Base Pliocene, R7-Base Messinian, R6-Base
Mid-Miocene, R5-Top Oligocene and R3-Senonian unconformity horizons.

A comparison of the deposition of sediments north and south of the Latakia Ridge and
from east to west, is important in order to understand the spatial displacement of this structure.
North and South of the Latakia Ridge the thickness differentiation of the deposited sediments
is more evident. South of the Latakia Ridge in the Levant Basin (Figure 3 - 9, position A), Mid-
Miocene deposits are ~1600-1800 m, the Messinian salt is ~1500 m and the Pliocene sediments
are ~500-600 m. North of the Ridge, in the Cyprus Basin (Figure 3 - 9, position B), the Mid-
Miocene sediments are ~1300-1500 m, the Messinian salt is ~450 m, while the Pliocene
deposits are ~400-500 m, indicative that the sedimentary sequence is thinner in the Cyprus
Basin in comparison with the Levant Basin.

This thickness differentiation north and south of the Latakia Ridge provides evidence
of the offset nature of the different seismic packages (SP), in particular SP6 (Mid-Miocene
~1400-1600 m in the north compared to ~1600-1800 m in the south) and SP7 (Messinian ~450
m in the north and ~1500 m in the south), an indication of the active thrusting nature of the
Ridge from Middle Miocene until Messinian time. The rather constant thickness of the SP8
package north and south of the Latakia Ridge provides difficulties in order to precisely
determine the timing of the later deformation. However, it provides evidence of minor vertical
movement since Pliocene time in the eastern area (Figure 3 - 9).

Comparing the Latakia Ridge from East to West, more information is collected in order
to describe the lateral evolution of the Latakia Ridge. Just north of the Ridge, at the eastern
extend of the Cyprus Basin the Mid-Miocene sediments (SP6) are ~1300-1500 m, the Messinian
salt (SP7) is ~450 m, while the Pliocene deposits (SP8) are ~400-500 m (Figure 3 - 9, position
B). In comparison in the western extend of the Cyprus Basin, deposition of Mid-Miocene
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sediments (SP6) ranges from 500-800 m, Messinian salt (SP7) is restricted to ~250 m or it is
not deposited and the Pliocene sediments (SP8) are ~300-400 m (Figure 3 - 10, position D,
Figure 3 - 11). Deposition of sequences SP6 and SP7 is observed to be thinning towards the
west, indicative of the increasing vertical displacement along the Latakia Ridge and towards
the west during Mid-Late Miocene time. For the depositions of SP8 in Pliocene time the
thickness across the Latakia Ridge is rather constant. In the west (Figure 3 - 12), the SP8 is
thicker in the Levant Basin in comparison with the Hecataeus Rise (Figure 3 - 6) situated north
of the Latakia Ridge, which reflects an activity of Plio-Pleistocene time. This observation is in
agreement with the pronounced bathymetric morphology associated with the Latakia Ridge.
Notably the relief observed on profile 6063 (Figure 3 - 9) is smaller than that on profile 6053
(Figure 3 - 12) marked by the Hecataeus Rise. This westward increase of vertical movement
along the Latakia Ridge during Pliocene time, is further attested by the deformation in the
western domain of the Eratosthenes micro-continent. In the eastern domains, additional
evidence for the active nature of the Ridge during Pliocene time is the transpressive flower
structures identified north of the Latakia Ridge (Figure 3 - 9) which offset the SP6 and SP8
sediments.

Numerous extensional faults exist in the Levant Basin, which offset the Miocene and
Oligocene sediments (Figure 3 - 9, position A). The offset of these normal faults is estimated
to range between 150-450 m. The majority of the faults are dipping towards the South while
occasionally normal faults dipping to the north are observed. In positions where antithetic faults
are observed small horst structures are identified. The direction of the faults is E-W, although
it’s not well constrained from one profile to another, due to the sparse 2D seismic data available
(distance between lines ~20-30 km apart). These south dipping normal faults identified in the
Levant Basin portray a deformation of Middle to Late Miocene age as they offset Oligocene -
Miocene sediments and are confined in the R4 Eocene unconformity horizon at the base and
the R7 Base Messinian horizon at the upper end.

The Cyprus Basin is an elongated structure that runs from East to West, with the Latakia
and Larnaca Ridges constituting its southern and northern borders respectively (Figure 3 - 4).
It is in filled with sediments of Pre-Tertiary time (age undefined), SP5-Early Miocene, SP6-
Middle/Late Miocene, SP7-Messinian and SP8-Pliocene/Pleistocene age. A regional
unconformity marked by the R8 reflector is followed along all profiles and indicates a
discontinuity in the deformation process. Folds in the Miocene units are sealed by the Pliocene
package, indicating temporary interruption of the shortening. The convergence between the
African and Eurasian plates, results in the division of the Cyprus Basin into two smaller basins
from the prominent Margat Ridge that trends almost E-W (Figure 3 - 9, position C). This
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structure is active during or in late Early Miocene time, as evidenced by the thickness variations
of SP5 in seismic profile 6063 (Figure 3 - 9, position C), where SP5 north of the Margat Ridge
is thinner in contrast to the south of the Ridge.
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Figure 3 - 7: Chrono-stratigraphic chart depicting the horizons identified during seismic interpretation with the
proposed ages, seismic facies and thicknesses.
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Figure 3 - 8: Stratigraphic columns illustrating the sedimentary filling of the four different domains, which are
examined. Red boxes indicate the location of each column. Sequences as described in Figure 3 - 7. A) Levant Basin
domain: Thick sedimentary infill above a thin stretched continental crust, B) Cyprus Basin domain: Thin
sedimentary sequence, lacking in deposition of several seismic packages, perceived to be floored by obducted
ophiolite, C) Eratosthenes micro-continent domain: carbonate platform of Mesozoic age covered by Pliocene
sediments, believed to be floored by continental crust, D) Herodotus Basin domain: Infilled by a very thick layer
of Pliocene and Messinian deposits and floored by an oceanic crust. Abbreviations: L.B= Levant Basin,
C.B=Cyprus Basin, E.S=Eratosthenes micro-continent, H.B=Herodotus Basin.
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Figure 3 - 9: Seismic line 6063 trending South-North. Letters in squares are used to refer to a specific zone in the
text. Position of this profile found in Figure 3 - 6. Position A: Normal faults offsetting the Early to Middle Miocene
sediments, commencing at the Eocene Unconformity horizon (R4) and dying out at the base of the Messinian
horizon (R7). Position B: Structurally higher position of the Cyprus Basin, infilled by a thin sedimentary sequence
in comparison with the Levant Basin. Change in thickness of the Messinian salt between the Levant and Cyprus
Basins implies the active nature of the Latakia Ridge. Position C: Small basin of Middle Miocene age as the Early
Miocene sediments are inclined towards the north with the Mid Miocene sediments onlapping on the slope of the
basin. A3 size Interpreted and un-interpreted profiles in Appendix.

In Mid Miocene, thickness variations are observed at the northern side of the Margat
Ridge (Figure 3 - 9, position C) where the Middle Miocene sediments are onlapping on
northerly dipping Early Miocene deposits. The thicker SP6 sequence south of the Ridge
compared with the thinner SP6 deposition north of the Ridge (Figure 3 - 9, position C), indicate
the thrusting activity of the Margat Ridge during Middle Miocene time. In Late Miocene time
the Margat Ridge was active, as it is displayed by the absence of the Messinian salt on the
anticline north of the Margat Ridge (Figure 3 - 9, position C), while a salt body was deposited
in the depression further north, which is directly linked with this thrusting activity. In line 6061
(Figure 3 - 10, position D) the piggy back basins express the active nature of the Ridge as the
Mid-Miocene strata are folded and the Messinian salt is not deposited.
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Figure 3 - 10: Seismic line 6061 trending South-North. The Letter in square is used to refer to a specific zone in
the text. Position of this profile found in Figure 3 - 6. Position D: Piggy back basins created due to continuous
convergence of the African plate with respect to the Eurasian plate. A3 size Interpreted and un-interpreted profiles
in Appendix.

Towards the west in-line 6053 (Figure 3 - 12), no substantial thickness differentiation
of SP5 and SP6 is observed north and south of the Margat Ridge, which illustrates its limited
or non-existent activity during Early to Middle Miocene time at this locality. The difference in
depositional thickness of SP7 north and south of the Ridge points towards the renewed vertical
movement along the Margat Ridge in Messinian time. Deformation during Pliocene to Recent
time is identified through the seabed elevation. The higher bathymetric relief in the east (Figure
3 - 9, position C) compared to the west (Figure 3 - 11) may indicate that seismic line 6053
profile cuts the western tip of the Margat Ridge. Another feature illustrating Pliocene activity
is the perceived transpressive flower structure observed north of the Margat Ridge (Figure 3 -
9, position B) offsetting SP6 and SP8 packages.
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Figure 3 - 11: Schematic illustration of depth converted seismic reflectors, illustrating the depth converted
packages as they were obtained by using the Dix formula and the stacked velocities.

Although the Larnaca Ridge is observed only on a few of the available seismic lines for
this study, evidence of its activity is observed from structures south of its position. A good
example is seismic profile 6063 (Figure 3 - 9, position C) where the progressively thickening
sequence of the Middle Miocene sediments towards the north is connected with the thrusting
activity of the Larnaca Ridge at this time.

During Late Miocene time it is difficult to identify whether the Larnaca Ridge was
active, as the Messinian salt deposition (Figure 3 - 9, position C) is of constant thickness and
its continuation towards the north is not observed. In contrast the active nature of the Larnaca
Ridge during the Pliocene is illustrated in profile 6053 (Figure 3 - 12), where the seabed
elevation changes abruptly in Pliocene time and a big flexural basin (fig. 9, position F) is
created in filled by Plio-Pleistocene sediments of ~1500 m. Detailed analysis of the flexural
basin (Figure 3 - 12, inset image) illustrates the thrusting activity of the Larnaca Ridge in
Pliocene time, as it is evident from the thinning Pliocene sediments towards the south and the
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onlaps depicted by the black arrows. These observations illustrate the syn-sedimentary thrusting
activity of the Larnaca Ridge in Plio-Pleistocene time.

Further west in the Eratosthenes domain, thrusts and flexural basins are identified south
and south-east of the Cyprus Island (Figure 3 - 13). On the northern dipping flank of the
Eratosthenes micro-continent a flexural basin (Figure 3 - 13, position G), is observed in filled
by Pliocene-Pleistocene sediments (~1300 m) which are onlapping on the Cretaceous carbonate
deposits. This flexural basin is a result of the thrusting of the Cyprus Arc (the arc is not observed
on this profile, for position refer to inset image of Figure 3 - 14) due to the ongoing northward
movement of the African plate and the collision of Eratosthenes micro-continent with Cyprus.
The south verging thrust fault (Figure 3 - 13, position G) with a decollement level in the
Messinian salt, is indicative of shortening and could be the latest collision front between
Eratosthenes micro-continent and Cyprus. The geometry of this thrust as it is observed on the
seismic profile, is connected with a pull-up effect due to the thick salt layer at this position and
the big difference in velocities between the salt deposition of SP7 and the clastics of SP8.

On the bathymetry map the geometry is indicative of salt advancement and salt flow,
evidenced by the southward verging lobes (Figure 3 - 6) (e.g. Sigsbee escarpment, [Hudec and
Jackson, 2009]). The salt is perceived as allochthonous as it rests on top of Pliocene sediments
[Reiche et al., 2015]. Similarly the normal fault just below the salt which is illustrated with the
dashed line in Figure 3 - 13, could be an inherited structure or it could be related to a pull-up
effect as explained above.
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Figure 3 - 12: Seismic line 6053 trending South-North. The Letter in square is used to refer to a specific zone in
the text. Position of this profile found in Figure 3 - 6. Position E: Thinning of the sedimentary sequence as we
move towards the west, in comparison with the Middle Miocene depositions of profile 6063. Position F: Flexural
basin created from the uplift of the Larnaca Ridge north of this seismic profile (as identified by Calon et al.,
[2005]). Inset is a zoomed image of the Cyprus Basin, illustrating thinning of the Pliocene sediments towards the
south and onlaps on the Messinian and Miocene sediments. A3 size Interpreted and un-interpreted profiles in
Appendix.
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Figure 3 - 13: Seismic line 6015 trending South-North. The Letter in square is used to refer to a specific zone in
the text. Position of this profile found in Figure 3 - 6. Position G: Flexural basin created from the convergence of
Eratosthenes micro-continent with Cyprus and infilled by Plio-Pleistocene sediments. A thin skinned thrust with a
decollement level north of the basin portrays the shortening. A3 size Interpreted and un-interpreted profiles in
Appendix.

A schematic illustration of depth converted seismic profiles is proposed (Figure 3 - 14)
that portrays the elimination of the pull-up effect due to the big velocity contrast discussed
above. By applying the standard Dix formula, a time to depth conversion model was built for
each seismic horizon, by utilizing the stack velocities provided by PGS for every 2D seismic
profile. It is believed that the SP3 package (Figure 3 - 13) will not bend so steeply upwards but
will rather have a similar continuation as observed on the slope of Eratosthenes micro-continent.
By accepting this scenario, the geometry of the fault becomes flat, with a decollement level in
the salt, which could probably extend and connect at depth with the Cyprus Arc (Figure 3 - 6,
Figure 3 - 13).
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Figure 3 - 14: Schematic illustration of depth converted seismic reflectors that eliminates the large velocity
contrast between SP8 (clastics) and SP7 (salt) which results in a pull-up effect as observed in Figure 3 - 13. SP3
is not steeply bending upwards and thus a thrust fault is illustrated with a decollement level in the salt. The
continuation towards the north is complex due to the limited and poor imaging. The seismic profile does not cross
the Cyprus Arc, although the thrust fault (dashed line) is expected to connect with the Cyprus Arc. In-set
bathymetry map with the location of the seismic profile displayed in red.

Several normal faults are identified on the crest of the Eratosthenes micro-continent
(Figure 3 - 13). The main direction of these faults is E-W to WNW-ESE and they offset
Cretaceous and Pliocene sediments. The normal faults observed on the crest and northern flank
of the Eratosthenes are of Pliocene age as they offset almost the whole sedimentary sequence.
This feature could be associated with the flexure of the Eratosthenes micro-continent and the
releasing of stress, due to the shortening that prevails in front of Eratosthenes as it collides with
Cyprus.

3.7 Discussion

A variety of tectonic structures were identified and mapped offshore Cyprus. The main
deformation mechanisms are related with thrust faults and later transpressive structures. As a
result of the compressional regime flexural basins of various sizes are created. Other notable
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features are the array of normal faults described in the Levant Basin and on the Eratosthenes
micro-continent. Fault activity is evident at least since Early Miocene time and extends until
the Present time, expressed through the continuous deformation identified along the Cyprus Arc
system. The observed structures occur within a mosaic of juxtaposed domains, with each
domain characterized by a distinctive crustal nature. Passing from East to West, these domains
are: (1) the Levant Basin domain which is comprised by a thick sedimentary sequence of ~12
km and floored by a thin attenuated continental crust, (2) the Cyprus Basin domain infilled by
a thin sequence of ~5 km of sediments (Pre-Tertiary and Neogene age) and presumably
underlain by obducted ophiolites, (3) the Eratosthenes micro-continent domain which
constitutes a carbonate platform (~4 km) on top of a continental crust and (4) the Herodotus
Basin domain floored by an oceanic crust covered by a thick sedimentary sequence of ~14 km
(Figure 3 - 4). Observations from the interpreted 2D seismic profiles, indicate that fault activity
was more or less intense since Early Miocene. Based on these results and by integrating data
from previous onshore and offshore studies, a two stage model of the deformation along the
Cyprus Arc system from Neogene until Present time is proposed (Figure 3 - 15). This model
takes into account the basic information observed from the seismic interpretation and illustrates
the longitudinal change in deformation style along the Cyprus Arc system from East to West
and through time.

3.7.1 Miocene

Deformation during Miocene is dominated by a compressive regime which is expressed
through a number of thrust faults. This thrusting activity results in the development of flexural
basins and controls the geometry of the deposited sediments by shifting the positions of
depocenters. Structures identified on the seismic profiles, such as the Latakia and Margat
Ridges, illustrate a thrusting displacement at least since Mid-Miocene and time until Late
Miocene as it is observed from the thickness variation of the sediments, north and south of these
structures (Figure 3 - 15A, B, C).

Observations in this paper with regards to the deformation of the structures are in
agreement with previous seismic reflection studies. Hall et al., [2005b] place the timing of uplift
of the Latakia Ridge from Mid-Miocene to Late Miocene time as SP6 and SP7 are thickening
towards the NNW. Similarly, Bowman [2011] connects the uplift of the Latakia Ridge with the
deposition of a thinner sequence of SP6 and SP7 in the Cyprus Basin in comparison to the
Levant Basin.
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In order to counter data coverage limitations north of the Cyprus Basin, existing studies
were taken in account. Calon et al., [2005b] identified that the Larnaca Ridge is uplifted in
Middle to Late Miocene time as the sediments are thick towards the north (away from the
Ridge) but thin rapidly towards the Ridge. Mid-Miocene thrusting activity is also identified
onshore in the Mesaoria Basin [Cleintuar et al., 1977; Harrison et al., 2008] as the Ovgos Fault
zone is thrusting the deeper Kythrea Formation flysch next to the shallower pelagic marls and
chalks of the Pakhna Formation [Cleintuar et al., 1977].

A new model is proposed regarding the thrusting activity of the structures and the
propagation of deformation (Figure 3 - 15A, B, C). A moderate activity is described for the
Margat Ridge commencing in Early Miocene time (Figure 3 - 15A). Although concrete
evidence is missing from the available data for this study, moderate activity on the Larnaca
Ridge is proposed in Early Miocene time. A good indication of Early Miocene activity of the
Larnaca Ridge are the Oligo-Miocene highs identified onshore at the Cape Greco locality
(eastern extend of Cyprus), which correspond to carbonate build-ups of the Terra Formation
[Cleintuar et al., 1977]. The prominent activity of the Margat Ridge is evident in Mid-Miocene
time with the onlapping Mid-Miocene sediments on the inclined Early Miocene sediments,
while the southward Latakia Ridge is less active during this time (Figure 3 - 15B). Late Miocene
activity on both structures is roughly equivalent, (Figure 3 - 15C). All together these data
indicate that thrusting activity migrates southwards through time, thus following an in sequence
development of the structures and a forward propagation of the deformation. The eventual end
of this compressional event in Pliocene time resulted in a regional unconformity.

Continuous Neogene deformation along the Cyprus Arc system as it is described in this
study, commences in Early Miocene time with an acme in Late Miocene time can be correlated
with the convergent regime between the Afro-Arabian and Eurasian plates. To the east,
shortening in Syria is evidenced by the second phase of Syrian Arc folding which initiated in
Early Miocene time in response to plate collision [Brew et al., 2001; Al Abdala et al., 2010]. In
comparison to this prominent tectonic event in Syria, observations in this study indicate that
deformation is limited in the west and more precisely on the Margat and Larnaca Ridges, while
onshore Cyprus local uplift is suggested during the same time interval [Cleintuar et al., 1977].
In conjunction with previous observations and evidence illustrated in this study, it is herein
proposed that the westward attenuation of the deformation from Syria to Cyprus, is related with
the diversification of the crustal nature as in the vicinity of the Levant Basin continental crust
and thin attenuated continental crust interact.
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Despite the prominent compressional regime dictating the deformation style since the
Late Cretaceous, normal faults of Oligo-Miocene age are identified in the Levant Basin. A clear
deformation mechanism to connect the compressional regime and the normal faults is difficult
to envisage. Ghalayini et al., [2014; 2016] identified these NW-SE trending normal faults
offshore Lebanon, suggesting that the faults are of non-tectonic origin and are connected with
the sedimentary nature of the Miocene deposits.

These normal faults are also identified on the seismic profiles (Figure 3 - 9A) that cover
the Levant Basin offshore Cyprus (Figure 3 - 6). In this study, data limitations lead to a cautious
approach as to the origin of these structures. Either the normal faults originate from non-tectonic
processes aided by the clay content in the host units, similar to what Ghalayini et al., [2014;
2016] proposed in Lebanon, or they are connected with the flexure of the upper crust and the
creation of the normal faults in the sedimentary infill, in response to the continuous convergence
of the African and Eurasian plates. These normal faults extend up to the Late Miocene
deposition of a thick layer of salt (~ 1.5-2 km) in the Levant Basin, which acts as the upper
boundary that constrains the deformation in the Miocene deposits. The root of the normal faults
terminates on the Eocene unconformity (horizon R4) and this could be related with the
deposition of siliciclastic sediments that act as a barrier to the propagation of the deformation
in older sediments. A solution for the origin of the normal faults could be attained through the
interpretation of additional 2D and 3D data. This could provide the detailed direction of these
structures, thus enabling the correlation of the faults with the prevailing tectonic regime.

3.7.2 Pliocene to Recent

Pliocene deformation along the Cyprus Arc evolved within a tectonic regime of thrust
faulting and strike slip structures, thus reflecting partitioning of deformation. This tectonic
regime is described by a detailed description of transpressive flower structures, back thrusts and
more specifically by the comparison of the thickness of the Neogene sediments in the Cyprus
Basin as they identified in this study, from observations across the Latakia and Margat Ridges
(Figure 3 - 9 and 12D). Interpretations in this study illustrate that the Larnaca Ridge is
reactivated by a thrusting mechanism with the creation of a Pliocene flexural basin in the
footwall of the thrust (Figure 3 - 12F and Figure 3 - 15D). These conclusions are in accordance
with previous studies which recognized positive flower structures along the Latakia and Margat
Ridges [Hall et al., 2005b; Bowman, 2011] and further enhanced by the comparison of the
thickness of the Neogene sediments as identified herein. In contrast the Pliocene sediments
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which are thickening northwards away from the Larnaca Ridge [Calon et al., 2005b], correlate
well with the thrusting activity and the creation of the flexural basin described in this paper.

By combining the onshore and offshore data from previous publications and this
research, it is evidenced herein that during the Pliocene, the tectonic regime at the plate
boundary changes into a transpressive regime. This deformation style is connected with the
fragmentation of the Eurasian continental plate and the westward expulsion of the Anatolian
microplate, which is considered as the driving mechanism of the strike-slip motion.
Deformation associated with the new tectonic regime was accommodated by the re-activation
of previous structures, such as the steeply vertical Latakia Ridge which is located at a pre-
existing zone of weakness which separates different crustal domains (Levant and Cyprus
Basins).

As identified by the interpretation of different seismic profiles in this study, the
longitudinal evolution of deformation along the Cyprus Arc system changes along strike. In the
eastern domain the Latakia Ridge is mainly described by strike slip motion, whereas in the
western domain directly south of Cyprus a thrusting regime is evidenced from the creation of a
big flexural basin (Figure 3 - 13G and Figure 3 - 15D). This shortening, is connected with the
collision of the Eratosthenes micro-continent with Cyprus, and it is considered as the most
intense phase of uplift on Cyprus [Harrison et al., 2012; Kinnaird et al., 2013]. The intense
uplift at that period is also supported inland, by the change in sedimentation, with the deposition
of carbonates ceasing (chalks and marls of Pakhna Formation) and the deposition of clastics
initiating in Early Pliocene (sandstones and biocalcarenites of Nicosia Formation). The
Mesozoic structuration of the Levant Basin which juxtaposed different crustal blocks, is
therefore regarded as a major cause for the East-West evolution of the deformation along the
plate structures of the Cyprus Arc.
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3.8 Conclusions

Based on the interpretation of the 24 regional 2D reflection seismic profiles traversing the
Cyprus Arc system and the regional structural settings, the following conclusions can be drawn:

1. Mapped tectonic structures with a pronounced bathymetric expression, include thrust
faults and strike-slip faults active from Miocene to Present and the creation of flexural
basins of the same age. A number of layer bound normal faults were recognized within
the Eocene-Miocene package.

2. Generally, shortening dominated during the interpreted Neogene time interval, whereas
strain partitioning, with both thrusting and strike-slip movements, characterizes the
Plio-Pleistocene deformations as the result of the westward movement of Anatolia.

3. The temporal and longitudinal evolution of the deformation style along the investigated
Cyprus Arc system, is a consequence of the composite nature of the Eastern
Mediterranean crust and the individualization of the Anatolia microplate.

4. The documented Plio-Pleistocene tectonic structures (positive flower structures in the
east and flexural basin in the west) suggest a westward increase of shortening, in relation
with the lateral change in nature of the crust, passing from a thinned continental crust in
the Levant Basin (eastern domain) to the continental crust that underlays the
Eratosthenes micro-continent domain.
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Figure 3 - 15: Tectonostratigraphic evolution offshore Cyprus in accordance with seismic interpretations in this
paper and in connection with previous seismic studies from Calon et al., 2005a; Hall et al., 2005; Bowman, 2011;
Montadert et al., 2014. A: Oligocene-Early Miocene: The Larnaca and Margat Ridges are active as the Early
Miocene sediments are thinning north of the Margat Ridge, while the Latakia Ridge is covered by a thin sequence
of Early Miocene sediments. B: Middle Miocene: Latakia and Margat Ridges are active, with Mid Miocene
sediments onlapping on the inclined Early Miocene sediments. Normal faults are initiating in the Levant Basin.
C: Late Miocene: Continuous activity of the Latakia, Margat and Larnaca Ridges as Messinian salt is deposited
into small depressions. Normal faults in the Levant Basin reach full growth restricted between the Eocene
unconformity and base Messinian horizons. D: Pliocene-Recent: Active Latakia and Margat Ridges give rise to
positive flower structures that indicate a transpressive strike slip nature. Abbreviations as in Figure 3 - 6. Each
period is illustrated in A3 size in the Appendix.
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A first phase of field work was undertaken in Cyprus from the 22" of March until the 30"
of April 2015, with a second survey following suite in September 2016. The goal of these field
campaigns was to build a conceptual model which depicts the tectonic evolution of Cyprus from
Late Cretaceous to Present. For this purpose, three basins were investigated (Figure 4 - 1) and
a number of sites were identified onshore Cyprus in order to study the tectonic structures that
shape the circum Troodos sedimentary succession which covers most of Cyprus. The
sedimentary sequences range from Late Cretaceous to Plio-Pleistocene time.

It is acknowledged herein that the nomenclature for the basins in this study was used as it
was described in the studies of Payne and Robertson [1995; 2000] and Kinnaird and Robertson
[2012], for simplicity of comparison in the discussion chapter of this thesis. It is further noted
that the Limassol Basin is also known as Pakhna Basin and Alassa sub-Basin as it was described
by Eaton and Robertson [1993].

Onshore investigations were deemed necessary as they provide a better constrain on the
timing of deformation of tectonic structures and the outcropping Cenozoic sediments can be
investigated outright. The two field campaigns were conducted in order to observe and record
the tectonic structures and the sedimentary contacts in Polis, Polemi and Limassol basins, in
order to construct two cross sections in West Cyprus and one cross section in Southern Cyprus
(Figure 4 - 1), using field observations and published information. A SW-NE cross-section
intersecting the Polis Basin (passing from the coastline (Pegeia village) and reaching the foothill
of the Troodos Mountain (Lysos village)) was built from the measurements acquired. A second
cross section in a WSW-ENE direction in the same vicinity is proposed, passing from the
Akamas peninsula to the foothills of Troodos Mountain (Pelathousa village) in order to
incorporate and understand the role of the Troodos pillow lavas and the serpentinites that are
outcropping in the Akamas peninsula. The third cross section is at the eastern limit of the
Limassol Basin, trending from SW-NE and intersects the Gerasa fold and thrust belt (GTFB) at
the village of Armenochori (Figure 4 - 1).

The observations documented during fieldwork provided the necessary structural data and
arguments to constrain the age and style of the deformations of major faults that shaped onshore
Cyprus. Additional data were gathered from the measurements of meso-scale fault planes that
contribute to determine the stress regime driving the related deformations. In total ~245
measurements of fault planes, striations, fractures and beddings were obtained from the survey
of the Polis and Limassol Basins. At various localities a number of samples were collected for
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dating purposes, which were used to identify the age of the sedimentological units and to
delineate the timing of displacement of the main tectonic structures.

Figure 4 - 1: Geological map of Cyprus illustrating the main structural elements, the geological sedimentary cover
of the investigated basins and the locations of the cross sections. Black lines indicate the tectonic structures which
are generally accepted, while gray lines indicate structures proposed in different studies [Payne and Robertson,
1995; Bailey et al., 2000; Geoter, 2005]. The investigated basins south of Troodos ophiolites are indicated, Polis,
Polemi, Pissouri, Limassol and Maroni/Psematismenos Basins. Abbreviatins: 1) Akamas cross section, 2) Polis
cross section, 3) Limassol cross section. Abbreviations: ATF: Arakapas Transform Fault; GFTB: Gerasa Fold
and Thrust Belt; PTF: Paphos Transform Fault; OTF: Ovgos Transform Fault.

4.1 Surface and sub-surface data analysis
4.1.1 Borehole data analysis and sedimentary units
Onshore Cyprus, hydrogeological, exploration and geotechnical boreholes are drilled

by the Geological Survey Department of Cyprus (GSD) which provide subsurface data based
133



Chapter 4: Onshore Investigations

on borehole chips or boreholes cores. These drillings resulted in borehole data ranging up to
300m that are used here in order to document the basement of the Polis/Polemi Basins and a
section of the Limassol Basin (Figure 4 - 2). Out of the provided data (courtesy of GSD), 19
boreholes where chosen and analysed for the purposes of this study (Figure 4 - 3 and Figure 4
- 4).

In the Polis Basin 8 boreholes were utilized in accordance with the locations of the two
cross sections that will be described later (Figure 4 - 2). In borehole 1, the first 50 m consist of
calcarenite deposits, the underlying unit is made up of ~70m of chalky limestone, which rests
on ~100m of grey-marly chalk/whitish chalk which is silicified at places, while the base of the
borehole is poorly described. The succession in borehole 2 starts with ~100m of whitish chalky
marls, passes downwards into ~100m of grey chalk with silica identified in places, with the last
~20m described as Mamonia clays. In borehole 3 (top of the western flank of the Polis Basin,
Figure 4 - 2), the upper ~80m are described as chalks and limestones, rest on ~50m of chalks
and cherts, while in deeper part of the borehole ~10m of melange clays was drilled. In borehole
number 4 the first ~70m are described as marly chalk which overly ~100m of whitish limestone
and ~10m of Mamonia clay. Borehole 5 was drilled in the center of the Polis Basin and the
sedimentary succession is comprised of ~25m of yellowish marl, ~75m of grey marly chalk and
~70m of marly chalk with chert. Borehole number 6, also drilled in the center of the Polis Basin,
consists of ~50m of calcarenites, ~50m of white chalky marl and ~60m of white to grey chalky
marl with cherts bands in some places. Borehole 7 is close to the eastern flank of the Polis Basin
and is made up of ~75m of white limestone and greyish marly chalk, which passes deeper to
~30m of white chalks with chert. Drilled in the center of Polis Basin, borehole 8 consists of
~40m of yellowish marl, ~50m of white chalky marl and ~60m of white to grey marly chalk
with chert bands.

In the Polemi Basin close to the city of Paphos (Figure 4 - 2, Figure 4 - 4) 7 boreholes
were utilized by Geoter [2005] to construct 4 cross sections near the main highway leading to
the city. Borehole 9 consists of ~25m of calcarenite and ~20m of white chalk. In borehole 10
~20m of calcarenite overlie ~30m of white chalk. The succession in borehole 11 consists of
~20m of calcarenite, a 25m thick unit of limestone and chalk and ~100m of chalk and chert. In
borehole 12 the first unit consists of ~120m of limestone and chalk which overlay ~40m of
chalk and chert. In borehole 13, ~15m of calcarenite and a thick layer of ~170m of chalk and
chert was described. The succession in borehole 14 starts with a unit of calcarenite with a
thickness of ~110m and passes deeper to a unit of chalk and chert ~90m thick. In borehole 15
three units are described which are from top to bottom, a ~10m thick unit of calcarenite, a
~110m thick unit of chalks and cherts, with the deeper unit consisting of ~20m of pillow lavas.
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Figure 4 - 2: Geological map of southern and western Cyprus with the available borehole data (courtesy of GSD Cyprus). Black lines represent the locations of the cross
sections. Maps are from the GSD database based on previous maps of Lapierre [1971], Turner [1992], Zomeni and Tsiolakis [2008], Zomeni and Georgiadou [2015].
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In the south of the Limassol Basin (Figure 4 - 2, Figure 4 - 4), four boreholes were
described. Borehole 16 consists of a thick unit of calcarenite of ~140m. In borehole 17 the
succession consists of ~40m of calcarenite that overlie ~70m of limestone and chalk. The
sequence in borehole 18 starts with a unit of calcarenite of ~65m, which is underlain by ~40m
of limestone and chalk. The units in borehole 19 pass from ~10m of calcarenites to ~130m of
limestone and chalk.

According to the descriptions from the GSD, field observations during the two surveys
and descriptions of the formations from previous studies [Lord et al., 2000], a universal
interpretation was applied on the different units of the borehole data. The yellowish marls and
the calcarenites are interpreted as Plio-Pleistocene sediments deposited in a shallow restricted
marine environment and correspond with the Nicosia Formation. In boreholes where the
sediments are described as chalky limestone, whitish chalky marls, chalks and limestones, grey
marly chalk, white limestone, greyish marly chalk and white chalky marl, these units are
interpreted as Middle Miocene sediments deposited in an open shelf environment and are
associated with the Pakhna Formation. Descriptions such as marly chalks, whitish chalk which
is silicified at places, grey chalk with silica identified in places, chalks and cherts, whitish
limestone and white to grey marly chalks with cherts bands in some places, are interpreted as
sediments Paleogene age which are deposited in a basinal setting and correspond with the
Lefkara Formation. Units described as Mamonia clays and Melange clays are interpreted as
continental margin sediments of Triassic age which are derived from the Mamonia Complex,
while units described as pillow lavas refer to Upper Cretaceous deposits of the Troodos
ophiolites.

Considering the 30 boreholes studied in the Polis Basin, 8 were chosen in close
proximity to the cross sections in order to better constrain the thicknesses and the geometries
applied for the creation of the cross sections (Figure 4 - 2). The formations encountered in each
well are the Pakhna and Lefkara Formation with the thickness changing with regard to the
position of each well. The Nicosia Formation is observed mainly in the center of Polis Basin
and in the Pegeia area, while the Mamonia Complex is only described in a few wells and
extrapolated for the others.

The Lefkara Formation in the Pegeia area illustrates a change in thickness passing from
~150m (minimum thickness) in well 1, ~80m in well 2 and ~40m in well 3 (Figure 4 - 3). This
northward thinning pattern could reflect an uplift of the Kathikas area and subsidence to the
east during Oligocene to Early Miocene time. In the center of the Polis Basin, the Lefkara
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sediments are ~100m thick in well 4. Unfortunately, boreholes 5 to 8 do not penetrate the base
of the Lefkara Formation, so the eventual thickness variation through the Polis Basin cannot be
documented. The large thickness variation between boreholes 3 (~40m) and 4 (~100m) could
represent the movement of the Kathikas thrust and the subsidence of the center of the Polis area.
Throughout the Polis basin, the thickness of the chalks and marls of the Pakhna Formation does
not vary as it records ~70-100m (boreholes 4-5-6, Figure 4 - 3). This probably indicates that no
major tectonic structures were active during Middle Miocene time. In the Pegeia area, the
calcarenites and sandstones unit of the Nicosia Formation is ~50m while no equivalent
deposition was described in boreholes 2 and 3 (Figure 4 - 3). This indicates the uplifted location
of boreholes 2 and 3 during the Pliocene time. Accordingly, in the center of the basin wells 4
and 7 at both flank of the Polis Basin are lacking the Nicosia Formation which illustrates that
either a thin layer was deposited and then eroded or it was never deposited due to the high
position of the flanks. In the center of the Polis Basin, a thin layer of ~30-50m was deposited
as identified form wells 5 and 6. The absence of the Nicosia Formation in boreholes 2, 3, 4
coincides with the eastern flank of the Polis Basin which was probably a high during the Plio-
Pleistocene time, as is borehole 7 which corresponds to the western flank of the basin.

In the Polemi Basin, Geoter [2005] used approximately 40 boreholes to construct four
cross sections, out of which 7 characteristic boreholes are presented here. The Lefkara
Formation is boreholes 9 and 10 was not drilled whereas in borehole 11 the thickness of the
unit is ~90m. Boreholes 12, 13, 14 and 15 illustrate a northward thickening of the Lefkara
Formation, thus further enhancing the idea of a thrust fault, which was probably active in
Oligocene to Early Miocene time. The Pakhna Formation is identified in boreholes 9, 10 and
11 (ranging from ~25-30m) and ~110m thick in borehole 12, however it is missing in boreholes
13, 14 and 15 where the Nicosia Formation is directly overlying the Lefkara Formation. This
indicates a local uplift during Middle to Late Miocene time which could be related to the Paphos
thrust fault proposed by Geoter [2005]. In boreholes 9, 10, 11 the thickness of the Nicosia
Formation ranges from ~20m to ~30m. The sedimentary succession in boreholes 12, 13, 14 and
15 varies significantly, with the thickness of the Nicosia Formation firstly increasing passing
from borehole 13 (~20m) to 14 (~100m) and then decreasing towards the north in borehole 15
(~20m). The large thickness in well 14 compared with the reduced thicknesses recorded in the
other boreholes (12, 13, 15) shows an increase in subsidence towards the south during the Plio-
Pleistocene time [Geoter, 2005].
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Figure 4 - 3: Borehole data in the Polis Basin courtesy of the Geological Survey Department of Cyprus (locations in Figure 4 - 2). The description of each borehole is presented
along with the corresponding formation and age as interpreted herein.
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Figure 4 - 4: Borehole data: (A) in the Polemi Basin (9-15) as they are interpreted by Geoter [2005] and (B) in
Limassol Basin (16-19) as interpreted by Kinnaird [2008] (locations in Figure 4 - 2).
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4.1.2 Surface data and map revisions

The geological map of Cyprus at a scale of 1:250.000, displays the main sedimentary
units (see also Chapter 2, Figure 2 - 20) and according to the map the main tectonic structures
are the Arakapas Transform Fault, the Gerasa Fold and Thrust Belt, the Ovgos Transform Fault,
the Akamas Thrust Fault Zone and normal faults in the Polis Basin. During our two field
surveys, four geological maps of south/southwest Cyprus were generated covering the Polis,
Polemi and Limassol Basins (Figure 4 - 1) at a scale of 1:35.000, by utilizing an ArcGis database
courtesy of the GSD, which was compiled by previous studies that mapped the area [Lapierre,
1971; Turner, 1992; Zomeni and Tsiolakis 2008; Zomeni and Georgiadou, 2015]. A lack of dip
data on the main geological map of Cyprus (scale of 1:250.000), prompted the use of these
detailed maps. A large number of sedimentary bed dips were measured in order to constrain the
geometry of the beds (Figure 4 - 5, Figure 4 - 17, Figure 4 - 22, Figure 4 - 27). Through field
observations the contacts between the sedimentary formations were investigated, as the
juxtaposition of different units can be an indication of tectonic structures. Measurements near
major faults were used to define the nature of the faults and the geometry of the units. In all the
aforementioned basins, meso-scale faults and striation data were recorded at a number of sites,
with the specific aim of determining the stress regime of certain key areas. These faults were
encountered mainly in Cenozoic sediments such as the Middle Eocene Lefkara Formation, the
Middle Miocene Pakhna Formation and in the Plio-Pleistocene Nicosia Formation.

4.2 Polis Basin

The Polis Basin is located at the westernmost region of the island of Cyprus (Figure 4 -
1). A large number of studies undertaken in this basin, describe it as an extensional basin
bounded by large scale normal faults [Payne and Robertson, 1995, 2000; Kinnaird, 2008].
Previous authors evoked a deformation mechanism connected with the slab roll back of the
northward subducting African plate [Payne and Robertson, 1995, 2000].

New offshore studies west of the Polis Basin, based on seismographic recordings and
fault plane solution indicate a strike slip structure termed the Paphos Transform Fault (see
chapter 2) [Papazachos and Papaioannou, 1999]. These results were further enhanced by the
work of Dilek and Sandvol [2009], who proposed a STEP fault geometry (subduction-transform
edge propagator) proposing that the northward subducting African plate is not retreating under
Cyprus. These results are in sharp contrast with the proposed models by Payne and Robertson
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[1995, 2000], thus prompting a re-evaluation and the proposal of a new conceptual model that
explains the structures and the deformation encountered during the field campaigns in Cyprus.

Throughout the duration of the field surveys in the Polis Basin, four sectors were
investigated resulting in the proposition of geological maps for the Polis area with minor
revisions. On the main geological map (Figure 4 - 5, scale of 1:35.000) which is based on the
work of Lapierre [1971], Turner [1992] and Zomeni and Georgiadou [2015] new tectonic
structures were mapped and the bed dips of the units were added in agreement with the field
observations.
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Figure 4 - 5: Geological map of Cyprus (from GSD, compiled by the maps of Lapierre, 1971; Turner, 1992;
Zomeni and Tsiolakis 2008; Zomeni and Georgiadou, 2015) in the Polis Basin. The red square in the inset map
depicts the position of the Polis Basin on the Island of Cyprus. The points indicate the locations of each outcrop
discussed in this manuscript. 1) Figure 4 - 6: Kathikas Panorama view. 2) Figure 4 - 7 and Figure 4 - 8: Panorama
unconformity. 3) Figure 4 - 9: Androlykou quarry. 4) Figure 4 - 10: Contact between ophiolites and reefs near
Neo Chorio Paphou. 5) Figure 4 - 11: Koronia Member reefs near Peristerona village. 6) Figure 4 - 12:
Gravitational scarp in Pakhna Formation or the folding level of the chalks. 7) Figure 4 - 13: Normal faults in
Pakhna Formation near Pano Akourdalia village. 8) Figure 4 - 14: Small scale normal faults in Pakhna Formation
near Kritou Tera village. 9) Figure 4 - 15: Horst and graben structures in Pakhna Formation near Akoursos
village. 10) Figure 4 - 16: Striations in Pakhna Formation indicative of strike-slip displacement near Kritou Tera
village. Fault structures at locations 1, 2, 3, 5 are proposed for the first time in this study, as are the inferred thrust
fauls. Fault structures at location 4 are after Swarbrick [1993] and Bailey et al., [2000]. Structure at location 7
is after Payne and Robertson, [1995].Faults, bed orientation and dips are from this study.
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4.2.1 Compressional structures

Multiple sites indicative of a compressional regime are identified on both flanks of the
Polis Basin (Figure 4 - 1). Near the village of Kathikas at a panorama view on the western
flank of the Polis Basin (Figure 4 - 5, point 1), two observations were made: a) south of the
village of Kathikas (contact location indicated in Figure 4 - 5) the flat lying Middle Miocene
Pakhna rests directly above the Upper Maastrichtian Kathikas Formation (Figure 4 - 6); and b)
north of the village of Pegeia (contact location illustrated in Figure 4 - 5) the Middle Miocene
Pakhna Formation overlies the Burdigalian chalks and Late Maastrichtian chalks of the Lefkara
Formation (Figure 4 - 7). The sedimentary gap observed at both localities, indicates a tectonic
contact between the formations. Due to the nature of the Kathikas Formation (debris flows of
red argillaceous silt and angular clasts) the fault zone coule not be observed. It is proposed
herein, that this structure corresponds to a SW verging thrust fault, with an approximate strike
of NW-SE direction. As seen in Figure 4 - 6 the Middle Miocene Pakhna Formation seals this
thrust fault. This thrust, termed here as the Kathikas Thrust, was probably active during
Oligocene to Early Miocene time and its activity ceased before the deposition of the Pakhna
units.

In the Panorama sector, north of the village of Pegeia (Figure 4 - 5, point 2), several
observations and measurements were recorded which provided the groundwork for revision of
the existing geological maps. By examining the Cenozoic sequences different types of
sedimentary contacts were revealed. At Panorama, an outcrop of chalks and marls shows a
major stratigraphic contact of two formations. The upper layers are characterized by shallow
water deposits of creamy buff colored marls and chalks, while the lower layers are characterized
by white colored chalks and marls (Figure 4 - 7). Fractures identified in the lower layers are in-
filled by sub-rounded clasts of green to red color (Figure 4 - 8). Samples collected at this locality
where bio-stratigraphically dated using nanno fossils and have provided the necessary
information to clarify the timing of deposition and the relationship between these two
formations. The lower part of the outcrop consists of marls and chalks of Late Maastrichtian
age [nanno fossil zone CC26-CC25 N. Papadimitriou, 2017, pers. comm.] which could
correspond to the basal unit of the Lefkara Formation (Lower Lefkara Member of Lord et al.,
[2000]). This layer is overlain unconformably by carbonates of Burdigalian age [nanno fossil
zone NN4, N. Papadimitriou, 2017, pers. comm.] which correlate with the Early Miocene Tera
reef member and is proposed herein as the proximal facies of this formation. Field observations
of the contact between the two dated layers, indicate an unconformable surface which is
associated with the dissolution of limestone beds and is therefore proposed as a
karstified/erosive stratigraphic horizon. At the level of the identified karstified surface the
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documented dissolution discontinuities are infilled by small round pebbles inferred as eroded
material from the Mamonia Complex (Figure 4 - 8). A few meters below this section an outcrop
of the Middle Lefkara Member was identified (chalks and cherts) which indicates a Middle
Eocene age (Figure 4 - 5). A second thrust is thus proposed although it was not observed (Figure
4 - 5).The absence of the Oligocene Upper Lefkara marl Member (as described by Lord et al.,
[2000]) in addition with the upward sequence of Late Maastrichtian chalks and the Burdigalian
Tera Member limestone, indicates a hiatus which could be the result of thrust activity of the
Kathikas fault and associated erosion and weathering.

According to these observations and the ages obtained from the bio-stratigraphic dating,
a revised map of the area is proposed (Figure 4 - 5). The NW-SE trending thrust fault which is
verging towards the SW (Figure 4 - 6), results in a major thrusting movement near the village
of Kathikas (Figure 4 - 5) after the deposition of the Lefkara Formation. From the Kathikas to
Pegeia villages (north and south of the area respectively), the Maastrichtian Kathikas Formation
and the Maastrichtian lower member of the Lefkara Formation, thrust onto the Middle Eocene,
middle member of the Lefkara Formation. The two faults proposed in the revised map (Figure
4 - 5), probably represent two branches of the same SW verging Kathikas thrust, identified in
this study, offsetting the pre Pakhna sediments (Figure 4 - 6, Figure 4 - 7) The karstified surface
identified (black dotted line) at this outcrop (Figure 4 - 7), supports a thrusting displacement in
Oligocene to Early Miocene time associated with a local emersion of the area, which is followed
by local subsidence of the basin as evidenced by the deposition of the Burdigalian chalks of the
Tera Member (creamy color).
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Pakhtia Formation -
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Landslide
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Figure 4 - 6: Panoramic photograph showing the contact between the Kathikas Formation (Maastrichtian age)
and Lefkara Formation (Maastrichtian to Middle Eocene age) to the south, which are unconformably overlain by
the Pakhna Formation (Middle Miocene age), near the village of Kathikas. The juxtaposition of the Kathikas Fm
and Lefkara Fm is connected with the activity of a thrust fault, commencing in Oligocene to Early Miocene time.
The thrust fault is verging roughly towards the SW. Field location in Figure 4 - 5, point 1.
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Figure 4 - 7: Photograph showing the contact between the overlying Tera Member Burdigalian chalk and the
underlying Maastrichtian chalk presumably of the Lower Lefkara Member, north of the village of Pegeia. The
ages were obtained by bio stratigraphic dating [N. Papadimitriou, pers. comm., 2017]. Black dotted line illustrates
a karstified surface indicative of the limit between the two formations and the close proximity to the sea level. Red
lines illustrate faults or cracks between the two formations. Outcrop location indicated in Figure 4 - 5 point 2.
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Figure 4 - 8: Zoomed in photograph of Figure 4 - 7 illustrating the discontinuities in the Late Maastrichtian chalk
filled with fragments from surrounding formations, presumably from the Mamonia Complex. Outcrop position
indicated in Figure 4 - 5, point 2 and Figure 4 - 7.

Near the Androlykou quarry (Figure 4 - 5, point 3), reef limestone deposits are identified
from the observation of red algae (Figure 4 - 9). A shearing lens was documented in the quarry
as it was identified from its characteristic geometry of thin edges and thicker middle part (Figure
4 - 9). The age of these formations is dated as Aquitanian to Burdigalian [C. Blanpied, pers.
comm., 2017] which corresponds with the Tera Member shallow reef limestones. This
observation is linked with the uplift of the area followed by the deposition of the Burdigalian
reef limestone presumably on the top and next to the Triassic/Jurassic deposits of the Mamonia
Complex (Figure 4 - 5, as illustrated in the cross section, Figure 4 - 38). This conclusion is
indicative of an Oligocene to Early Miocene tectonic activity, which could be related with the
thrusting movement identified in the Kathikas area. A result of this movement is the uplift of
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the Pillow lavas and the subsequent folding of the Mamonia Complex which places the western
flank of the Polis Basin in close proximity to sea level, ensuring the best environment in order
to deposit reef limestones in Early Miocene. Observations of meso-scale thrusts in the Tera reef
deposits in the quarry, point towards a later deformation event, identified by the shearing lens
(Figure 4 - 9) on the walls of the quarry which may indicate a thrusting activity towards the
SSW.

Figure 4 - 9: Photograph showing Early Miocene Tera Member reef deposits in the Androlykou quarry, depicting
Late Miocene or Pliocene compression. Shearing observed by the lenses illustrated, indicative of thrusting-
compression towards the S-SSW. Outcrop location indicated in Figure 4 - 5, point 3. Field book used as scale.

In the Akamas Peninsula (Figure 4 - 5, position 4), serpentinites and Upper Pillow lavas
of Upper Cretaceous age and the Mamonia Complex of Triassic age are well exposed (Figure
4 - 10). Patch reef units were identified by the GSD [Zomeni and Tsiolakis, 2008; Zomeni and
Georgiadou, 2015] (Figure 4 - 5, NW part of the Polis Basin) and were also observed in this
study, as reefal limestones are overlying dark coloured deposits identified as serpentinites
(Figure 4 - 10). Dating of reef limestone samples in Akamas (Figure 4 - 10), point towards a
Tortonian age [C. Blanpied, pers. comm., 2017], with these brecciated reef limestone perceived
as Koronia member reef limestones, unconformably overlying the pillow lavas and the
serpentinites (Figure 4 - 10). This contact indicates a large time gap marked by the erosional
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surface between the Tortonian Koronia reefs and the Campanian Upper Pillow lavas (Figure 4
- 10) pointing that the Akamas Peninsula was a high at the time. The nearby elongated, NNW-
SSE serpentinite bodies are an indication of faulting, however the initial timing of the
emplacement of the serpentinites is unclear as currently there is no dating. A Neogene tectonic
movement is suggested by the uplift of the Akamas Peninsula, as described above, which
continued at least until early Late Miocene resulting in the deposition of the Tortonian Koronia
reefs on top of the Upper Pillow lavas (Figure 4 - 10). Bailey et al., [2000] propose that the
thrust faults at the Akama Peninsula are verging roughly towards the west, which is in
accordance with the observations in this study.

rly Campanian

Figure 4 - 10: Photograph depicting the contact between brecciated reefs probably of Koronia Member (Tortonian
age), with ophiolites (Upper Pillow lavas) near the village of Neo Chorio Paphou, in the Akamas peninsula.
Outcrop location indicated in Figure 4 - 5, point 4.
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The eastern flank of the Polis Basin is generally steeper as indicated by the large bed
dips observed in the field (bed dip is 25° towards the SE, Figure 4 - 11). Bio-stratigraphic dating
and Sr-analysis on reefal limestones in the Pelathousa and Peristerona area (Figure 4 - 5, point
5), indicate a Tortonian age [C. Blanpied, pers. comm., 2017] which corresponds with the
Koronia Member reef limestones. West of the reef deposits in the center of the Polis Basin,
shallow deposits of the Plio-Pleistocene Nicosia Formation (Figure 4 - 5) (calcarenites and
sandstones) are overlying the deeper facies of the Middle Miocene Pakhna Formation (hemi-
pelagic chalks and marls) as it is identified from borehole data in the Polis Basin (borehole 8,
Figure 4 - 2, Figure 4 - 3). To the west the Tortonian Koronia Member reefs, are in direct contact
with Campanian Pillow lavas, while to the east the reefs are in the contact with Campanian
sediments of the Kannaviou Formation and no Pakhna Formation sediments were deposited, as
illustrated in the revised geological map (Figure 4 - 5). These sedimentary contacts and the
tilted Tortonian reefs, are an indication of a tectonic contact and it is proposed herein that an
early Late Miocene deformation took place.

Tortonian

Figure 4 - 11: Photograph depicting Late Miocene Koronia member reefs near the village of Peristerona Paphou.
Black lines indicate the eastward dip of the Koronia reefs. The tilting of the reef deposits is connected with a
westward verging thrust fault (not observed in this figure) Outcrop location indicated in Figure 4 - 5, position 5.
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4.2.2 Extensional structures

Investigations in the central part of the Polis Basin were undertaken in order to identify
the sedimentary infill of the basin, understand the deformation style and the plausible tectonic
mechanisms. Normal faults in the Polis Basin are mainly observed at the western flank of the
basin. Near the village of Pano Akourdalia (Figure 4 - 5, position 7) a normal fault displaces
the chalk of the Pakhna Formation (Figure 4 - 12). The direction of the fault is NW-SE, dipping
towards the center of the basin at approximately 45-50°. The throw of this fault is calculated
around 50-60m and can be followed on the topographic map for approximately 1-2km.

ENE WSwW

Pakhna Formation
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Figure 4 - 12: Photograph depicting a normal fault in the Pakhna Formation near the village of Pano Akourdalia.
The fault displaces chalks of the Pakhna Formation, it is trending NW-SE and is dipping eastward at ~45-50°.
Outcrop location indicated in Figure 4 - 5, position 7.

At the village of Theletra a sequence of Pakhna chalks is dipping towards the center of
the Polis basin (fig. 4-2, position 6). The regional dip is small close to the village of Kathikas
(~8°), with the dip of the units constantly dipping towards the east, while moving closer to the
center of the Polis Basin the dip is larger (~20°) (Figure 4 - 5). Considering its actual dip is ~30-
40° towards the east, it is proposed that the current geometry is due to gravitational processes
associated with the uplift of the western flank and the instability of the sediments (Figure 4 -
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13). A similar scenario is proposed by Geoter [2005], as they invoke slickeside measurements
with a normal displacement.

Meso-scale normal faults were identified near the village of Kritou-Tera (fig. 4-2,
position 8). Bedding measurements undertaken at this locality indicate that the sediments are
dipping towards the east, towards the center of the Polis Basin. The normal faults trend NW-
SE and cut Middle Miocene sediments of the Pakhna Formation with displacements ranging
from a few centimeters to one or two meters (Figure 4 - 14). These faults are perceived as
gravitational faults created due to the uplift of the Kathikas Thrust and illustrate an extension
of NE-SW direction (Figure 4 - 2, position 1).

Figure 4 - 13: Panoramic photograph showing a sequence of Pakhna chalks dipping towards the East. The red
dotted line illustrates either the gravitational surface that displaces the chalks, or the level at which the chalks are
folding. Outcrop location indicated in Figure 4 - 5 position 6.
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Figure 4 - 14: Photograph depicting normal faults displacing the Pakhna Formation, near Kritou Tera. Direction
of faults SSE-NNW. Inset image indicates the stereographic projection of the measured fault planes. Outcrop
location indicated in Figure 4 - 5, position 8.

At Akoursos village (Figure 4 - 2, position 9), normal faults trending predominantly
NW-SE were identified. These normal faults offset the chalks of the Pakhna Formation, creating
a horst and graben pattern (Figure 4 - 15). The offset of these faults is limited to a few tens of
centimeters thus indicating a local extensional regime in a NE-SW direction.
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Figure 4 - 15: Photograph of normal faults in the Pakhna Formation, near the village of Akoursos. Fault activity
is of Middle to Late Miocene illustrating a NE-SW extension. The fault movements result in the creation of horst
and graben structures which is characteristic of an extensional environment. The small offset measured from these
faults indicates a rather local displacement. Outcrop location indicated in Figure 4 - 5, position 9.

4.2.3 Transpressional structures

Evidence of a large scale strike slip fault were found near the village of Kritou Tera, on
the western flank of the Polis Basin (Figure 4 - 2, position 10, Figure 4 - 16). The fault is marked
by a 3m thick brecciated zone, with clast of large sub-rounded and small rounded chalks of the
Pakhna Formation. It trends NE-SW, with numerous fault surfaces which show horizontal striae
which indicate a strike slip fault. A sinistral sense of movement was deduced from Riedel shear
fractures (risers cut solid in the rock units [Petit, 1987]). A stress inversion was performed by
using the measured faults in the Tensor software [Angelier, 1990], which computes the stress
regime. The obtained stress tensors correspond to a strike slip regime with the maximal
principal stress o1 axis oriented in a NNW-SSE direction, while the minimal principal stress
o3 trends in an ENE-WSW direction. This fault zone denotes a post Middle Miocene movement
as it deforms the chalks of the Pakhna Formation.
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Figure 4 - 16: Panoramic photograph depicting a large sinistral strike slip fault striking SW-NE, in the Pakhna Formation near the village of Kritou Tera. Inset figures illustrate
the Riedel striations measured at this outcrop and the stereo net projections indicate compression (compressional-transpressional stress) in a NNW-SSE direction and an
extension (extensional-transtensional stress) in an ENE-WSW direction. Outcrop location indicated in Figure 4 - 5, position 10.
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4.3 Polemi Basin

The Polemi Basin is located in SW Cyprus (Figure 4 - 17) and illustrates a deformation
pattern spanning from Middle Miocene to Messinian time. This basin was associated with the
subduction and slab roll back processes proposed by Payne and Robertson [1995]. Evidence on
compressional and extensional deformation as observed in the field, are presented below.

4.3.1 Compressional structures

Reverse faults were identified near Asprokremmos dam at the abandoned village of
Foinikas (Figure 4 - 17, position 11) displacing chalks and marls. Observations, indicate reverse
faulting as the chalks are displaced and folded as illustrated in Figure 4 - 18. Bio-stratigraphic
dating has indicated a Priabonian age (Late Eocene, nanno fossil zone NP 20/19, [N.
Papadimitriou, pers. comm., 2017]) for the chalks observed in the field, which is equivalent
with the upper Middle Lefkara Member deposits. This implies that shortening occurred in the
area.
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Figure 4 - 17: Geological map of Cyprus (from GSD compiled by the maps of Lapierre, 1971; Zomeni and
Tsiolakis 2008) in the Polemi Basin. The red square in the inset map depicts the position of the Polemi Basin. The
points indicate the locations of each outcrop displayed in this manuscript. 11) Figure 4 - 18: Reverse fault in
Lefkara Formation. 12) Figure 4 - 19 indicates reverse fautls in the Lefkara Formation and Figure 4 - 20 illustrates
normal syn-sedimentary faults in Lefkara Formation. Northern fault structure is after Swarbrick [1993] and Bailey
et al., [2000]. Southern fault structure is after Geoter, [2005]. Bed orientation and dips are from this study.
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A few reverse faults were documented near the village of Nata, displacing the chalks
and cherts of the Lefkara Formation (Figure 4 - 17, position 12).These reverse faults trend
mainly NE-SW and exhibit dips ranging from 40° to 60° (Figure 4 - 19). The large dip
measurements suggest that the reverse faults were probably re-activated normal faults but the
timing is difficult to precise.

Lefkara Fm

Figure 4 - 18: Photograph depicting folded Lefkara Formation chalks near the village of Foinikas (Figure 4 - 17,
position 11). Bio-stratigraphy dating indicated a Priabonian age (Late Eocene, nanno fossil zone NP 20/19), which
is associated with the Upper Lefkara member chalks.
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Figure 4 - 19: Photograph depicting a reverse fault displacing the chalks and cherts of the Lefkara Formation
near the village of Nata (Figure 4 - 17, position 12). The dip of the measured faults is large between 40 to 60°.

4.3.2 Extensional structures

Numerous normal faults were observed offsetting the chalk and cherts of the Eocene
Middle Lefkara member (Figure 4 - 20, Figure 4 - 21) close to the village of Nata (Figure 4 -
17, position 12). The displacement of these normal faults is constrained to a few meters. A syn-
sedimentary normal fault was recognized as the middle layer of chert is displaced downwards,
while the top layer is also cut but the blocks are not rotated. The thickness variation of the beds
left and right of the structure indicative of the continuous activity during the sedimentation.
Notably the stereographic projections of the fault planes, from the three studied outcrops near
the village of Nata, indicate a significant dispersion in the fault strike. Two main trends are
identified, one towards the NW-SE (Figure 4 - 20) and the other towards the NE-SW (Figure 4
- 21), while many faults span between these. This indicates that the area was subjected to
extension in all directions, which leads to the assumption that this area was governed by an
isotropic horizontal stresses. This implies that a compressive stress did not build up during the
Middle Eocene at this locality. It is thus speculated, that the normal faults could be due to
extensional processes connected with compaction or other local sedimentary processes.
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Figure 4 - 20: Photograph depicting normal faults displacing Lefkara Formation chalk and cherts layers (Mid
Eocene age), near the village of Nata. Syn-sedimentary fault activity is identified from the change in thickness of
the chalks on either side of the depicted fault. The inset stereographic projection illustrates a NE-SW extension.
Outcrop location indicated in in (Figure 4 - 17, position 12).
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Figure 4 - 21: Photograph showing normal faults in the chalk and chert member of the Lefkara formation (Middle
Eocene age), near the village of Nata. A horst geometry is identified at this outcrop. The inset stereographic
projection indicates a NW-SE extension (Figure 4 - 17, position 12).

4.4 Limassol Basin

The Limassol Basin (Figure 4 - 22 and Figure 4 - 27), is also known as the Pakhna Basin
and Alassa sub-Basin of Eaton and Robertson [1993]. It is located directly south of the Troodos
ophiolite range and consists of a thick outcropping layer of Miocene Pakhna Formation with a
thickness of ~650m in the south which thins to ~250m in the north [N. Papadimitriou, pers.
comm., 2017]. The underlying Paleogene Lefkara Formation mostly outcrops at the northern
part of the basin and its total thickness is unknown. A lack of Messinian deposits in the center
of the basin is an indication of the deep position of the center of the basin during Late Miocene
time. Three sectors were defined for this basin, the western part which consists the border with
the Polemi Basin and the northern and eastern parts which are bordered by the Gerasa Fold and
Thrust belt.

161



Chapter 4: Onshore Investigations

s !

45 226 0 4,5 Kilometers
EEE N S
- — — A _
Legend
Plio-Pleistocene Neogene Late Maastrichtian-Paleogene Campanian-Maastrichtian Thrust Fault
Marine Terraces Kalavasos Fm Lefkara Fm Kathikas Fm _A_ _a Inferred
Thrust Fault
Nicosia Fm Pakhna Fm Kannaviou Fm I og>  Bed orientation
- - Pillow Lavas Beddip
. Mamonia Complex
Ag. Fotios and Diarizos Groups (respectively)

Figure 4 - 22: Geological map of Cyprus (from GSD compiled by the maps of Lapierre, 1971; Zomeni and
Tsiolakis 2008) at the western flank of the Limassol Basin. The red square in the inset map depicts the position of
the Limassol Basin. The points indicate the locations of each outcrop displayed in this manuscript. 13) Figure 4 -
23: Folding in Mamonia Complex. 14) Figure 4 - 24: Contact between Lefkara and Mamonia Complex. 15) Figure
4 - 25: Folding in the Pakhna Formation indicating Late Miocene thrusting. 16) Figure 4 - 26: S-type shearing in
Pakhna Formation. Northern fault structure is after Swarbrick [1993] and Bailey et al., [2000]. Southern fault
structure is after Geoter, [2005]. Bed orientation and dips are from this study.
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4.4.1 Compressional regime

Shortening is observed on both flanks of the Limassol Basin. At the village of
Stavrokonnou (Figure 4 - 22, position 13), radiolarian cherts of the Agios Fotios Group of the
Mamonia Complex are folded due to thrusting activity towards the SW (Figure 4 - 23). The
exact timing of deformation of this outcrop is difficult to precise due to the lack of indications
as no sedimentary cover is observed on top of this Triassic age formation.

Figure 4 - 23: Photograph depicting the folding of Mamonia Complex radiolarian chert layers, near the village
of Stavrokonnou. Fault thrusting movement is towards the SW, with a Fold Axis of 155°, 04° E. Exact age of
deformation is difficult to determine due to the lack of sedimentary cover. Outcrop location indicated in Figure 4
- 22, position 13.
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At the coastline near the Petra tou Romiou (Figure 4 - 22, position 14) a sharp contrast
between the white chalks of the Lefkara Formation overlying the brown-red sediments of the
Mamonia Complex was observed. This stratigraphic contact between the Triassic age Mamonia
Complex and the Lower Member of the Lefkara Formation (Figure 4 - 24), in connection with
the lack of Troodos ophiolites and pillow lavas at this locality could be an indication of Late
Cretaceous movement, or that this area was a high during the Campanian time where the
ophiolites were deposited and then eroded.

Figure 4 - 24: Panoramic photograph showing the stratigraphic contact between the Triassic Mamonia Complex
and the overlying Lefkara Formation (Middle Eocene age) at the Petra tou Romiou (western Limassol Basin).
Outcrop location indicated in Figure 4 - 22, position 14.
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Near the village of Kouklia (Figure 4 - 22, position 15) at the western flank of the
Limassol Basin, a fold with a steep northern limb was documented in the Pakhna Formation,
verging towards the SW with a fold axis of 125°, 04°N (Figure 4 - 25). In close proximity at
the exit of the old road of Limassol to Paphos, an S-type shearing zone was identified (Figure
4 - 22, position 16), which indicates a thrust fault verging towards the SW (Figure 4 - 26, figure
A). In similar fashion, folding of the Pakhna Formation chalk beds are documented outcropping
a few kilometres to the east, with the creation of kinks of ~90° (Figure 4 - 26, figure B). These
three outcrops present evidence of thrusting deformation from Late Miocene onwards, however
it is difficult to propose the exact timing of movement due to the lack of sedimentary cover.
The study by Geoter [2005], identified folded marine terraces at the Kouklia fold (Figure 4 -
25) which is an indication of quaternary activity on this fault structure.

Figure 4 - 25: Photograph showing folded Pakhna Formation chalks (Middle Miocene age) near the village of
Kouklia. Thrusting movement is of Quaternary time as folded terraces were identified in a trench excavation
[results of Geoter, 2005], with the fold verging towards the SW. Fold axis 125°, 04°N. Outcrop location indicated
in Figure 4 - 22, position 15.
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Figure 4 - 26: Photograph depicting folding of the Pakhna Formation (Mid Miocene age) near the Petra tou
Romiou. Reverse fault displacement is envisaged in Middle-Late Miocene, with a thrusting direction towards the
SW. A) Thrusting and shearing of the sediments B) Folding of chalks creating kinks of approximately 90°. Both
outcrops are in the same vicinity. Outcrop location in Figure 4 - 22 position 16.
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Figure 4 - 27: Geological map of Cyprus (GSD compiled by the maps of Lapierre, 1971; Turner, 1992; Zomeni
and Tsiolakis 2008; Zomeni and Georgiadou, 2015) with the main tectonic structures in the eastern flank of the
Limassol Basin. The red square in the inset map depicts the position of the Limassol Basin. The points indicate the
locations of each outcrop displayed in this manuscript. 17) Figure 4 - 28: Folding in the Lefkara Formation, 18)
Figure 4 - 29: Juxtaposed vertical beds of Lefkara Formation with Troodos Ophiolites, 19) Figure 4 - 30: Folding
of the Lefkara Formation at the Germasogia Dam, Figure 4 - 31: S-type deformation in the Lefkara Formation
indicating thrusting activity towards the SW, near the Germasogia Dam, 20) Figure 4 - 32: Deformation zone in
the Lefkara Formation near the village of Armenochori, where s-type geometries are observed indicating SW
thrusting activity, 21) Figure 4 - 33: Normal faults in the Pakhna Formation indicating extension in an East —West
direction, 22) Figure 4 - 34: Dextral strike fault in the Pakhna Formation identified from measurements of calcite
steps and Rieddle striations, 23) Figure 4 - 35: Conjugate strike slip system identified in the Pakhna Formation.
Abbreviations: GFTB=Gerasa fold and thrust belt; MTD=Mass Transport Deposits. Fault structure after Eaton
and Robertson, [1993]. Bed orientation and dips are from this study.
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At the northern flank of the Limassol Basin, Middle Eocene chalk and chert layers of
the Lefkara Formation are folded, between the villages of Omodos and Mandria at the southern
slope of the Troodos Range (Figure 4 - 27, position 17). Detailed analysis of the measured fold
planes at this outcrop (Figure 4 - 28), the stereographic projection of the planes and the poles
of the planes, indicate a compressional regime trending SW-NE, implying thrust activity
verging towards the SW. It is therefore proposed that the current geometry is a result of erosion
due to the uplift of the Troodos Range and the true geometry is indicated by the white dashed
lines which illustrate the initial geometry of the folded layers (Figure 4 - 28).

Figure 4 - 28: Photograph showing a typical folding sequence in the Lefkara Formation between the villages of
Mandria and Omodos. Bands of cherts and thick beds of chalk are deformed. Thrusting pulse of Oligocene to
Early Miocene. Inset stereographic projection illustrates the measured planes (black lines), the poles of the planes
(black dots), the constructed fold axis is 310°, 02°N (red dot) which matches with the axis measured in the field
120°, 05°S. The linear direction of the poles indicates the direction of compression in a SW-NE direction (black
arrows). Thus this fold is interpreted as verging towards the south with its upper limbs probably eroded (white
dashed lines). Outcrop location in Figure 4 - 27 position 17.

168



Chapter 4: Onshore Investigations

At the eastern flank of the Limassol Basin near the village of Kapilio (Figure 4 - 27,
position 18), a thrust verging towards the SW juxtaposes the Campanian ophiolites of the
Troodos Range with the northerly steeply dipping Eocene chalks and cherts of the Lefkara
Formation. The timing of the thrust movement is envisaged to be during the Neogene (Figure
4 - 27). This thrust is considered as a segment of the Gerasa Thrust.

Additional evidence of the reverse activity of the Gerasa Thrust, is found 15km SE of
Kapilio, from the intense deformation within the Lefkara sediments just south of the Gerasa
Thrust (Figure 4 - 27, positions 19 and 20). Near the Germasogia Dam (Figure 4 - 27, position
19), the sediments of the Lefkara Formation are folded within a N120-130° axis (Figure 4 - 30).
On the road towards the village of Foinikaria, s-type shearing was identified in the Lefkara
Formation (Figure 4 - 31), which indicates a thrust fault verging towards the SW. Similarly,
near the village of Armenochori, (Figure 4 - 27, position 20), chalks and cherts of the Lefkara
Formation are deformed within a possible zone of deformation (Figure 4 - 32). North of the
village of Armenochori, Koronia Member reef limestones rest directly on Troodos ophiolites
(Figure 4 - 27, position 20).

Troodos melange
-

Figure 4 - 29: Panoramic photograph showing the juxtaposition of the Troodos melange (Late Cretaceous age,
brown area) with the younger Lefkara formation (Paleogene age) with this formation being tilted almost to a
vertical limit (white dashed lines) near the village of Kapilio. The fault thrust (dashed red line) is verging towards
the SW and the movement is perceived to be from Oligocene onwards. Outcrop location indicated in Figure 4 -
27, position 18.
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Figure 4 - 30: Panoramic photograph of illustrating the folded geometry of the Lefkara Formation near the
Germasogia Dam. A thrusting movement of Oligocene to Miocene time is envisaged verging towards the SW. The
fold axis is calculated around 120-130°. Outcrop location indicated in Figure 4 - 27, position 19.

Lefkara Fm

Figure 4 - 31: Photograph showing a shearing zone with s-type lenses deformation within the Lefkara Formation
near the Germasogia Dam. The thrusting is verging towards the SW which is in accordance with previous
observations. Timing of deformation is between Oligocene to Miocene time. Outcrop location indicated in Figure
4 - 27, position 19.
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The age thrusting along the Gerasa Thrust described above, postdates the deposition of
the Lefkara Formation. This is an indication of the Gerasa thrust movement in Early-Middle
Miocene time and a later pulse in Late Miocene time (Figure 4 - 27). This uplift is documented
from the deformation zone in the Lefkara sediments, the deposition of the Tortonian reefs on
top of the Troodos ophiolites and from the change in sedimentation in the center of the Limassol
Basin, where hemi pelagic chalks and marls of the Pakhna Formation are deposited. Further
evidence for Late Miocene movement of the Gerasa Thrust, are the large MTDs (Mass
Transport Deposits) identified near the village of Episkopi (Figure 4 - 27) with a direction of
transport from east to west and an age of transport of Late Miocene time [Lord et al., 2009; N.
Papadimitriou, pers. comm., 2017].

Lefkara Fm

Deformation zone

Figure 4 - 32: Photograph showing the deformation in the Lefkara Formation near the village of Armenochori.
Shearing zone with the creation of s-type lenses illustrating thrusting activity towards the SW. Black dotted line is
used to envisage the folding of the layers. Outcrop indicated in Figure 4 - 27, position 20.
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4.4.2 Extensional structures

During the investigation on the northern part of the Limassol Basin, between the villages
of Vasa and Omodos (Figure 4 - 27, position 21) an outcrop was identified in the Pakhna
Formation with multiple normal faults. By measuring these extensional faults, a stereonet
diagram was produced, illustrating that the extension is in an E-W direction (Figure 4 - 33). As
the predominant stress during the Miocene is compressional in a N-S direction, the direction of
extension is rather unlikely, leading to the conclusion that the process is probably due to
gravitational pull as the sediments are stacked on top of each other.

Figure 4 - 33: Photograph depicting normal faults in the Pakhna formation, near the village of Omodos, indicating
extension in an E-W direction. Outcrop location shown in Figure 4 - 27, position 21.
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4.4.3 Transpressional regime

At the center of the Limassol Basin at two localities meso-scale faults bearing Riedel
shear fractures were identified. At Monagri (Figure 4 - 27, position 22), the faults measured in
the chalks of the Pakhna Formation illustrate a sinistral and dextral strike slip deformation, with
the dextral one being more numerous. Fault inversion indicates a strike slip regime with a
maximal principal stress o1 axis oriented in a NNE-SSW direction (Figure 4 - 34). At Alassa
(Figure 4 - 27, position 23) a conjugate strike slip system was observed with a maximal principal
stress o1 axis oriented in in a NNE-SSW direction and indicates a compressional regime (Figure
4 - 35). Considering the continuous uplift of Cyprus and the similarities between the two
outcrops, the stress state characterized here may point towards a Late Miocene to Pliocene
transpressional regime, which could be associated with the westward escape of the Anatolian
micro plate.

Figure 4 - 34: Panoramic photograph showing strike slip deformation in the Pakhna Formation near the vollage
of Monagri. Strike slip faulting observed from Riedel steps and calcite deposition illustrating a transpressional
regime in a NNE-SSW which could be connected with the change in deformation style in Late Miocene to Pliocene
time to a strike slip regime. Outcrop location shown in Figure 4 - 27, position 22.
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Pakhna Fm

Figure 4 - 35: Photograph showing strike slip movement in the Pakhna Formation near the village of Alassa. A
conjugate strike slip system is observed illustrating a transpressional regime in a NNE-SSW which could be
connected with the change in deformation style in Late Miocene to Pliocene time to a strike slip regime. Outcrop
location indicated in Figure 4 - 27, position 23.

4.5 Synthetic Cross sections

In order to better comprehend the tectonic evolution and compare both the Polis and
Limassol Basins, three cross sections were constructed (Figure 4 - 2 and Figure 4 - 36). In the
Polis Basin, one cross section covers the northern part of the basin (A-B) passing through the
Akamas Peninsula (A) towards the Troodos Ophiolites (B) (Figure 4 - 36 and Figure 4 - 38).
The second cross sections passes through the centre of the Polis Basin (C-D), from the Pegeia
area (C) and stops at the Troodos Ophiolites (D) (Figure 4 - 36 andFigure 4 - 42 ). In the
Limassol Basin one cross section cross cutting the center of the basin was constructed (Figure
4 - 46). The positioning of the cross sections was carefully picked in order to underline the
different tectonic and sedimentary contacts in the basin. As described above, various field
observations, dip measurements, bio-stratigraphic dating and borehole data were used to
construct the cross sections and constrain the timing of deformation.
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3,5 Kilometers

Figure 4 - 36: Geological map of west Cyprus (from GSD, compiled by the maps of Lapierre, 1971; Turner, 1992;
Zomeni and Tsiolakis 2008; Zomeni and Georgiadou, 2015) illustrating the locations of the two cross sections.
Cross section A-B cuts the Akamas Peninsula (A) in the West and passes through the Polis Basin and ends at the
western flank of the Troodos Mountain (B). Cross section C-D starts from the coastline close to the village of
Pegeia (C) and cross cuts the Polis Basin through to the village of Lysos (D), close to the foothills of the Troodos
Mountain.

4.5.1 Cross sections in Polis Basin

Previous studies have connected the creation of the Polis Basin by extensional processes
such as thick skinned normal faults which deform the whole sedimentary sequence [Payne and
Robertson, 1995]. The mechanism described for the extensional processes (Figure 4 - 37) was
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connected with the continuous northward movement of the African plate and later slab roll-
back of this plate. This resulted in the creation of major normal faults of Middle to Late Miocene
age, trending in a NW-SE direction which border the east and west flanks of the Polis basin
[Payne and Robertson, 1995].

During the two surveys, convincing evidence of major normal faults was elusive.
Normal faults recognized on the western flank of the Polis Basin appear to cut the Middle
Miocene sediments and are dipping towards the NE. These faults appear to stretch for a few
kilometres only and are very local. In contrast, areas where Upper Cretaceous sediments are in
contact with Cenozoic sediments have been identified, indicative of compressional structures.
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Figure 4 - 37: Structural cross-sections through the Polis Basin (Payne and Robertson, 1995; 2000). Thick lines
denote first-order faults (dashed = inferred) and thin lines denote second-order faults. Inset shows the location of
the Polis Basin, the locations of the cross-sections and several villages discussed in the text below.

In order to compare these contrasting observations, two cross sections are proposed
which are composed from field observations such as tectonic structures and sedimentological

records, as they were documented during two field campaigns in NW Cyprus.
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The cross sections of the Akamas Peninsula-Pelathousa (Figure 4 - 36, Figure 4 - 38)
and Pegeia-Lysos (Figure 4 - 36, Figure 4 - 42) cross cut the Polis Basin on the northern and
central part of the structure. The thickness of the formations is a combination of previous
descriptions of the sedimentary formations [Swarbrick and Robertson, 1980; Greensmith, 1994]
and the borehole data described above (see section 4.1.1).

The meso-scale and large scale tectonic structures recognized during the two field
surveys indicate a displacement towards the SW on the eastern and western flank of the Polis
Basin, with an exception in the Akamas Peninsula where the displacement is towards the west.
For this reason, the cross sections were build in a NE-SW direction perpendicular to the main
fault direction. The sedimentary units used for the creation of the cross sections are based on
the outcropping Cenozoic (Nicosia, Koronia member, Pakhna, Tera Member, Lefkara
Formations), Cretaceous (Kathikas, Kannaviou, hartzburgite/serpentinites, pillow lavas) and
Triassic (Mamonia Complex) formations. The thickness of the sediments was constrained
through field observations (i.e. Androlykou quarry) and via the available borehole data (see
section 4.1.1). The depth of the formations is arbitrary as no deep borehole data are available
in the vicinity and it is based on previous studies [Swarbrick and Robertson, 1980]. The fault
geometry at depth follows the scenario of thick skinned deformation.

The first cross section (A-B, Figure 4 - 38) that passes through the Akamas Peninsula-
Polis Basin consists of 6 thrust faults starting from the T1 belt which corresponds to structures
at the southwest foothill of the Troodos Mountain. The T1 thrust is the main structure that
bounds the Neogene Polis Basin to the NE. Thrusts T2, 3 are deforming the stratigraphic
sequence of the Akamas peninsula, effectively folding the pillow lavas and the Mamonia
Complex and through hydrothermal fluid circulation they result in the deformation of the
hartzburgite into serpentinite. Thrust T4 is envisaged as a thrust cutting through the Neogene
units and constituting today’s eastern flank of the Polis Basin. This thrust uplifts and tilts the
Koronia Member reefs towards the east. In the center of the Polis Basin, the Tera Member reefs
observed in the Androlykou quarry, pass directly to Pliocene deposits of the Nicosia Formation.
Thus a normal fault which flattens at depth, with a decollement level in the Mamonia Complex
is proposed to explain the juxtaposition of the two formations.
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Figure 4 - 38: Cross section passing from the Akamas Peninsula to the Troodos ophiolites illustrating the contacts and the tectonic structures in the Polis Basin. Location of
cross section illustrated in Figure 4 - 36 (profile A-B). Location and description of borehole data indicated in Figure 4 - 2 and Figure 4 - 3 (borehole 8). Note: Basement level
is arbitrary.
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A schematic re-construction of the basin through time is presented in various geological
time frames. This step was utilized in order to constrain the deformation, to evaluate the depth
of the outcropping and the deeper sedimentary units and to assess the development of the
tectonic structures. Unfortunately no slip rates are recorded in the area and thus the shortening
rate is not proposed as it is difficult to constrain, indicating that although the proposed model
for the deformation in western Paphos works, uncertainties still exist.

Considering the following constraints, a schematic reconstruction commencing from
Late Cretaceous until Plio-Pleistocene times is proposed. In Campanian time the Mamonia
Complex is juxtaposed on the western flank of the Troodos ophiolite and it is perceived that
Mamonia Complex are underlain by the Troodos ophiolites in the Polis Basin. Previous studies
[Swarbrick and Robertson, 1980] propose that the Kannaviou Formation (composed of grey
marls and bentonitic clays) was deposited in hollows which resulted from the uplift
(displacement from T1) and the emplacement of the ophiolites of the Troodos Mountain. In
accordance it is proposed here that the first thrust, T1 which trends NW-SE, was active during
the Campanian (Figure 4 - 39). The product of this uplift was the Kannaviou Formation that
infilled the center of the existing basin.

During the Maastrichtian, three thrust faults are proposed, T1 in the Troodos Mountain
and T2/T3 in the Akamas Peninsula (Figure 4 - 39). The center of the basin is covered by the
deposition of the Kathikas Formation. At the west flank of the basin, the Mamonia Complex is
folded and at the top of the Akamas Peninsula, serpentinites are outcropping. West of T3 a
small flexural basin is envisaged due to the activity of the fault. Thrusting activity is envisaged
at the Akamas Peninsula as it is expressed by the exposure of pillow lavas and serpentinites. It
is inferred that this uplift is responsible for the exposure and subsequent erosion of the Mamonia
Complex which results in the deposition of the red bentonitic clays of the Kathikas Formation
[Swarbrick and Robertson, 1980] further south (Figure 4 - 39) connected with the convergence
between the African and Eurasian continental plates.

In Paleogene time the deep pelagic chalks, cherts and marls of the Lefkara Formation
[Lord et al., 2000] are deposited on top of the existing sedimentary sequence. A deep open basin
developed and no fault activity is envisaged in the area at that time, leading to the suggestion
that the Lefkara Formation deposits cover the whole area (Figure 4 - 40), with thin layers on
top of the Troodos ophiolite and the Akamas Peninsula, with a thicker sequence deposited in
the center of the Polis Basin.
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Akamas-Polis Basin evolution scenario
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Figure 4 - 39: Reconstruction model illustrating the tectonic activity of the northern part of the Polis Basin (Campanian-Maastrichtian). Red lines indicate active thrusting,
while black lines indicate inactivity. Location of cross section illustrated in Figure 4 - 36 (profile A-B). Note: Basement level and shortening rates are arbitrary. Legend as in
Figure 4 - 38.
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Figure 4 - 40: Reconstruction model illustrating the tectonic activity of the northern part of the Polis Basin (Paleocene-Early Miocene). Red lines indicate active thrusting,
while black lines indicate inactivity. Location of cross section illustrated in Figure 4 - 36 (profile A-B). Note: Basement level and shortening rates are arbitrary. Legend as in
Figure 4 - 38.
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Middle Miocene Akamas-Polis Basin evolution scenario

ENE

~N ~ 7 7 -y
Late Miocene ' )
WSW ENE
om T3 T2 T4 T1

Figure 4 - 41: Reconstruction model illustrating the tectonic activity through time of the northern part of the Polis Basin (Middle-Late Miocene). Red lines indicate active
thrusting, while black lines indicate inactivity. Location of cross section illustrated in Figure 4 - 36 (profile A-B). Note: Basement level and shortening rates are arbitrary.
Legend as in Figure 4 - 38.
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The structures modelled in the Early Miocene scenario mark the first Cenozoic tectonic
phase. This major event occurred in Oligocene-Early Miocene time and is associated with the
continuous convergence between the African and Eurasian continental plate, which resulted in
a regional uplift and a change in the depositional environment passing from the deep pelagic
chalks and cherts of the Lefkara Formation to the Early Miocene reef limestones of the Tera
Member. An unconformity could exist between the two formations as it was observed from the
field (Panorama view north of Pegeia village), with the patch reefs attesting underwater areas,
while the karstified surface is equivalent to areas above sea level. All the thrust structures T1,
T2 and T3 are proposed as active faults at this time. The activity of thrust T2 is suggested by
the deposition of the Tera Member reef limestones at the western flank (Figure 4 - 40), perfectly
exposed at the Androlykou quarry (Figure 4 - 5). This thrust movement results in the folding of
the Mamonia Complex on the hanging wall of the T2 which places it at an adequate depth from
the sea level in order to deposit the reefal limestone. East of T2, the Mamonia Complex is
outcropping in accordance with the field observations from the Akamas Peninsula. In contrast
it is proposed that in the center of the basin, chalks which are associated with the proximal
facies of the Tera Member, are deposited due to the activity of T3 and the flexure of the basin.

A period of low tectonic movement is envisaged for the Mid-Miocene as sedimentation
changes to the hemi-pelagic chalks and marls of the Pakhna formation [Lord et al., 2000]. The
Pakhna deposition covers the whole area (Figure 4 - 41), possible the Troodos Mountain as
well. The Late Miocene marks the second tectonic event that deformed the area. During Late
Miocene T3 and T4 are envisaged to be active as reef limestones of the Koronia Member [C.
Blanpied, pers. comm., 2017] are deposited near the villages of Neo Chorio Paphou (west flank)
and Pelathousa (east flank) (Figure 4 - 41). The observation of Tortonian reefs on both flanks
of the basin, indicate activity on existing thrusts (west flank) and out of sequence thrusting (east
flank). No data exist for the underlying formations at this locality however it is proposed that a
thin layer of Pakhna Formation is underlying the Koronia reefs.

During Pliocene time, the island is uplifted to its current topography with all the pre-
existing thrusts active (Figure 4 - 38) in connection with the collision of the Eratosthenes micro
continent with Cyprus. Pliocene thrusting of T4 uplifts the northeast flank of the Polis Basin,
whereas the center of the basin is infilled by clastic sediments of the Nicosia Formation, which
was confined in the center of basin as it is evidenced from the borehole data (Figure 4 - 3) and
by field observations. The composition of the formation consists of clastic material eroded from
the existing limestones [Lord et al., 2000]. Another result of the thrust movement of T4 is the
eastward tilting of the Koronia Member reef units on the northeast flank of the Polis Basin. East
of the Androlykou quarry the Pliocene Nicosia sediments juxtapose the Early Miocene reef

183



Chapter 4: Onshore Investigations

limestones of the Tera Member, thus prompting the proposition of a Pliocene normal fault to
explain this contact. This normal fault proposed (Figure 4 - 38) in the center of the basin is
connected with a gravitational process as a result of the uplift of the Akamas Peninsula, thus
creating accommaodation space for the deposition of the Nicosia Formation.

The second cross section C-D runs from SW to the NE and cuts the Polis Basin (Figure
4 - 36 and Figure 4 - 42). A similar approach for analyzing the evolution of the structures was
undertaken for this cross section. In the NE thrust T1 is believed to be a continuation of the
thrust described in cross section A-B. T4 is correlated with the thrust fault in front of Peristerona
village (as in A-B) and T2 is connected to the Kathikas Thrust (Figure 4 - 42) described in
section 4.2.1, which splits in two branches (Figure 4 - 42). At the center of the basin a normal
fault is suggested as it was observed near the village of Pano Akourdalia (Figure 4 - 42) and a
reverse fault is proposed as it was mapped in the field (Figure 4 - 42). The thickness of the beds
is in accordance with the borehole data, with the location of each borehole indicated on the
cross section (Figure 4 - 42).
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Figure 4 - 42: Cross section passing from the Pegeia village to the Troodos ophiolites illustrating the contacts and the tectonic structures of the central part of the Polis Basin.
Location of cross section illustrated in Figure 4 - 36 (profile C-D). Location and description of borehole data indicated in Figure 4 - 2 and Figure 4 - 3 (boreholes 1-7). Note:

Basement level and shortening rates are arbitrary.
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A schematic reconstruction was carried out for the second cross section based on the
same criteria discussed in the previous paragraphs and highlight at least three major tectonic
events discussed (Oligocene-Early Miocene, Late Miocene, Plio-Pleistocene). It is believed that
T1 extends until the central segment of the Polis Basin. Similarly as before, thrusting activity
is envisaged in Campanian time with the uplift of the Troodos pillow lavas and the deposition
of the Kannaviou Formation in the Polis Basin (Figure 4 - 43), in contact with the Mamonia
Complex.

In Maastrichtian time, the south part of the Polis basin is infilled with the red bentonitic
clays of Kathikas Formation (Figure 4 - 43). This deposition is connected with the thrusting
activity of T2 further north, which results in the uplft and erosion of the Mamonia Complex at
the Akamas Peninsula (Figure 4 - 39) and the deposition of the Kathikas Formation (Figure 4 -
39 and Figure 4 - 43).

During the Paleocene time deep pelagic chalks and cherts of the Lefkara Formation are
deposited which suggests tectonic quiescence and subsidence of the basin (Figure 4 - 44)
probably connected to thermal subsidence as it is similarly proposed in the Levant Basin. The
Lefkara Formation possibly covers the whole area. The thrust fault illustrated in the
reconstruction is believed to have commenced its activity prior to the big event described below
for the Oligo-Miocene time.

During the Oligocene to Early Miocene time, thrust T2 is proposed for the first time,
the Kathikas Formation and the Mamonia Complex are folded and Tera Member reef limestone
is deposited east of T2. West of the thrusts (T2) a blind thrust is modeled uplifting Late
Maastrichtian chalks. It is suggested that thrust T2 propagates towards the south and uplifts the
Kathikas Formation as it is observed near the village of Kathikas (Figure 4 - 44). The clear
geometry of the thrust is not observed in the field as the area is covered by the Mamonia
Complex. Thus it is believed that the thrust either curves from the Akamas towards the village
of Kathikas, or it is segmented into two (Figure 4 - 44). The second branch, corresponds to the
thrust described north of the village of Pegeia (Panorama locality) which puts in contact Late
Maastrichtian chalks with Burdigalian chalks. The hiatus is interpreted as the time of movement
of the thrust.
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Figure 4 - 43: Reconstruction model illustrating the tectonic activity of the central part of the Polis Basin (Campanian-Maastrichtian). Red lines indicate active thrusting, while
black lines indicate inactivity. Location of cross section illustrated in Figure 4 - 36 (profile C-D). Note: Basement level and shortening rate are arbitrary. Legend as in Figure
4-42.
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Figure 4 - 44: Reconstruction model illustrating the tectonic activity of the central part of the Polis Basin (Paleogene-Early Miocene). Red lines indicate active thrusting, while
black lines indicate inactivity. Location of cross section illustrated in Figure 4 - 36 (profile C-D). Note: Basement level and shortening rate are arbitrary. Legend as in Figure
4-42.
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Figure 4 - 45: Reconstruction model illustrating the tectonic activity of the Polis Basin (Middle-Late Miocene). Red lines indicate active thrusting, while black lines indicate
inactivity. Location of cross section illustrated in Figure 4 - 36 (profile C-D). Note: Basement level and shortening rate are arbitrary. Legend as in Figure 4 - 42.
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The Middle Miocene is connected with the deposition of the Pakhna Formation which
covers the whole Polis Basin, with the thicker deposits encounter at the center of the basin
(Figure 4 - 45). In Late Miocene, T4 activity is proposed in connection with the deposition of
the Koronia Member reef limestone near the village of Peristerona Paphou (Figure 4 - 45). The
deposits at this locality have not been dated but due to its close proximity, same tectonic activity
of T4 and the trend of the reefs, it is believed that they are of the same age as the reefs observed
at Pelathousa.

In Pliocene a similar scenario is envisaged as that described above for the northern
extend of the Polis Basin, with the uplift of the island and the erosion of the existing formations
resulting in the deposition of the Nicosia Formation in the center of the basin (Figure 4 - 42).
At the western flank of the Polis Basin near the village of Pano Akourdalia a normal fault was
observed which cuts the Pakhna sediments. It is believed that fault F2 is related to a gravitational
mechanism, due to the thick deposits of Pakhna at this locality and the vergence of the sediments
towards the center of the basin (see 4.1.2, Figure 4 - 42).

4.5.2 Cross section in the Limassol Basin

The cross section of the Limassol Basin was based on the synthetic stratigraphic logs
created through field observations. The Pakhna Formation covers the most part of the Limassol
Basin, with the Lefkara Formation outcropping just south of the Gerasa Fold and Thrust Belt,
while north of the thrust fault, the Troodos ophiolites are exposed. The geometry of the beds
was constructed from bed dips measured from the field (Figure 4 - 46). The thickness of the
Pakhna Formation is thinning towards the north. At the southern coastline the thickness of the
formation was ~650m while at the northern part of the Limassol Basin at the foothills of the
Troodos Mountains this sequence is considerably reduced to ~350m [N. Papadimitriou, pers.
comm., 2017]. The base of the sequence was not consistently observed, except in one location
at the northern flank of the basin near the village of Koilani. The difference in thickness is
herein connected with the activity of the Gerasa Fold and Thrust Belt (Figure 4 - 46) which
consists the northern border of the Limassol Basin. The Gerasa Thrust was active since
Oligocene to Early Miocene time (see chapter 4.4) resulting in the uplift of the northern flank
of the Limassol Basin, while the southern part was deeper, allowing for the deposition of a
thicker layer of Pakhna Formation. The re-activation of the Gerasa Thrust in Pliocene time is
inferred by the large contrast in the dip of the beds from North (~15°) to South (~2°, almost
flat). Thus from the geometry of the Limassol Basin it is proposed that this is a flexural basin
created by the activity of the Gerasa Thrust (Figure 4 - 46).
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Limassol Basin cross section
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Figure 4 - 46: Cross section passing from the Paramali village to the Troodos ophiolites illustrating the contacts and the tectonic structures in the Limassol Basin. Location of

cross section illustrated in Figure 4 - 2 (profile 3). Note: Basement level is arbitrary.
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4.6 Discussion

Onshore informations acquired through field campaigns have proven useful in order to
understand the tectonic evolution of the sedimentary basins and the tectonic structures on the
island of Cyprus. It is with this knowledge that the timing of deformation is constrained. In this
chapter different tectonic regimes are discussed as they were identified through field
observations. Compressional structures were assessed, as were extensional and strike slip
features. A number of major and meso-scale compressional and extensional structures were
documented following the two field surveys. The new detailed maps illustrate the proposed
structures which can be tied in with the cross sections and the reconstruction models.

Previous studies have described deformational events in southern Cyprus which were
taken into account for the reconstruction models. These events start from the Campanian time
with the juxtaposition of the Mamonia Complex with the southern part of Cyprus [Lapierre,
1975; Lapierre et al., 2008] and the creation of a suture zone as it is expressed at the Akamas
Peninsula and in the Polemi Basin with the exposure of the serpentinites [Swarbrick, 1993;
Swardbrick and Naylor, 1980; Bailey et al., 2000].

For the first time new data are presented herein which reinforce the proposition of an
Oligocene to Early Miocene event as it is identified at the Kathikas Thrust (near the village of
Pegeia) from the unconformity between the Burdigalian chalks and the underlying Late
Maastrichtian chalks. In the Akamas Peninsula, the deposition of Tera Member reef carbonates
(Androlykou quarry) is also connected with a tectonic uplift due to the tectonic movement of
the thrusts at the high of the Akamas Peninsula. This interpretation, is in contrast with the work
proposed by Payne and Robertson [1995; 2000], as they infer local normal faults which create
a horst geometry for the deposition of the Tera reef limestones. In the Limassol Basin, an
Oligocene to Early Miocene deformation is described on the eastern flank of the Gerasa Fault
and Thrust belt as the Miocene Pakhna Formation rests unconformably on a steeply dipping
Eocene Lefkara Formation or directly on the Maastrichtian Moni Formation [Eaton and
Robertson, 1993]. Additionally in the Maroni Basin east of the Gerasa Fault and Thrust belt,
pebbles of basalts, radiolarites and chert of the Lefkara Formation are identified in the Pakhna
Formation, which is an indication of Early Miocene uplift and erosion of the eastern part of the
Troodos ophiolites [Eaton and Robertson, 1993; Kinnaird, 2008]. The perceived lack of
Oligocene deposits is in agreement with other authors that indicate a lack of Oligocene deposits
in Syria [Al Abdala et al., 2010]. This hiatus is documented onshore Cyprus and Syria and could
correspond to a regional N-S directed compressional event, probably due to the collision of the
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northern part of the African plate with Cyprus [Biju-Duval et al., 1974; Sage and Letouzey,
1990] and the suture of the Zagros area [Agard et al., 2011].

Evidence of Late Miocene thrusting deformation are documented in the Polis and
Limassol Basins. In the Polis Basin at the top of the Akamas Peninsula a brecciated contact
between Late Miocene Koronia Member reefs and Campanian to Maastrichtian pillow lavas is
identified which indicates an early Late Miocene thrust movement. In the eastern flank of the
Polis Basin, the Pelathousa-Peristerona thrust is active as evidenced by the deposition of the
Koronia Member reefs which are tilted towards the east and are in direct contact with the
Campanian Kannaviou Formation (Figure 4 - 41).These observations of thrust displacement
oppose the idea of large scale normal faults that control the evolution of the graben as it was
proposed by Payne and Robertson [1995; 2000]. At the western flank of the Limassol Basin,
near the village of Kouklia, folded Pakhna Formation units indicate a Late Miocene activity
which is in agreement with the proposed Paphos Thrust system of Geoter [2005]. At the eastern
flank of the Limassol Basin (Armenochori village), Koronia Member reef limestones are
overlying the Maastrichtian Moni Formation, an indication of Late Miocene thrusting
movement of the Gerasa Fault and Thrust belt, which is in agreement with data from Eaton and
Robertson [1993]. At the southern part of the Limassol Basin, Eaton and Robertson [1993]
propose a thrust fault which uplifts the Akrotiri High since Early Miocene time. These
assumption is based on borehole data near the village of Akrotiri, where Pliocene sediments are
overlying the Mamonia Complex [Hadjistavrinou and Constantinou, 1977, Eaton and
Robertson, 1993]. However the large thickness of the Pakhna Formation (~650m) at the
southern part of the Limassol Basin is in contrast with this tectonic movement, therefor it is
proposed herein that the thrust at Akrotiri High was active in Late Miocene time.

The Plio-Pleistocene time is envisaged as a period of tectonic uplift [Robertson, 1977;
Pantazis et al., 1978; Sage and Letouzey, 1990; Orszag-Sperber et al., 1989; Follows et al.,
1992; Eaton and Robertson, 1993; Kinnaird and Robertson, 2013]. The transition from the
deposition of the chalks and marls of the Pakhna Formation to the calcarenites and sandstones
of the Nicosia Formation is an indication of this thrusting movement. This is further
documented in the southern part of the Limassol Basin (referred as the Pissouri Basin) as the
Pliocene Fanglomerate is filled with ultramafic clasts eroded from the Troodos ophiolites [Stow
et al., 1995]. Plio-Pleistocene thrusting in the Polis Basin is evidenced from the tilted Koronia
Member reefs on the eastern flank of the basin.
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Based on the field campaign observations, thrusting movements in the Polis and
Limassol Basins were documented and a comparison between the two basins was undertaken.
In NW Cyprus, a synthetic sedimentary log in the Pegeia area illustrates a thickness of ~150m
of Pakhna Formation chalks and marls, while boreholes in the center of the Polis Basin indicate
a thickness of ~100m [N. Papadimitriou, 2017, pers. comm.]. In contrast a synthetic log in the
southern part of the Limassol Basin indicates a thickness of ~650m of Pakhna Formation
sediments, whereas on the northern flank of the basin the thickness is reduced to ~250m [N.
Papadimitriou, 2017, pers. comm.]. This large difference in sedimentary deposition in the Polis
and Limassol Basin illustrates the differentiation between the two basins, which could be
explained from the observed tectonic structures in both basins.

In the Polis Basin the thrust fault propagates from the foothills of the Troodos Mountains
(northwestern continuation of the Gerasa Fold and Thrust belt) towards the Akamas Peninsula
thrust structures near the village of Neo Chorio Paphou (towards the west), causing an uplift of
the basin and restricting the depositional space of the Pakhna Formation. The close proximity
and synchronous movement (Figure 4 - 40) of these two structures in Oligocene to Early
Miocene, could be the reason of the reduced space in the Polis Basin. In Late Miocene time,
the movement of the Pelathousa and Peristerona thrust at the eastern flank of the Polis Basin,
results in the deposition and tilting of Koronia Member reef limestones and indicates an out of
sequence thrusting movement. Thus the Polis Basin is considered as a piggy back basin with
the infilled basin carried forward on moving thrust sheets [Ori and Friend, 1984]. The
identification of serpentinites which are a product of metamorphosis and migration of the
deeper sitting harzburgite, at the Akamas Peninsula and at the village of Agia Varvara Paphou,
are interpreted as evidence of thick skinned tectonic activity.

In contrast, in the Limassol Basin only the Gerasa Fold and Thrust belt is active in the
Oligocene to Early Miocene, uplifting the Troodos Mountains and deepening the basin. A
higher rate of uplift is envisaged on the southeastern part of the Gerasa Fold and Thrust belt as
evidenced by the ultramafic pebbles in the Pakhna Formation in the Maronia/Psematismenos
Basin. Evidence of thrust movement of the Paphos Thrust fault are observed near the village of
Kouklia which is in accordance with the data presented by Geoter [2005]. The movement of
the Gerasa Fold and Thrust belt in connection with the thickness of the Pakhna Formation and
the Late Miocene activity of the Paphos Thrust fault, are evidence that allow the
characterization of the Limassol Basin as a flexural basin, due to the activity of the large Gerasa
Fault zone.
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It is generally accepted that during late Neogene time both basins were uplifted and
infilled by Nicosia Formation. However, a question mark still exists regarding the evolution of
the basins in Messinian-Plio/Pleistocene time. At the Messinian boundary evidence of
extension were recorded in the Polemi, Pissouri and Maroni/Psematismenos Basins from the
studies of Weisgerber [1978], Dupoux [1983], Elion [1983], Orszag-Sperber et al., [1989].
Micro-tectonic analyses indicate that during the early Messinian the Polemi and Pissouri Basins
are under an E-W extensional regime. In contrast the Maroni/Psematismenos Basin is under an
NNW-SSE extension. In Late Messinian, extension was documented in a NE-SW direction
affecting the Polemi and Pissouri Basins, while the Maroni/Psematismenos Basin was under an
NW-SE extension. In Pleistocene time the Polemi Basin is under an NNE-SSW extension, the
Pissouri Basin is under NW-SE extension while the Maroni/Psematismenos Basin is
experiencing an NE-SW extension.

A tectonic evolution model of SW Cyprus is proposed (Figure 4 - 47), which
encompasses all the field observations from this study and the results of previous studies. This
model indicates the active structures through time while also attempting to explain the
difference in sedimentation in the Polis and Limassol Basins.

In Oligocene to Early Miocene time, the Gerasa Fold and Thrust belt is active to the
north of the Polis and Limassol Basins (Figure 4 - 47). To the south the Akamas thrust and the
Kathikas Thrust are active, only in the Polis Basin. From the big difference in thickness of the
Pakhna Formation in both basins, it is proposed that a sinistral transfer fault separates the two
basins (Figure 4 - 47). This large structure could explain the thin Pakhna sediments (~200m) in
the Polis Basin, compared to the thick Pakhna sediments (~650m) in the Limassol Basin.
However, it was difficult to identify this large structure during the field campaign as the area is
covered by the Triassic Mamonia Complex.

In Late Miocene time, the Gerasa Fold and Thrust belt is again active (Figure 4 - 47).
In Polis Basin, the deformation front propagates to the south with the activity of the Paphos
thrust fault, while out of sequence thrusting is identified on the eastern flank of the basin near
the villages of Peristerona and Pelathousa as it is characterized by the deposition of the
Tortonian Koronia Member reef.

In Plio-Pleistocene time all inland structures are active (Figure 4 - 47), as the
Eratosthenes micro continent collides with Cyprus resulting in the uplift of the island. The lack
of deposition of Nicosia Formation in the Limassol Basin in comparison with the Polis Basin,
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could be connected with the frontal collision of the Eratosthenes micro continent with Cyprus.
In the Limassol Basin the frontal collision results in a significant uplift resulting in the erosion
or non-deposition of the Nicosia Formation. In the Polis Basin, this collision is oblique resulting
in a less pronounced uplift and the deposition of Nicosia Formation.
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Oligocene-Early Miocene Late Miocene Plio-Pleistocene
AKT
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Figure 4 - 47: Simplified cartoon of the structural evolution of SW Cyprus. Red lines depict active thrust faults, while black lines depict inactive faults. Dashed lines indicate
inferred faults in areas where the outcrops are covering the structures or it is difficult to observe them. Grey dashed lines indicate the limit between the two basins. Black lines
with numbers indicate the cross sections discussed above. Abbreviations: AKT: Akamas Thrust; GFTB: Gerasa Fold and Thrust belt; KaT: Kathikas Thrust; PPT: Pelathousa-
Peristerona Thrust; PTF: Paphos Thrust fault.
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Chapter 5: Discussion

An overview of the work undertaken throughout this project will be presented in this
chapter. It focuses on the link between onshore and offshore tectonic structures, the timing of
deformations and finally comparing the results herein with previous studies. The purpose of
this comparison is to propose a geodynamic model on the tectonic evolution of the study area
and how it is shaped through the varied lithospheric crustal configurations and the major plate
boundaries in the Eastern Mediterranean region. This outcome is achieved by combining the
interpretation of seismic profiles south of Cyprus and the results of onshore field campaigns
which led to the creation of cross sections and reconstruction models that span since the Late
Cretaceous. The aim of this geodynamic model is to comprehend the structural deformations
along the Cyprus Arc system by analyzing the tectonic styles of the major plate boundaries in
the Levant region. Furthermore, it could help indicate the impact of the different tectonic styles
on the petroleum systems (reservoir, trap, and seal) and the timing of key deformations in order
to identify prospective leads.

5.1 Regional structural offshore framework

The analysis of twenty four 2D seismic profiles that cut the Cyprus Arc system provide
informations that are utilized to define the deformation style along strike of this tectonic
structure. These information revealed that the Cyprus Arc system includes a number of major
plate structures which are: a) the Larnaca and Margat Ridges, a set of south verging thrusts
active at least since Oligocene to Early Miocene time, with a re-activation in Late Miocene and
Plio-Pleistocene time; and b) the Latakia Ridge, a thrust fault active at least since early Late
Miocene and which is re-activated as a strike slip fault in Plio-Pleistocene time. The long lived
tectonic activity evidenced from the interpretation of seismic profiles during this study, is in
agreement with observations made by numerous authors which have attempted to document the
offshore structures [Vidal et al, 2000; Calon et al., 2005; Hall et al., 2005; Bowman, 2011
Ghalayini et al., 2014; Montadert et al., 2014]. Calon et al., [2005] indicate a Middle Miocene
to Late Miocene movement on the Larnaca Ridge. Previous studies by Hall et al. [2005] and
Bowman [2011] propose the activation of the Latakia Ridge in Middle Miocene to Late
Miocene time.

For the first time in this study, an Oligocene to Early Miocene deformation event is
identified on the Larnaca and Margat Ridges as it was mapped in the Cyprus Basin, while no
activity was observed on the Latakia Ridge during this time [Symeou et al., accepted; see
chapter 3]. The acme of deformation was recorded in Middle to early Late Miocene time with
on the Larnaca, Margat and Latakia Ridges [Symeou et al., accepted]. The comparison of
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tectonic structures north of the Levant Basin (see chapter 4), namely the Larnaca, Margat and
Latakia Ridges, has indicated a southward propagation of the deformation front as evidenced
on the seismic profiles interpreted for this study [Symeou et al., accepted]. The Larnaca and
Margat Ridges are active at least since Oligocene to Early Miocene time, with the activity
continuing and shifting southward towards the Latakia Ridge by Middle-Late Miocene time
[Symeou et al., accepted].

To the north, the Cilicia Basin is situated between the northern coast of Cyprus and the
southern coast of Turkey. The Cilicia Basin (Figure 5 - 1) is considered as a Miocene piggy
back basin that developed in the foredeep south of the Tauride Fold and Thrust belt [Aksu et
al., 2005]. A series of south verging thrust faults are identified on the seismic profiles. The
exact age of the sediments that infill this basin is unknown as no deep borehole data are
available and the quality of the seismic profiles permits an interpretation only until a proposed
Early Miocene horizon [Aksu et al., 2005; Blanco, 2014]. Normal faults are identified in the
Messinian salt layer (Unit 2) which result from gravitational instabilities and movement of the
salt deposits over the flanks of the basin [Blanco, 2014].

The indication from these observations is that plate convergence is accommodated by
thrust emplacement which follows a forward propagation model, as described in other fold and
thrust belts in the region like in the Cilicia Basin. It is thus the first time that the tectonic
evolution of the Cyprus Basin is described by a similar model where the deformation front is
migrating southward. The observations on the Margat Ridge where onlaps are recognized only
from this study and the forward propagated sequence, allow for the determination of the Cyprus
as a piggy back basin.

In Plio-Pleistocene time, all the structures are re-activated as a response to the westward
escape of the Anatolian micro plate [McClusky et al., 2003; Le Pichon and Kreemer; 2010],
and the continuous convergence of the African and Eurasian plates [McClusky et al., 2003]. At
the eastern part of the Cyprus Arc system, positive flower structures are identified on the
Latakia and Margat Ridges which illustrate strain partitioning and a transpressional regime
[Vidal et al, 2000; Calon et al., 2005; Hall et al., 2005; Bowman, 2011; Montadert et al., 2014;
Symeou et al., accepted]. At the central domain of the Eratosthenes micro continent Montadert
et al., [2014] interpret the deformation in front of the Eratosthenes as a pop up structure (Figure
5 - 2), that is created from deep seated thrust faults that connect at depth with the Cyprus Arc
system. In contrast in the offshore paper published from this study, it is suggested that the
deformation is created by a thin skinned thrust fault with a decollement level at the base of the
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Messinian salt which is in agreement with the interpretation by Reiche et al., [2015]. It is
therefore proposed that the continuation of the thin skinned northward dipping thrust fault,
could connect with the Cyprus Arc system, which is taken as a direct indication of the position
of the Cyprus Arc system.

Plio-Pleistocene flexural basin was identified in front of the Eratosthenes micro
continent which is considered as the result of the subduction of the Eratosthenes micro continent
under Cyprus, while the timing of the basin constrained by stratigraphic onlaps on the northern
flank of the Eratosthenes, indicative of a Plio-Pleistocene age [Montadert et al., 2014; Symeou
et al., accepted]. Another flexural basin which was identified for the first time [Symeou et al.,
accepted] is the structure north of the Hecataeus Rise which is constrained by the Larnaca and
Margat Ridges. This indicates a re-activation of the Neogene inherited faults both in a
transpressive strike slip regime (Margat Ridge) and also as thrusts (Larnaca Ridge). The
implication from this observation is that the deformation system resembles a strain partitioning
system as it is described for an oblique convergence settings, however here it is related to the
fragmentation and lateral movement of the upper plate due to the variation of the crustal nature
along strike of the Cyprus Arc system [Symeou et al., accepted].

Central Domain Southern Domain S

Outer Cilicia Outer Cilicia
back-thrust salt-cored belt f‘”‘
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Northern Domain

Figure 5 - 1: Un-interpreted and interpreted seismic profile in two way travel time (TWT) in the Cilicia Basin.
Red line in index map illustrated the position of the profile. Unit 1 corresponds to Plio-Pleistocene clastic
sediments. Unit 2 indicates Messinian salt deposits. Unit 3 corresponds to Middle to Late Miocene hemi-pelagic
carbonates [Blanco, 2014].
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Figure 5 - 2: Interpreted seismic profile in Two-Way-Travel time (TWT) passing from the Eratosthenes micro
continent towards the Cyprus Arc system. A flexural basin is documented and a pop-up structure associated with
thick skinned deformation. [Montadert et al., 2014]. The black line in the inset map indicates the location of the
seismic profile. Abbreviations: CA=Cyprus Arc; ECB=Eratosthenes Continental Block; LR=Latakia Ridge.

5.2 Structural onshore framework

Onshore Cyprus three major basins are identified: a) the Polis Basin; b) the Limassol
Basin; and c) the Mesaoria Basin (see chapters 2 and 4). Prominent tectonic structures which
are documented onshore are responsible for the evolution of these basins.

In southern Cyprus the Arakapas Transform fault [Simonian and Gass, 1978] is
interpreted as an E-W trending fault which was active since Late Cretaceous time. The Gerasa
Fold and Thrust belt is a south verging tectonic structure that runs NW-SE, parallel to the
ophiolite unit and uplifts the Troodos Mountains with continuous pulses starting in Late
Cretaceous time [Robertson, 1977; Swarbrick and Robertson, 1980]. Oligocene to Early
Miocene deformation (Figure 5 - 3) was documented in the Limassol Basin which continued in
Late Miocene as it was proposed by the Eaton and Robertson [1993]. In the Polis Basin, Late
Cretaceous thrusting activity was proposed in the Akamas Peninsula [Swarbrick, 1993; Bailey
et al., 2000] and on the northwestern part of the Gerasa Thrust belt [Swarbrick and Robertson,
1993].

The Mesaoria Basin is constrained by the Kyrenia Range to the north and by the Troodos
Mountain to the south. It is considered as a Cenozoic foredeep basin that resulted from the
thrust movement of the Kyrenia thrust and the Troodos-Larnaca culmination [Calon et al.,
2005]. The continued shortening along these faults lead to the deposition of shallow marine
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sediments in the center of this basin. A Middle Miocene thrust movement along the Ovgos
thrust fault (Figure 5 - 4) is proposed due to the juxtaposition of the chalks and marls of the
Pakhna Formation with the deep flysch sediments of the Kythrea Formation [Harrison et al,
2004; 2008]. Deep borehole data [Cleintuar et al., 1977] in the center of the basin indicate a
thrusting movement of Messinian time at the Ovgos thrust fault [Harrison et al., 2004; 2008;]
as the Miocene Kythrea Formation is juxtaposed with Messinian salt of the Kalavasos
Formation (Figure 5 - 4).

Deformation onshore Cyprus is proposed at least since Late Cretaceous time. The initial
uplift of the western part of the Troodos massif due to the activity of the Gerasa Fold and Thrust
belt (NW part of the thrust), resulted in the erosion of the ophiolite units and the deposition of
the Kannaviou Formation in hollows [Swarbrick and Robertson, 1980] in the Polis Basin.
Thrust movements were also documented at the Akamas Peninsula, where pillow lavas and
serpentinites are outcropping [Swarbrick, 1993; Bailey et al., 2000], at a distance of ~15km
from the main massif.

For the first time, a Neogene thrusting deformation event is identified in the Polis Basin,
near the villages of Kathikas and Pegeia (see chapter 4) where Burdigalian sediments are
overlying Late Maastrichtian sediments. In Late Miocene a second tectonic pulse was identified
as Late Miocene reefs of the Koronia Member were deposited on the eastern flank of the Polis
Basin. It is proposed herein, that the Koronia reefs were deposited due to the thrust movement
at the Pelathousa-Peristerona area. Further evidence to suggest the existence and the re-
activation of this fault is the eastward tilting of the Koronia reefs in Plio-Pleistocene time. It
was previously proposed that large normal faults controlled the tectonic evolution of the basin,
as a result of slab roll back of the northward subducting African plate [Payne and Robertson,
1995]. This mechanism was also used to explain the deposition of the Koronia reefs by
proposing antithetic normal faults which created local highs and thus determining the Polis
Basin as a graben. [Payne and Robertson, 1995]. This tectonic model is contradicting with the
observations made in this study, as it does not explain the Burdigalian-Late Maastrichtian
unconformity or the tilting of the Koronia reefs on the western and eastern flanks of the Polis
Basin respectively. It is therefore indicated that in this study the Polis Basin is considered as a
piggy back basin which developed between two thick skinned thrust faults which are verging
towards the west.

In the Limassol Basin, Oligo-Miocene deformations associated with thrusting activity
on the Gerasa Thrust were documented for the first time in this study (see chapter 4), near the
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villages of Mandria-Omodos (folded chalks and cherts of the Lefkara Formation), near Kapilio
village (steeply dipping Lefkara chalks in contact with Troodos ophiolites) and near the village
of Armenochori (deformation zone in the Lefkara Formation). The Late Miocene movement of
the Gerasa Fold and Thrust belt was identified at the village of Armenochori, where Late
Miocene Koronia Member reef units are overlying the Maastrichtian Moni Formation, which
is in agreement with previous studies [Eaton and Robertson, 1993; Kinnaird, 2008]. It is
proposed by Eaton and Robertson [1993], that the Akrotiri High is uplifted in Early Miocene
time, however no indications of this activity were observed during this study. The large time
gap between the Pliocene and Mesozoic sediments in borehole used could possible mean an
uplift in Late Miocene time. Taking this into account and the thick sedimentary Pakhna
sequence proposed at the southern extend of the Limassol Basin, it is herein proposed that the
Limassol Basin is a flexural basin which was downthrown by the activity of the Gerasa Fold
and Thrust belt.

Pakhna Formation (Koronia Member) A —~—

]
] Pakhna Formation
]
1

Lefkara Formation
Pillow Lava Group (Troodos Complex rocks)

Figure 5 - 3: Simplified geological cross section through the Gerasa Fold and Thrust belt, which illustrates a
stratigraphic unconformity between the Pakhna Formaiton and the underlying Lefkara Formation [from Kinnaird,
2008 as modified after Eaton and Robertson, 1993.] The red line on the inset map indicates the location of the
cross section [map modified from Harrison et al., 2008].
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Figure 5 - 4: The Lefkoniko borehole and schematic cross section across the Ovgos thrust fault, which is
considered as the boundary between the Troodos sedimentary cover and the Kyrenia terrane. True depth of the
contacts are shown for the borehole. Inset map of Cyprus indicates the location of the cross section (red line).
Legend explains the formations used in this cross section. [from Harrison et al., 2008]. The red line on the inset
map indicates the location of the cross section [map modified from Harrison et al., 2008].

5.3 Regional synthesis

The complex geodynamic context of the Eastern Mediterranean originates from the
breakup of Pangea, the rifting of the Tauride block in Triassic to Early Jurassic time, the
creation of the Neo-Tethyan Ocean followed by the continuous convergence of the African and
Eurasian plates since Late Cretaceous time. From the available data a chart was constructed
which connects the recorded pulses with the geodynamic regime through time (Figure 5 - 5). A
first pulse was recorded in Oligocene to Early Miocene time and it is connected with the north-
south convergence between the African and Eurasian continental plates. The second pulse
which is proposed herein as the strongest was identified in Late Miocene from the offshore data
where a regional unconformity was identified as the Plio-Pleistocene sediments are
unconformable with the underlying Messianian salt layes. The last pulse recorded in Plio-
Pleistocene time is a transpressive deformation due to strain partitioning associated with the
westward escape of the Anatolian micro plate.
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Figure 5 - 5: Deformation chart illustrating the stress direction, the deformation phase connected with the
geodynamic context through time.

The major tectonic structures mapped in the region are: a) the Kyrenia Range with its
eastward continuation extending to Syria where it probably joins up with the East Anatolian
fault, while the western end could pass northwards into the Taurus Fold and Thrust belt; b) the
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Ovgos Transform fault which could connect with the East Anatolian fault; c) the Arakapas
Transform fault could be associated with the Larnaca Ridge; d) the Gerasa Fold and Thrust belt
is linked with the Margat Ridge; e) the Paphos Transform fault and Akrotiri High which are
possibly connected with the Latakia Ridge; and f) the Cyprus Arc system which constitutes the
major boundary between Cyprus and the Levant and Herodotus Basins.

During the Oligocene to Early Miocene (Figure 5 - 6), the Kyrenia Range is active as
deep flysch sediments are deposited in the Mesaoria Basin. To the south east the Larnaca and
Margat Ridges are active as it identified by the creation of the flexural Cyprus Basin and the
deposition of shallow sediments compared with the deep marine sediments deposited in the
Levant Basin. Onshore Cyprus the active Gerasa Fold and Thrust belt results in the creation of
the deep Limassol Basin while the activity of the Gerasa Fold and the Kathikas Thrust in the
Polis Basin are responsible for the creation of the flexural Polis Basin. It is herein proposed that
the Larnaca Ridge could connect with the Arakapas Transform Fault onshore Cyprus. The
Margat Ridge stops its propagation towards the east due to the existence of a rigid body, the
Hecataeus Rise which blocks the extension of the fault. This will be explained later in the text

0.

In Late Miocene time the activity of the offshore Latakia Ridge and the onshore Paphos
Thrust fault is an indication that the deformation front is propagating towards the south (Figure
5 - 8). This is also attested by the deposition either side of the Latakia ridge which is the major
boundary between the Cyprus Basin (thin sequence of shallow sediments) and the Levant Basin
(thick sequence of deep marine sediments). Out of sequence thrusting is documented from the
onshore structures as it was described in chapter 4 (section 4.6 Discussion).
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Early Miocene

Figure 5 - 6: Oligocene to Early Miocene geodynamic evolution model of the Eastern Mediterranean region.
Description of structures in Figure 5 - 7. Abbreviations: ATF: Arakapas Thrust Fault; EH: Eratosthenes High;
GFTB: Gerasa Fold and Thrust Belt; HB: Herodotus Basin; HR: Hecataeus Rise; KaT: Kathikas Thrust; KR:
Kyrenia Range; LB: Levant Basin; LnR: Larnaca Ridge; MR: Margat Ridge; TOp: Troodos Ophiolites.

209



Chapter 5: Discussion
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Figure 5 - 7: Legend explaining the different feautures illustrated in Figure 5 - 6, Figure 5 - 8, Figure 5 - 9.
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Late Miocene

Figure 5 - 8: Late Miocene geodynamic evolution model of the Eastern Mediterranean region. Description of
structures in Figure 5 - 7. Abbreviations: ATF: Arakapas Thrust Fault; EH: Eratosthenes High; GFTB: Gerasa
Fold and Thrust Belt; HB: Herodotus Basin; HR: Hecataeus Rise; KaT: Kathikas Thrust; KR: Kyrenia Range;
LB: Levant Basin; LnR: Larnaca Ridge; LR: Latakia Ridge; MR: Margat Ridge; TOp: Troodos Ophiolites.

In Plio-Pleistocene time, strike slip deformation is documented on the Margat and
Latakia Ridge in the eastern domain, which corresponds with the westward escape of the
Anatolian micro plate (Figure 5 - 9). In the central domain, compressional deformation is
documented by the flexural basin created in front of the Eratosthenes micro continent which is
associated with the collision of the Eratosthenes micro continent and Cyprus. It is further
proposed that at this time, the Larnaca Ridge is connected onshore with the Gerasa Fold and
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Thrust belt through a sinistral transfer fault, although further investigations are needed to
validate this proposal.

It is important to note that the inherited structures from the Late Cretaceous
emplacement of the ophiolitic belt, impact the tectonic deformation as these structures are re-
activated through time.

Plio-Pleistocene

Figure 5 - 9: Plio-Pleistocene geodynamic evolution model of the Eastern Mediterranean region. Description of
structures in Figure 5 - 7. Abbreviations: ATF: Arakapas Thrust Fault; EH: Eratosthenes High; GFTB: Gerasa
Fold and Thrust Belt; HB: Herodotus Basin; HR: Hecataeus Rise; KaT: Kathikas Thrust; KR: Kyrenia Range;
LB: Levant Basin; LnR: Larnaca Ridge; LR: Latakia Ridge; MR: Margat Ridge; TOp: Troodos Ophiolites.
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In order to better constrain the geodynamic evolution models of the Eastern
Mediterranean the shortening rates of the Latakia and Margat Ridges were investigated. The
seismic time (in TWT) was noted at various intervals either side of the main structures. The
points were picked on the already interpreted seismic horizons which are proposed in chapter
3. Then by applying the widely accepted seismic velocities for each formation, the throw of
each structure was calculated. This resulted in the creation of two charts which indicate the
throw of the structure in meters (vertical axis) along strike of the Cyprus Arc system (horizontal
axis).

The first chart illustrates the throw alogn the the Latakia Ridge (Figure 5 - 10). The
orange lines illustrate the collective throw from Middle Miocene onwards, the red lines the
collective throw from Messinian time until recent, the yellow lines indicate the throw from
Pliocene onwards and the blue line indicates the current throw as it represents the seabed. The
letters on the horizontal axis indicate the location of each seismic profile used to measure the
time. It is worth noting that in the east, the throw of the Middle Miocene and Messinian lines is
large compared with the throw of the Plio-Pleistocene to Recent lines. The large difference in
throw is associated with the change in deformation style from compression in Miocene time to
strike slip in Pliocene time connected with strain partitioning and the escape of the Anatolian
micro plate. In contrast in the west, the throw in Miocene time gradually diminishes, while in
Plio-Pleistocene time the throw is very large, which is associated with the collision of the
Eratosthenes micro continent with Cyprus resulting in the uplift of the island.

The second chart illustrates the throw along the Margat Ridge (Figure 5 - 11). The throw
along the ridge is indicated by the orange (Middle Miocene), red (Messinian), yellow (Plio-
Pleistocene) and blue lines (Recent). A peak is identified at the center of the Margat Ridge
while at the both tips of the fault the throw is reduced significantly. The diminishing throw
towards the west is associated with the existence of a rigid body west of the structure. This rigid
body is the Hecataeus Rise which is underlain by continental crust, acting as a physical block
preventing the Margat Ridge to migrate westwards.
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Figure 5 - 10: Illustration of the throw along strike of the Latakia Ridge. In the east the large throw between the
Miocene and the Plio-Pleiocene lines indicates the transition from compression to strike slip deformation. In the
west the large throw of the Plio-Pleistocene line indicates the collision between Eratosthenes micro continent and
Cyprus which results in the uplift of the island.
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Figure 5 - 11: Illustration of the throw along strike of the Margat Ridge. The diminishing throw towards the west
indicates that the structure does not extend towards the west probably due to the existence of the Hecataeus Rise,
a continental block that prevents the Margat Ridge migrating towards the west.
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Figure 5 - 12: Location of seismic profiles utilized to create the charts in Figure 5 - 10 and in Figure 5 - 11.
Abbreviations: CA: Cyprus Arc; CB: Cyprus Basin; HR: Hecataeus Rise; LnR: Larnaca Ridge; LR: Latakia
Ridge; MR: Margat Ridge; PTF: Paphos Transform Fault.

5.4 Assessment of impact of tectonic structures on the petroleum systems

The timing of structural deformation is very important for the identification of targets
that could hold substantial hydrocarbon reserves. During the seismic interpretation and by
combining discoveries mainly in the Levant Basin and the onshore observations key parameters
can be addressed for the petroleum systems south of Cyprus.

Previous hydrocarbon discoveries in the Levant Basin, have focused on the Miocene
sands like the Tamar and the Aphrodite fields [Roberts and Peace, 2007]. This corresponds well
with the tectonic movement in Oligocene to Early Miocene time, as the uplift of the nearby
continents resulted in erosion and deposition of sands in the area. The continuous convergence
and the thrusting displacement can create traps as anticlines, which were drilled in the cases of
Tamar and Aphrodite. Similar anticlines and small piggy back basins are identified in the
Cyprus Basin. The shallow depth and the clear geometrical structures can be a nice target for
exploration groups, although risks still exist as the true thickness and the basement of the
Cyprus Basin is not confidently constrained due to the lack of deep borehole data.
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The Eratosthenes micro continent and its surrounding fringing reefs could prove to be
an important reservoir as well. Following the discovery of the Zohr field [Esestime et al., 2015],
a new play of great importance was revealed. These targets around Eratosthenes, which could
be Creteceous carbonate buildups could prove valuable plays, with some structures identified
S, SW and SE of the platform.

A very important element for the accumulation of hydrocarbons is the seal. In the Levant
Basin, a thick layer of ~1.5-2km of Messinian salt acts a seal to the existing petroleum system.
A cautious approach should be taken with regard to plays in the Cyprus Basin as the salt layer
is thin or non-existent at several location due to the higher position of the basin and probably
due to the relative easy way that the salt can move when under a thick package of sediments.
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Seismic interpretation of the available 2D seismic profiles south of Cyprus and field

investigations onshore southern Cyprus aided in the documentation of a plethora of tectonic
structures. These informations either enhanced previous models proposed or yielded new data
on the time constrain and the deformation mechanisms of the various structural elements. Some
of the structures are inherited while others are of Cenozoic time. These major structures are:

Onshore structures:

The Gerasa Fold and Thrust belt is an inherited structure at the southern flank of the
Troodos Mountain. It is the boundary between the ophiolitic unit and the Limassol and
Polis sedimentary basins. It runs from NW-SE parallel to the ophiolite body and it is a
southwestward verging thrust fault. Three important pulses are documented on this
structure: i) a Late Cretaceous pulse inferred from the erosion of the ophiolites and the
deposition of the Late Cretaceous Kannaviou and Moni Formations; ii) an Oligocene to
Early Miocene movement observed from the deposition of ultrabasic pebbles of
ophiolitic origin in the Miocene Pakhna Formation in the Maroni/Psematismenos Basin
and from the unconformable contact between the Pakhna Formation and the underlying
Eocene Lefkara Formation in the Limassol Basin; and c¢) a Late Miocene pulse identified
by the deposition of Late Miocene Koronia Member reef carbonates on top of the
Maastrichtian Moni Formation, at the eastern flank of the Limassol Basin.

The Akamas Peninsula is constrained by two NNW-SSE thrust faults which are verging
towards the west. The timing of deformation is inferred as Late Cretaceous due to the
occurrence of serpentinized harzburgite at this locality. An Early Miocene uplift is
proposed from the deposition of the Tera Member reef carbonates which are in contact
with Triassic the Mamonia Complex. Late Miocene activity is evident from the
deposition of Koronia Member reef carbonates on top of the serpentinites and in contact
with the Triassic Mamonia Complex.

The Kathikas Thrust is considered as the southern continuation of the thrust faults in the
Akamas Peninsula. Oligocene to Early Miocene movement is documented from the
juxtaposition of the Maastrichtian Kathikas Formation next to the Eocene Lefkara
Formation and from the unconformable contact between the overlying Burdigalian
chalks and the Late Maastrichtian chalks. Younger thrust activity has not occurred on
this thrust as the structure is sealed by the Pakhna Formation.

The Pelathousa-Peristerona Thrust is a NW-SE trending structure which was active in
Late Miocene time. This movement is evident by the juxtaposition of steeply dipping
Koronia Member reef limestones next to the Campanian Kannaviou Formation. The
thrust is verging towards the west.
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The Paphos Thrust fault is considered as a prolongation of the Kathikas Thrust, however
only a Late Miocene movemented is documented on this fault near the village of
Kouklia where the Pakhna Formation chalks are folded. It is proposed that the eastward
continuation of this fault connects with the Akrotiri High fault.

The Polis Basin in the SW part of Cyprus is considered as a Late Cretaceous basin
infilled with a range of sediments of relative thin thickness (Pakhna Formation ~150m)
indicative of a shallow basin. It is described herein as piggy back basin created by a
thick skinned mechanism, from the interaction of the NW Gerasa Fold and Thrust belt
and the Akamas Peninsula Thrusts. In Late Miocene the out of sequence movement of
the Pelathousa-Peristerona Thrust indicates a rather complex tectonic evolution, one not
described by forward propagation.

The Limassol Basin in south Cyprus, is considered as a deep basin as the sedimentary
sequence is rather thick (Pakhna Formation ~650m). This basin is constrained by the
movement of the Gerasa Fold and Thrust belt and is considered as a flexural basin. The
activity of the Paphos Thrust/Akrotiri High fault confines the basin during Late Miocene
time.

Offshore Structures:

The Larnaca and Margat Ridges are major tectonic structures active in Oligocene to
Early Miocene time. The deformation is identified from stratigraphic onlaps and the
creation of a flexural basin which is infilled by Middle Miocene sediments. Late
Miocene activity is also observed on both structures from the variation in thickness of
the Messinian salt.

The Latakia Ridge is active in Middle to Late Miocene time as it is documented by the
big change in thickness of the Middle Miocene and Messinian sediments north and south
of the thrust. In Plio-Pleistocene time, positive flower structures are identified along the
Latakia Ridge, which indicates the strain partinioning to a transpressive regime.

South of Cyprus activity on the Cyprus Arc system is recorded from a flexural basin in
front of the Eratosthenes micro continent, which is infilled by Plio-Pleistocene
sediments. Due to the large thickness of salt deposits, the quality of the seismic prolife
is bad and therefore no older deformation is identified. The compressional regime
identified at this location is connected with the collision between the Eratosthenes micro
continent with the island of Cyprus.

From the thrust movement, a southward propagation of the deformation front is
proposed for the first time.
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Along the Cyprus Arc system, a change from strike slip deformation (east) to a
compressional setting (west) is identified. This change in style is attributed to the variation of
the nature of the crust from east to west.

Perspectives:

Time gaps still exist regarding the deformation timing onshore Cyprus. The similarities
in facies and the difficulty to distinguish the exact boundary between the Pakhna and Lefkara
Formations, was a big challenge in this study. A detailed bio stratigraphic analysis could prove
valuable, as it would better constrain the activity of the various tectonic structures and eliminate
uncertainty.

In order to better test the proposed models, the propagation of the deformation front and
the tectonic evolution of the sedimentary basins, a balanced cross section should be created,
comparing the different domains (i.e in the east: continental crust vs attenuated continental crust
and in the west: continental vs continental crust . This will be important as it will test the
hypothesis for the deeper parts of the basins where up until now the lack of data cannot provide
a clear overview of the tectonic processes at work.

Interpretation of 3D cube seismic data could be beneficial in the investigation of the
strike slip style proposed in the eastern domain, at the Latakia Ridge.

More detailed work should be persued in the northern part of the island and in the
surrounding counties, as all the areas are tied up together by a common tectonic evolution.
Integration with previous and coming studies would prove important to test the proposed
models and the timing of the deformation.
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Figure 3 - 15 D: Plio-Pleistocene expanded
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