STRUCTURE AND SALT TECTONICS OF MESSINIAN
EVAPORITES IN THE CILICIA BASIN,
EASTERN MEDITERRANEAN

CENTRE FOR NEWFOUNDLAND STUDIES

TOTAL OF 10 PAGES ONLY
MAY BE XEROXED

(Without Author’s Permission)

COLLEEN BRIDGE










Structure and Salt Tectonics of Messinian Evaporites in the

Cilicia Basin, Eastern Mediterranean

by
© Colleen Bridge

A thesis submitted to the School of Graduate Studies
in partial fulfilment of the requirements for the degree of

Master of Science

Earth Science Department

Memorial University of Newfoundland

January 2004



Evi

Library and
Archives Canada

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

NOTICE:

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,

publish, archive, preserve, conserve,

communicate to the public by

telecommunication or on the Internet,

loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

Direction du
Patrimoine de l'édition

Bibliothéque et
Archives Canada

395, rue Wellington
Ottawa ON K1A ON4

0-612-99057-5

AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par téléecommunication ou par I'internet, préter,
distribuer et vendre des theéses partout dans

le monde, a des fins commerciales ou autres,

sur support microforme, papier, électronique
et/ou autres formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette thése.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



ABSTRACT v
ACKNOWLEDGEMENTS vi
LIST OF FIGURES vii
1. INTRODUCTION
1.1 Plate Tectonic Setting P
1.2 Evaporite Deposition in the Mediterranean Region 6
1.2.1 Models of Evaporite Deposition.........ccceccreeeeereecureerrrereeecteneneeercenessnssncsnesaseseenes 8
1:2.2 Evaporite Composition il ChRrSEHEY. ... ..vcvissiressasisssovsssmanmmsnssesasssssnsassnnesssnniss 14
1.3 Scientific Objectives 16
2. EVAPORITE DIAPIRISM 31
2.1 Trigger for Diapirism 32
2.2 Stages of Diapir Formation in a Basin 33
L L RIS LI . i i s i S s S B S S 5SS e 33
Rl TR U USSP RN  — 34
DD TORUIN THUDREIBI 1o csriesvvsvnesonsonesssssnpsmssongononsorsressorsismsnsaststrms sionsssessiasmmpssbmresmmmss 34
2.3 Types of Deformation in Evaporite Basins .... 35
2.3.1 Thick Skinned Deformation .............c.ccsiiniersscassesossssmnsssnssonsosasessasienssassanas sramnpes 36
B2 T ST IR ISP - e i 5 b e Al S e s 36
2.4 Evaporites in the Extensional Domain 36
2.4.1 Thick-SKinned EXtENSION ......c.cccoeeeeerrrneesererrinreeeseeernessseesssessesssancsssessassssesssesnses X7
ZA02 TRR=TNROIXRNE TEIORMNMRIIRY . oo i e i o s s e 37
2.4.3 Raft Tectonics: Extreme Thin-Skinned EXtension........cc..cccceceeveeereceerevcennenanns 39
2.5 Evaporites in the Contractional Domain 39
2.5.1 Deformation in Frontal Portions of Fold and Thrust Belts...........ccccccceeecarivunnnnn. 40
2.5.2 Thick-Skinned Deformation in Inverted Basins...........cccoeceveeceruecneecreescnrernnnnnen. 42
2.6 Evaporites in Progradational Systems 42
2.7 Kinematic Analysis of Salt Structures 45
2.7.1 Kinematic Indicators Within the Evaporite Unit.........ccccccererrorerceecscrernceaenenees 45
Ceomelry Of EVAPOTIIBS. ..cowsivroseosscissiiiivsssssesssmmsassnssbsnsssassssssssssasnassssssnasassnnsnsssidible 46
Salt Welds or Fault Welds...............eeuueeereeoereecrinesessecnesesenessnsasssssssssssssssssssasssasenes 46
S VI R T T ERNTVINIE i iy o st e it o s s 47
2.7.2 Kinematic Indicators in Sediments Surrounding Evaporites.........c.ccccccooceeceannnn. 48
b T e T AT R A S P —— e 48
Thinning and Thickening Of SIFQLa................eueceueeeeeceeeeeeecsreeeeerecsreeeseeessnsessaeessasans 49
2.8 Temporal Kinematic Divisions of Sedimentary Overburden 51
2.8.1 Pre-kinematic SEUMEIES............ccoocvcerrcronmmesomsmersemsemmrsssasssmrsssssasssnssnsasanssasesassen 51
20 Byn-Roneeahie BENBIE oo eieninseear et sk o 52
2.8.3 Post-kinematic SEAIMENLS ........ccccoceerrerrvericererineneeeseeserereessemessessssssssasssessasassssns 53
3. DATA ACQUISITION AND TECHNIQUES 86

&



4. SEISMIC STRATIGRAPHY 89
4.1 The S-Reflector 90
4.2 The N-Reflector 90
4.3 The Evaporite Unit 91
4.4 The M-Reflector 94
4.5 Depositional Sequence A 95
4.6 Sequence Boundary 1 96
4.7 Depositional Sequence B 96
4.8 Sequence Boundary 2 98
4.9 Depositional Sequence C 98
4.10 Sequence Boundary 3 100
4.11 Depositional Sequence D 100
4.12 Seafloor Horizon - 102
4.13 Large Scale — Basin Wide Distribution and Thickness Patterns ................... 102

5. FAULT ASSEMBLAGES IN THE CILICIA BASIN 125
5.1 Basin-Forming Fault Family 127

5.1.1 Misis-Kyrenia Fault Zone and Misis Fault Zone .........cccccoeviirvcrnicvencnnecennne. 128
B T S S S SO 130
5.1.3 Central Outer Cilicia Fault Zomne...........cccccoiveimeiioririrniiccrcenereresnrencsneereenenes 132
5.1.4 Northern Outer Cilicia Fault Zomne ..........cococcueieeeiirecvenriccnecrscrecssceesecccsacsensaneas 133
305 KOEN ITORIIE LOKME .. coos sunnnnnsssumspinsssesmsnsssnsanmunissmmonsassasomumssasassys 1 1ssus ssansasnssanasssnssses 134
5.2 Intra-Salt Fold and Thrust Family 134
K3 LOnrie Eabe i Ol AL T RIRIIN wsesve sons ensmovasaas spovsrvans ans st M sosbut semsvmmsamman s 6¥ 136
5.3.1 Faults of the Listric Extensional Fault Family ........ccccoccceevrieceeicnccccnecnscnercenens 136
5.3.2 Salt Structures Associated With the Listric Extensional Fault Family .............. 139
5.4 Basin Central Fault Family 141
5.4.1 Faults of the Basin Central Fault Family...........ccccceevviieiniiiioiiiniieerreirnerecnnnnn. 141
5.4.2 Salt Structures Associated With the BasementCentral Fault Family ................. 142
5.5 Toe-Thrust Fault Family 142
5.5.1 Fauilts of the Toe-Thrust Fault Famiily..............cooo el eeeeaaanid 142
5.5.2 Salt Structures Associated With the Toe-Thrust Fault Family........................... 143

6. KINEMATICS OF SALT STRUCTURES 168
6.1 Introduction 168
6.2 Salt Structures in the Extensional Domain 170

Oy} TR T TR v s somiumsss cmmustn i sunmmmuas ssswss s ssssasmomsvasss s e PSSRSO S w45 170
6.2.2 Salt Welds and Fault Welds .........c.cccoiiiiiiiiiiiincinicicrceeece e eesennens 173
6.2.3 Turtle Structures Associated With Salt Rollers.........ccccocrvmiriieeeercnicvccercnennnnns 174
Classic Turtle Structure Anticline of Trusheim (1960) ..................ccccooeeccrncianunnnnen. 175
TR SRR TR . o oot o oo o o % 8 b i i e e 176
Turtle Structure Anticline of Vendeville and Jackson (1992) .....................ccucu..... 176
Motk Thrtle ABMBIINE. ... ..o commmmmusmmmsnsseseitissvsinassassassssernstiseovessuibinsssss smresaes 177



Turtle-Back GUrOWER ARLICIINES .........cooueeeeeeeeeeeeeeeeeeeeeeeeneersenesssaessnssssnsesnnssnnsssnnsssnnnnes 178

6.3 Kinematic Interpretations of Salt Sructures in the Boundary Domain .......... 180
6.3.1 North Salt Wall in the Boundary Domain ..........cccccccvveerecenciiesiseesreeeecnseaeneeenes 181
O I e e P e s P B o e i A s 181
O PRI i 0o i A i i e s ¥ 182
6.3.2 Central Salt Wall in the Boundary Domain..........cccccoereeeremerecrereeceecreneerneennne. 183
Norihern Qi Bastermt UMK - .. c..iiccmsneissassssssuessassssansmissassmsasssssansbnsansssanninsasoshbsssss 185
T T T T i (S S R 190

DU RET IR ¥ R St e i s g ey i a5 e s A KB i 194
6.3.3 South Salt Wall in the Boundary Domain ...........cccccceeeeeeecinneeencnceeesecrneeenaenenns 196
6.4 Kinematic Interpretations of Salt Structures in the Contractional Domain .. 197
6.4.1 Salt Structures in the Basement-Linked and Toe-Thrust Fault Families ........... 197
6.4.2 Salt Structures in the Intra-Salt Fold/Thrust Family .........ccccccoceervvereinrecnennnn. 199
7. DISCUSSION 219
7.1 Pre-Messinian Tectonic Evolution of Eastern Mediterranean Region............ 219
G 5T T A S o R S P S LY (P 220
e Tl Q01T T LT e S P | P s S —— T 21
T YRR B0 T TL Y. TR o i s s e S L0 222
7.1.4 Late Eocene to Middle MIOCENE.........cccccereeecrurererreresuneeesssssersssssanssssansasssssssesses 224
7.2 The Cilicia Basin in the Eastern Mediterranean Tectonic Framework.......... 225
p e A B 5 TR | T T L 225
7.2.2 Size and Morphology of the Cilicia Basin During the Messinian...................... 227
7.3 Developmental Maturity of Salt Structures in the Cilicia Basin......cccccvcccereece 229
7.4 Tectonic Systems Identified in the Cilicia Basin 231
7.4.1 Basin-Forming TectonicC SYSIEM ......ccccevuireeerererreaerneceseesessasecrsesersnsesraseenseesees 231
7.4.2 Intra-Salt Gravitational Gliding Tectonic System...........cccceceerereeeercreresearesnennns 232
7.4.3 Convergent Fold and Thrust Belt Tectonic System ........ccccccceeeverecuerecnerennennnen. 233
7.4.4 Supra-Salt Gravitational Gliding Tectonic System.........cccccccererrucecrrercreencnnenne. 234
8. CONCLUSIONS 241
REFERENCES -cccccccccccccccccccccncccncscsccnccscrcsssscsscsscscsssscsssssascssssnsscscsssacs 244

iv



ABSTRACT

During the Oligocene to late Miocene, the Cilicia Basin evolved as a foreland
basin in front of the Taurus Mountains thrust front. Over time, the regional eastern
Mediterranean tectonics, the continual subsidence of the Cilicia Basin and the rapid
progradational loading of the evaporite unit by sediments from the northeast end of the
Cilicia Basin (the Adana Basin) have resulted in the development of three tectonic
domains within the basin.

A particular type of faulting and salt tectonism characterizes each tectonic
domain. The inner domain consists of salt rollers that have their distribution and lateral
extent controlled by the presence of extensional growth faults at the progradational listric
fault fan. The boundary domain is a zone of larger salt walls that accumulated and rose
partially due to the progradational loading of evaporites, which squeezed the evaporites
to the west, to the central portion of the basin. The outer domain contains a series of
thrusted and non-thrusted salt anticlines and salt pillows that have arisen as a result of
regional north-south contraction in the eastern Mediterranean.

Within the Cilicia Basin it is possible to delineate four major tectonic systems
each system sharing a common purpose. They are:

A) The Basin-Forming Tectonic System — those faults responsible for the formation of
the basin
B) Intra-Salt Gravitational Gliding Tectonic System — faults within the evaporite unit
which record the change from a south tilted basin to a north tilting basin
C) Convergent Fold and Thrust Belt Tectonic System - composed of the salt structures
and faults which coincide with the hypothesized presence of a basin central
extensional fault near the central part of the Cilicia Basin, which acts as a buttress
to southward moving sediments
D) Supra-Salt Gravitational Gliding Tectonic System - records extension related to
delta progradation from the northeastern portion of the basin and the resultant
contraction at the toe of the gravitationally controlled tectonic system
The migration of evaporites in the Cilicia Basin is dynamically linked to the tectonic
elements internal to the basin but are also strongly linked to large-scale regional tectonic
activity of the Eastern Mediterranean.
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by growth strata in the uppermost sediments at the southern part of the
outer Cilicia Basin.

Figure 5-7: An early episode of faulting displays growth strata low in the Plio-
Quaternary succession, whereas a later episode of faulting, landward
of the first faults, produces growth in the uppermost part of the Plio-
Quatemary sequence.

Figure 5-8: Line Drawings from Kempler and Garfunkel (1991) and Biju-Duval et
al. (1978) show a large extensional fault at the centre of the Cilicia
Basin which appears to influence salt deposition.

Figure 5-9: The presence of a large east-west trending, extensional fault
system has been inferred in the central portion of the outer Cilicia Basin.
This inference is based on a large offset observed at the S-reflector
which is continuous over an approximately 12 km belt in north-south
oriented seismic lines.

Figure 5-10: The Northern Outer Ciicia Fault Zone is characterized by two
distinct fault types. The first of these types, the Type A faults, are high
angle extensional faults that resulted in the formation of horst and
graben type structures. These faults likely caused the oversteepening of
the basinward slope sediments, resulting in the formation of the low-
angle Type B faults which form gravity slide structures.

Figure 5-11: The Intra-Salt Fold/Thrust Family consists of a series of gently south
dipping stacked thrust surfaces defining a shallow imbricate stack with
associated thrust related folds resembling ramp anticlines with long,
gently south dipping backlimbs and short, more steeply dipping
forelimbs.

Figure 5-12: The leading faults of the Intra-Salt Fold/Thrust Family cause the
upwards arching of overburden sediments and the local thickening of
the evaporite unit. Erosion at the crests of the thrusted evaporites
(represented by the M-reflector) created local angular unconformities
at the crests of folds/thrusts and also created disconformities in the
backlimb regions of these folds.
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Figure 5-13: The faults of the listric extensional fault family are steep,
curvilinear, concave upwards fault surfaces that gently curve and sole
on the top of, or within, the evaporite unit in the inner Cilicia Basin
without penetrating through to the base sait horizon. Small triangular
prismatic salt structures are located beneath most of the extensional
faults. Changes in the vergence direction of the faults in this fault family
(often related to movement of the evaporites) result in the formation of
overburden synclines and anticlines related to the extensional nature of
the faulting.

Figure 5-14: Fault mapping in the inner portion of the Cilicia Basin, completed
by Aksu et al. (1992qa) shows a fault interpretation in which the NW-SE
trending faults intersect the NE-SW extensional faults. This is slightly
different than the interpretation presented in this thesis.

Figure 5-15: A) Faults closest to the central salt wall in the Cilicia Basin display
a change in vergence seperated by an anticlinal structure. B) Further
east of the large salt walls, more anticlines can be observed where
there are changes in fault vergence.

Figure 5-16: Typical morphology of large salt structures in the boundary
domain of the Cilicia Basin. Notice there are no overhanging
peripheries and the external form is roughly that of an inverted cone.

Figure 5-17: The more northerly of the three salt structures in the boundary
domain is roughly 28 km long, 7 km wide and 3.4 km high and has an
approximately east-west orientation. This salt body has a pointed crest
with a steep, flat fo concave southern flank which is in normal fault
contact with the overburden in the inner basin (A) but is concordant with
the overburden in the boundary domain (B), and a northern, convex
flank which is has a gentler slope than the southern flank and is
concordant with the overburden in both the boundary domain and at
the edge of the inner extensional domain. This salt structure is overlain
by 1.5 sec (TWT) of overburden sediments at its shallowest depth in
seismic sections.

Figure 5-18: The anticline found between the north and central salt walls is
faulted in the inner basin (A} but appears to have no faults in the
boundary domain (B).

Figure 5-19: The central salt wall in the Cilicia Basin is alligned in a NW-SE
direction and has maximum dimensions of 21 km long by 10 km wide; it
is ~3.4 km high and is covered by as liftle as 2.3 seconds (TWT) of
overburden sediment.
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Figure 5-20: Located between the central and southern salt walls, a small salt
pillow has formed. This pillow structure may be related to thrusting
occurring in the evaporite unit which has not been imaged on seismic.

Figure 5-21:Faults of the Basin Central Fault Family display mainly south-
directed vergence with faults rooting in salt and displaying a great deal
of variability in shape and offset.

Figure 5-22: The salt structures of the Basin Central Fault Family are divided into
two subdomains. In the north subdomain, there are 1-3 large salt
anticlines with high structural relief, separated by large peripheral sinks.
In the south subdomain, there is a series of low relief, narrowly spaced
anticlines developed on the platform of the southern outer basin.

Figure 5-23: The Toe-Thrust Fault Family is a series of shallow dipping thrust faults
which sole in the evaporite unit. Salt structures relating to this fault
family are predominantly salt pillows or salt cored anticlines which are
cut by thrust faults. Angular unconformities are common at the crests of
anticlines.

Figure 6-1: The extensional faults in the inner Cilicia Basin form distinct
anticlinal structures in the sediments above the salt rollers.

Figure 6-2: Selected shots of an animation showing a palinspastic
reconstruction of a seismic section from the Kwanza Basin, Angolaq,
illustrates the evolution of a mock turtle structure. These structures
appear to be the same as those in the Cilicia Basin (Fig. 6-1) however,
as demonstrated in the above example, they are different from Cilicia
structures because they form as a result of exireme extension causing
overburden sediments to subside into the crest of a sagging diapir and
eventually ground-out creating a turtle structure. The Cilicia Basin
examples do not form from sediments sinking into a pre-existing diapir,
but rather, form when the sedimentary overburden subsides into the
source-layer salt as a result of salt withdrawal to feed growing diapirs
elsewhere in the basin. (Animation source: Guglielmo, Giovanni, Jr., D.
D. Schultz-Ela, and M. P A. Jackson 1997, Raft tectonics in the Kwanza
Basin, Angola: an animation. A BEG hypertext multimedia publication on
the Internet at: hitp://www.beg.utexas.edu/indassoc/agl/animations/
AGL96-MM-003/index.html.)
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Figure 6-3: Turtle-back growth anticlines observed in the Kwanza Basin, Angola
(A) and Campos Basin, Brazil (B) show a remarkable resemblance to
those in the Cilicia Basin. Internal reflector asymmetry arises when the
extension on one side of the structure progresses at a rate faster than
that at the other side of the structure. This is particularly evident in the
example from the Campos Basin, Brazil (B). Note that the structures are
quite symmetrical externally despite internal asymmetries (Modified from
Mauduit et al., 1997).

Figure 6-4: Turtles in the Cilicia Basin often have a more or less external
symmetry with a distinct asymmetry observed in the growth strata on
each side of the turtle.

Figure 6-5: North-South seismic section near the center of the northern salt wall
displaying kinematic stages and thinning and thickening of sediments.

Figure 6-6: Another North-South seismic section near the center of the northern
salt wall displaying kinematic stages and thinning and thickening of
sediments.

Figure 6-7: Western end of the northern salt wall displaying kinematic stages
and thinning and thickening of sediments.

Figure 6-8: West-East seismic section of the northern salt wall displaying
kinematic stages and thinning and thickening of sediments.

Figure 6-9: Central salt wall displaying kinematic stages and thinning and
thickening of sediments.

Figure 6-10: Central salt wall displaying kinematic stages and thinning and
thickening of sediments.

Figure 6-11: Central salt wall displaying kinematic stages and thinning and
thickening of sediments.

Figure 6-12: Central salt wall displaying kinematic stages and thinning and
thickening of sediments.

Figure 6-13: Central salt wall displaying kinematic stages and thinning and
thickening of sediments.

Figure 6-14: Central salt wall displaying kinematic stages and thinning and
thickening of sediments.

Figure 6-15: Compilation diagram showing location, kinematic stages, as well
as the thinning and thickening of sediments at the central salt wall.

Figure 6-16: North-South seismic section across the southern salt wall
displaying kinematic stages and thinning and thickening of sediments.
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Figure 6-17: Seismic from the tip of the southern salt wall displaying kinematic
stages and thinning and thickening of sediments.

Figure 7-1: Paleotectonic Map of Turkey and Cyprus showing tectonic terranes,
sufure zones and major thrust structures

Figure 7-2: A simplified tectonic map for the Eastern Mediterranean shows the
main tectonic elements involved in the evolution of the ancestor basin
(Sengor et al., 1985).

Figure 7-3: A 'quadruple junction' has been identified at the meeting point of
three continental blocks and one oceanic plate. The margins of these
features meet in the region of Kahramanmaras along the East
Anatolian Fault Zone (a sinistral transtensional fault zone that forms the
plate boundary between the Syrian-Arabian and Aegean-Anatolian
microplates), the Dead Sea Fault Zone (a major sinistral fault zone
forming the plate boundary between the Syrian-Arabian Microplate
and the African Plate) and the Southeast Taurus Boundary Thrust Zone (a
southward directed collection of thrusts within the northern part of the
Arabian Plate) (from Sengor et al., 1985).

Figure 7-4: Analysis of the major tectonic elements by Sengor et al. (1985)
found that the Southeast Taurus Boundary Thrust Zone absorbed a great
deal of northward directed movement of the Syrian-Arabian Plate. This
movement would not be focused along boundary between the Syrian-
Arabian and Anatolian Plates at the East Anatolian Transform Fault, but
would be spread over the Southeast Taurus Boundary Thrust Zone as well
as the East Anatolian Transform Zone. The reduction in northward-
directed movement at the northwestern Syrian-Arabian and Anatolian
segment of the East Anatolian Transform Zone requires that
transtensional activity occurs along the southern African and Anatolian
segment of the East Anatolian Transform Zone. Sengdr et al. calculated
two possible extension rates along the southern segment of the East
Anatolian Transform Zone (shown in triangle diagrams) based on the
amount of north-south movement absorbed by the Southeast Taurus
Boundary Thrust Zone. They calculated an extension rate of
0.41cm/year if the Southeast Taurus Boundary Thrust Zone absorbed
3.16 of the 3.5 cm/year African-Arabian motion or 0.42 cm/year if the
Southeast Taurus Boundary Thrust Zone absorbed 3.4 cm/year of the
African-Arabian motion. The orientation of this extension is also
dependant on the amount of north-south movement absorbed by the
Southeast Taurus Boundary Thrust Zone (Sengor et al., 1985).

Figure 7-5: The Cilicia Basin Ancestor likely tilted to the south as suggested by
a thicker accumulation of evaporites in the southern portion of the
present-day outer Cilicia Basin.



1. INTRODUCTION

The Cilicia Basin is nestled between the southern coast of Turkey and the
northern coast of Cyprﬁs in the Eastern Mediterranean Sea (Fig. 1-1). It holds an upper
Miocene (Messinian) evaporite sequence that has been influenced by the Miocene to
Recent tectonic activity in the region. Two tectonic events, of particular importance to
the Cilicia Basin, are 1) a protracted episode of regional north-south shortening associated
with the collision of Eurasia and Africa, and ii) more local tectonic activity in basinal
areas related to gravitational collapse above a regional salt detachment. Located in an
area of complex, active micro plate tectonics, the Cilicia Basin provides an ideal site for
the study of salt tectonics.

The Messinian evaporite sequence that is found in the Cilicia Basin also lies
beneath the seafloor of the entire Mediterranean Sea. Despite this fact, little work has
been completed on the salt tectonics of the Mediterranean Basin and much less has been
completed on the salt tectonics of the Cilicia Basin. Most previous studies in the
Mediterranean region focused on the processes leading to deposition of evaporites rather
than the changes that have occurred since then (eg. Hsii et al., 1973, Ryan et al., 1973,
Ben-Avraham et al., 1995, Clauzon et al., 1996). However, some preliminary studies
reporting on the structural, salt tectonic and sedimentological activity within the Eastern
Mediterranean Basins since evaporite deposition have been completed by authors such as
Mulder (1973), Mulder et al. (1975) and Woodside (1976, 1977). These reports attempt
to place structural, salt tectonic and sedimentological observations made during various

seismic surveys into the regional and tectonic framework of the Eastern Mediterranean.
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Despite the scarcity of works on the salt tectonics of the Eastern Mediterranean, a
great deal of literature exists on topics such as factors which initiate salt tectonics, the
behaviour of evaporiteé under various sedimentary and tectonic stresses (extension and
compression, gravitational loading, etc.), and the relationship existing between these
stresses and the geometry and styles of diapirism. This information will be applied to the

Cilicia Basin evaporites in an attempt to understand the salt tectonic history of the basin.

1.1 Plate Tectonic Setting

The easternmost Mediterranean Sea is located in a critical area of complex plate
interactions where a pervasive collision of the Eurasian and African plates (via the
Syrian-Arabian Microplate) has been taking place for the last ~ 5 Ma (Fig. 1-2). The
plate convergence, which ultimately caused this continent-continent collision, began in
the Cretaceous and continued into the Pliocene and Quaternary. The Aegean-Anatolian
Microplate plays an important role in shaping the architecture of this collisional margin
as it becomes rotated, wedged and squeezed while escaping westward from the
converging larger plates. The boundaries between the various plates and microplates
constitute the principal tectonic elements of the Eastern Mediterranean region. These
plate boundaries are the North Anatolian Fault Zone, the East Anatolian Fault Zone, the
Cyprean Arc and associated arc segments and the Dead Sea Fault Zone (Fig. 1-2).
Movements occurring at the plate boundaries, along these major fault zones, are
responsible for the complex collisional tectonics of the region.

The initial collision of the Eurasian and African Plates occurred via the Syrian-
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Arabian Microplate (Fig. 1-2). The Syrian-Arabian Microplate is not a part of the African
Plate but rather meets the African Plate along a major sinistral fault zone, the Dead Sea
Fault Zone. Invertebrate paleontology established that the first connection between
Eurasia and Africa occurred at the Bitlis Suture via the Syrian-Arabian Microplate in the
Burdigalian (Gériir et al., 1998). After this collision, the Syrian-Arabian Microplate and
African Plate continued to move northward, increasing the region of plate contact.

The eventual collision between the Syrian-Arabian and Aegean-Anatolian
microplates occurred at the Bitlis-Zagros suture in southeastern Turkey (Fig. 1-3). The
collision between these two microplates initiated the westward escape of the Aegean-
Anatolian Microplate along the East Anatolian and North Anatolian Fault Zones. The
westward movement of the Aegean-Anatolian Microplate was accompanied by a counter-
clockwise rotational spin, which was likely established because of the influence of the
curved trace of the North Anatolian Fault Zone on the rhombohedral Aegean-Anatolian
Microplate (Sengor et al., 1985). The East Anatolian Fault Zone, the more southerly of
the two fault zones allowing the tectonic escape of the Aegean-Anatolian Microplate, is a
sinistral transtensional fault zone that forms the plate boundary between the Syrian-
Arabian and Aegean-Anatolian microplates. This fault zone terminates at a complex
triple point junction where it connects with the Dead Sea Fault Zone and Amanos Fault; a
segment of the Cyprean Arc system (Peringek and Cemen, 1990) (Fig. 1-3).

While the Syrian-Arabian Microplate collides with the Eurasian Plate, the African
Plate subducts beneath the southern margin of the southwestward moving Aegean-

Anatolian Microplate. This collision occurs along a large approximately west-east
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trending arc complex consisting of, from west to east: the Hellenic Arc, the Pliny-Strabo
Trench, the Florence Rise and Cyprean Arc (subduction arcs), the West Tartus Ridge, the
Nabhir El Kebir Fault, the Amik Transfer Zone and the Amanos Fault. The eastern portion
of this subduction arc complex has a clearly arcuate trace until it reaches the Florence
Rise. West of the Florence Rise, in the region of the Anaximaxander Seamounts, the
Pliny-Strabo Trench offsets the remainder of the arc complex to a position just southeast
of the Greek island of Crete (Fig. 1-2).

North of, and parallel to, the Cyprean Arc are three features that mimic the
curvature observed at the Cyprean Arc. These features are 1) the Misis-Kyrenia
Lineament and its onland continuations, the Misis Mountains of southeastern Turkey and
the Kyrenia Range in northern Cyprus, ii) the Cilicia-Adana Basin, in particular the
present-day basinal portion, the Cilicia Basin, the focus for this study, and iii) the Taurus
Mountains of southern Turkey. These three arcuate features constitute the study area for
this thesis (Fig. 1-3).

The Misis-Kyrenia Lineament is a positive bathymetric anomaly on the seafloor
of the Eastern Mediterranean that extends from the Kyrenia Range at the northern tip of
Cyprus towards the Misis Mountains in southeastern Turkey (Fig. 1-4). This lineament
defines the limits of the Misis-Kyrenia Fault Zone, a transtensional fault zone observed
along the Misis-Kyrenia Lineament. This lineament effectively separates the Cilicia
Basin in the north from the Latakia and Iskenderun Basins to the south (Fig. 1-4).

The Cilicia-Adana Basin lies immediately north of the Kyrenia Range, Misis-
Kyrenia Lineament and the Misis Mountains. Detrital sediments transported by the
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Ceyhan, Seyhan and Tarsus rivers flowed into the northeastern end of the Cilicia-Adana
basin filling it with sediment. The filled part of the basin is referred to as the Adana
Basin; the unfilled porﬁon is known as the Cilicia Basin (Fig. 1-4). The Cilicia Basin has
been divided into two distinctive sections based on a marked contrast in physiographic
characteristics and structural styles The northeast-southwest trending, eastern portion of
the Cilicia Basin is referred to as the inner Cilicia Basin; the west portion of the Cilicia
Basin, having an east-west trend is referred to as the outer Cilicia Basin. The outer Cilicia
Basin is deeper than the inner basin as indicated on bathymetric charts of the region (Fig.
1-4). It was originally thought that the evaporites were restricted to the deeper part of the
Cilicia Basin (outer Cilicia Basin) and were absent from the inner, shallower part of the
basin (Mulder, 1973). Later work showed that the evaporite unit was present in the inner
basin as well as the outer basin (Aksu et al., 1992 a).

The Cilicia Basin presently occupies a fore-arc setting with respect to the Cyprean
Arc. This basin developed during the Oligocene to early Miocene as part of a larger
foreland basin. This foreland basin was composed of the present-day Cilicia and Adana
Basins and extended south over the then buried Kyrenia Terrane of Cyprus. The eventual
exhumation of the Kyrenia Terrane and the Misis-Kyrenia Lineament divided the
ancestral basin into a north Cilicia-Adana Basin and a southern Mesaoria Basin.

The Taurus Mountains in southern Turkey rim the northern edge of the Cilicia
Basin (Fig. 1-4). These mountains largely formed during the Oligocene (Régl et al.,
1978) as an initial consequence of the north-south shortening phase that later resulted in

the collision of the Eurasian and Syrian-Arabian Microplates. The uplift and subsequent
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erosion of the Taurus Mountains was the source for large quantities of detrital sediment
that fed the Seyhan, Ceyhan and Tarsus rivers (Aksu et al., 1992a) and contributed to the
progradational inﬁlliné of the Adana Basin.

Few published works describe the salt tectonics of the Cilicia Basin in any detail.
The early publications in the Cilicia Basin deal with the initial seismic imaging of the salt
structures in the basin and the definition of any preferred orientations of these structures
(eg. Mulder, 1973; Mulder et al., 1975; Woodside 1976, 1977; Smith, 1977 and Evans et
al., 1978). Two more recent papers (Aksu et al., 1992 a and b) concentrate on the
Quaternary sedimentary history and the architecture of the inner Cilicia Basin. The most
in-depth description of the structural and sedimentological features of the Cilicia Basin is
covered in two papers by Calon et al. (in prep.) and Aksu et al. (in prep.). The completed
work is purely descriptive and outlines some of the major structural and sedimentary
characteristics and trends observed in the Cilicia Basin. To date, no work has been
completed on the salt tectonic activity of the Cilicia Basin and its association with the

regional tectonic framework of the Eastern Mediterranean.

1.2 Evaporite Deposition in the Mediterranean Region

The Messinian was a time of great change in the Mediterranean. The collision and
suturing of the of the African Plate (Syrian-Arabian Microplate) and the Eurasian Plate at
the Bitlis-Zagros Suture closed the gateway between the Mediterranean Sea (the Neo-
Tethys Ocean) and the and the Indo-Pacific Ocean (Panthalassa) (Fig. 1-5). The closure

of this gateway resulted in a much drier Mediterranean climate and the eventual
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evaporation of the Mediterranean Sea known as the Messinian Salinity Crisis (Hsii et al.,
1973, Clauzon et al., 1996). A ~2000 m thick evaporite unit that is found beneath the
seafloor in the deepest 'ponions of the Mediterranean Basin suggests that an amount of
seawater ~ 40 - 150 times the volume of the present-day Mediterranean Sea was required
to create the thickness of evaporites found in the region. The western outlet to the
Atlantic Ocean, the Strait of Gibraltar (Fig. 1-5), facilitated the deposition of the thick
evaporite unit as it periodically opened, allowing for the intermittent refilling of the
Mediterranean Basin (Hsii et al., 1973).

The evaporites in the Mediterranean were first discovered during Leg 13 of the
Deep Sea Drilling Project (DSDP; Ryan et al., 1973). The shipboard scientific crew had a
difficult time comprehending and explaining how a thick evaporite unit could be
deposited over such a great area of the Mediterranean. Many theories were proposed to
explain the presence of these evaporites; however, the prevailing and most readily
accepted theory involves many complete evaporations of the entire Mediterranean Basin.

It is still quite difficult to believe that the entire Mediterranean could evaporate
completely and the Mediterranean sea level could drop ~3000 m below its present level.
Considering the fact that the Mediterranean Sea has a present area of 2.5 million km?® and
a water volume of 3.7 million km® (Hsii et al., 1973), it is no surprise that there was much
resistance to this theory.

The large-scale desiccation theory proposed by the DSDP shipboard scientific
crew inspired and initiated numerous studies in the Mediterranean Sea. Much of this

work provided new evidence to further support the desiccation theory. The detection of
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deep-sea canyons along the marginal areas of the present-day Mediterranean Sea shows
that ancient river channels fed a very shallow Mediterranean Sea during the Messinian
Salinity Crisis (Chumai(ov, 1973; Clauzon, 1978, 1982; Barber, 1981). The discovery of
the true magnitude of the evaporite unit (greater than two kilometers thick) in central
portions of the Mediterranean Sea provided more support for the theory of desiccation.
The large volumes of seawater calculated as a requirement for the deposition of such
great thicknesses of salt in the Mediterranean necessitated many episodes of desiccation
of the Mediterranean Basin, strongly supporting the desiccation theory.

Despite the vast amount of research into the origin of the evaporites, great debate
still exists about exactly how the evaporites were deposited. In fact, endless models have
been proposed to explain the origin and process of evaporite deposition in the

Mediterranean.

1.2.1 Models of Evaporite Deposition

Numerous models have been proposed for the setting of evaporite deposition in
the Mediterranean: the shallow basin - shallow water model (Nesteroff, 1973), the deep
basin - deep water model (Schmalz, 1969), the deep basin - shallow water model (also
known as the desiccated deep basin model) (Hsii et al., 1973), and various models which
attempt to combine various aspects of these models into one.

Hsii, Cita and Ryan proposed the original “Salinity Crisis” theory of evaporite
deposition after Leg 13 drilling of the Deep Sea Drilling Program (DSDP) in 1972.

According to Hsii et al. (1973), deep marine sediments below, above and within the
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evaporite sequence proves that the Mediterranean Basin was a deep basin during the
Middle and Late Miocene. Minerological, petrographical, sedimentological and
geochemical data suggésted that the evaporites, deposited during the latest Miocene
(Messinian), were deposited in shallow waters or subaerially in a sabkha-like
environment (Ryan et al., 1973). The depositional sequences within evaporite cores from
Leg 13, Site 124 of the DSDP showed a cycling pattern of inundation or flooding
followed by desiccation. Oxygen isotope data of Fontes et al. (1972) and Hsii et al.
(1973) shows that the wide range of oxygen isotope values for Mediterranean evaporites
is similar to the range observed in known playa lake (sabkha) deposits and quite unlike
the narrow range of oxygen isotopic values characteristic of marine evaporites (Fig. 1-6).
These combined findings show that there were periods of both deep-water sedimentation
and shallow subaerial sedimentation during the deposition of the Messinian evaporite
sequence.

The pattern of evaporite distribution within a basin depends on the geometry of
the basin. Isolated basins tend to form a ‘bulls-eye’ pattern of evaporites with the least
soluble salts (eg. carbonate) precipitating first to form an outer ring with salts of
increasing solubility being deposited inwards toward the center of the basin (ie. anhydrite
and halite) (Fig. 1-7). In basins that are not isolated a tear-drop pattern of evaporite
distribution is observed with carbonates depositing near the opening to the basin while
anhydrite and halite are deposited at the distal end of the basin, away from the opening
(Fig. 1-8). Studies of the pattern of evaporite deposition within individual Mediterranean
basins showed that most evaporites displayed a bulls-eye evaporite distribution pattern
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(Hsti et al., 1973) typical of isolated basins rather than tear-drop shaped patterns common
in partially restricted basins.

Geomorphological studies of Mediterranean basins also supported the shallow
subaerial deposition of evaporites. If a very shallow pool of water covered the
Mediterranean Basin, river systems would have to cut down through the present-day
continental shelves and slopes to reach the flat-bottomed playas at Messinian sea level
2000 to 3000 meters below present-day sea level. Channels and canyons from these river
systems have been documented in southern France, Italy, Corsica, Sardina and North
Africa by Chumakov (1973), Clauzon (1978, 1982), and Barber (1981) (Fig.1-9).

In the deep basin - shallow water model, Hsii et al. (1973) suggested that a deep
Mediterranean Basin existed in the middle to late Miocene. This basin became isolated
from Indo-Pacific seawater following the collision and suturing of Eurasia and Africa
(Syrian-Arabian Microplate). Atlantic Ocean seawater input was periodically closed off
at the Strait of Gibraltar. The Mediterranean began to shallow, eventually desiccating and
depositing evaporites in salt lakes (playas) and sabkhas during the Messinian. The Strait
of Gibraltar repeatedly opened during the Messinian to allow the Mediterranean Basin to
refill, then closed to facilitate evaporation of seawater and desiccation. This continued
evaporation of seawater permitted the formation of an evaporite unit which reached a
maximum thickness of ~2 km.

As with any theory, the passage of time provides evidence that does not fit the
original theory. For example, data from foraminifera and coral reefs in marginal

Mediterranean basins suggests evaporites were deposited under open-marine conditions
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(Rouchy and Saint-Martin, 1992). These evaporites deposited at entirely different
elevations than the majority of the Mediterranean basins and at an earlier time than that
in other areas of the Mediterranean (Clauzon et al., 1996). When evidence that
contradicts components of the original theory is presented, modifications are made to the
original theory and new models are proposed. One such model, put forward by Clauzon
et al. (1996) attempts to satisfy much of the conflicting data related to the “Messinian
Salinity Crisis” by proposing a multi-stage model. This model suggests that two distinct
and successive phases of evaporite deposition occurred in two different types of basins
(Fig. 1-10). The first phase of evaporite deposition occurred ~ 5.75 to 5.60 ma and
consisted of a cooling period followed by a minor fall in sea level. Only marginal basins
of the Mediterranean underwent evaporite deposition at this time (satisfying those who
believe in a shallow basin-shallow water deposition of evaporites). A second phase of
evaporite deposition occurs from 5.60 to 5.32 ma following a period of warming. The
global sea level was high at the time; however the Mediterranean was isolated and
underwent a major drop of ~ 1500 - 3000 m. During this time, the main part of the
Mediterranean Basin experienced evaporite deposition while large channels (present-day
deep sea canyons) were cut into the continental shelves and slopes as rivers incised their
valleys to accommodate the lowering base level. The water from these channels and
intermittent seawater influxes from Strait of Gibraltar replenished the desiccating
Mediterranean Sea (as described by the deep basin - shallow water model). Continuing
evaporation of the seawater resulted in the build-up of the thick Messinian evaporite unit
that is observed in DSDP and ODP drill holes throughout the Mediterranean Sea.
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The bathymetry of the Eastern Mediterranean is such that the seafloor of the
Cilicia Basin is at a higher elevation than that of the main part of the Eastern
Mediterranean seafloor (Fig. 1-4 and Fig. 1-5). Small variations in the Messinian sea
level would affect the central portion of the Mediterranean Basin, but would have no
influence on the ‘elevated’ Cilicia Basin. The > 2 km thick evaporite sequence observed
in central portions of the Mediterranean basin would not be expected in the Cilicia Basin
as it would not benefit from any partial refilling the Mediterranean might undergo.

The Cilicia Basin presently has an eastward tilted seafloor with the inner portion
of the basin being at a higher elevation than the outer part of the basin (Fig. 1-4). If this
were also the case during the Messinian then a small rise in sea level may only affect the
outer Cilicia Basin and not the inner basinal region. A comparison between evaporite
characteristics (composition, thickness etc.) in the inner and outer Cilicia Basin would be
able to confirm or disprove this hypothesis. Unfortunately, well data in the Cilicia Basin
is available only in the innermost basinal area.

Rivers such as the Goéksu, Tarsus, Ceyhan and Seyhan that flow into the present-
day Cilicia Basin (Fig. 1-4) may have provided freshwater input to the basin at times
when the sea level was above the level of the seafloor of the Messinian Cilicia Basin. If
the sea level were to fall below the Messinian seafloor these rivers would flow out of this
basin and into the deeper Mediterranean Basin. It is conceivable that channels exist along
the ancient margins of the Cilicia Basin, having been carved out as rivers flowed into the
lower basinal areas during the Messinian. These channels may have cut into the evaporite

unit or its enveloping sedimentary cover or sedimentary basement in the past. Present day
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bathymetry maps of the Cilicia Basin show the presence of what appears to be incised
channels in the inner basin that may have formed in response to subsea currents that
originally flowed dowﬂ pre-existing canyons in the basin.

Studies by Biju-Duval et al. (1978) showed that the Misis-Kyrenia Lineament had
been elevated since at least the latest Miocene, shutting off access to seawater at the
eastern end of the Cilicia Basin (except in cases where sea level rise was sufficient to
inundate the Misis-Kyrenia Lineament and reach the Cilicia Basin). Small seawater-filled
depressions would become isolated mini-basins should the sea level fall below the level
of the seafloor of the Cilicia Basin. The presence of a lip or ridge at the western end of
the basin would increase the maximum size the basin could reach and still become
isolated from the main part of the Mediterranean (Fig. 1-11). Evaporites in the basin
would display the bulls-eye pattern of evaporite distribution, which is typical of an
isolated basin. Some uncertainty arises when hypothesizing the distribution of evaporites
in the outermost regions of the Cilicia Basin because it is unclear whether the basin was
open to the west during the Messinian or if it was partially closed (or entirely closed
during low sea-level) by the Aksu-Kyrenia Lineament and the Anamur-Kormakiti High.
The absence of well data from these parts of the Cilicia Basin only increases this
uncertainty.

A tear-drop pattern of evaporite distribution may also be possible in the Cilicia
Basin. If sea level was slightly above the Cilicia Basin seafloor, portions of the inner
basin would have been aerially exposed and seawater would flow into the Cilicia Basin at
its western end. The basin would no longer be isolated and therefore would not reflect the
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bulls-eye pattern of evaporites observed in an isolated basin. Instead, the basin may
display a tear-drop pattern of evaporite distribution characteristic of a basin that is only

partially restricted, having an opening at one end (Fig. 1-12).

1.2.2 Evaporite Composition and Character

Well data from the Adana Basin and the easternmost (inner) Cilicia Basin show
that the evaporite deposits in this area consist of a lower gypsum and anhydrite unit
overlain by a thicker halite unit (Yal¢in and Gériir, 1984). These evaporites are similar to
those found throughout the entire Mediterranean during various legs of the Deep Sea
Drilling Project (DSDP) and Ocean Drilling Project (ODP).

Initial reports of Leg 42A of the DSDP suggest that several environments could
account for the deposition styles of Mediterranean evaporites (Garrison et al., 1978). The
composition and depositional environment of evaporites in the Cilicia Basin are expected
to be similar to those observed elsewhere in the Mediterranean. The Cilicia Basin should
exhibit some or all of the evaporite characteristics observed during Leg 42A of the
DSDP. A brief summary of the evaporites at the Mediterranean DSDP sites of Leg 42A
(Fig. 1-13) and the interpreted depositional environments are outlined below.

Site 371 is located on the southern edge of the Balearic Abyssal Plain (Fig. 1-13).
Coring in this location found 2 m of nodular to laminated anhydrite above 2 m of
dolomitic mudstone. The anhydrite in the cores displayed 3 dominant forms; laminated
and bedded anhydrite, bedded mosaic to nodular mosaic anhydrite and “chicken wire”

mosaic anhydrite (Garrison et al., 1978). The nodular style anhydrite found at this site is
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quite similar to that in the Persian Gulf sabkha environments. The dolomitic mudstone is
typical of shallow subaqueous deposition. The resulting interpretation of the depositional
environment of these sediments is that of a prograding Sabkha (Garrison et al., 1978).

At Site 372 (Fig. 1-13; East Menorca Rise) the evaporites are predominantly
composed of laminated gypsum, with some nodular gypsum, bounded at top and bottom
by dolomitic marls. Sedimentary structures within the laminated gypsum, such as
repeating cycles of cross bedding, ripple marks, and rip-up breccias, form the basis of the
interpretation of the depositional environment. Garrison et al. (1978) interpreted these
deposits as very shallow water evaporites in flat or lagoonal environments with
intermittent subaerial exposure. The repetition of the sedimentary structures in the core
led them to believe that the area was periodically exposed to storm-like events.

In the Ionian Sea (Site 374; Fig. 1-13) sediments are composed of dolomitic mud
and mudstone, cyclically bedded mudstone and laminated gypsum as well as layered to
nodular anhydrite and halite. The dolomitic mud and mudstone were interpreted to have
formed in a subaqueous environment; gypsum and mudstone cycles were interpreted as a
shallow subaqueous to subaerial evaporite flat; the nodular anhydrite and halite was
interpreted as a sabkha environment (Garrison et al., 1978).

In the Florence Rise (Site 376; Fig. 1-13) the evaporites consist of two main
groups, i) gypsum with interbeds of clastics and marlstones and ii) coarse recrystallized
halite, nodular to laminated white anhydrite with enterolitihic folds and chicken wire
textures, and banded halite. These evaporites have been interpreted as shallow

subaqueous (gypsum and marlstone) to sabkha (halite and nodular anhydrite) deposits.
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The evaporites are overlain by marlstones with turbiditic interbeds that have been
interpreted as an alternation of hemipelagic sediment and turbidites (Garrison et al.,
1978).

In the North Cretan Basin (Site 378; Fig. 1-13) coarse selenitic gypsum was the
main evaporite lithology suggesting a shallow subaqueous depositional setting. Dolomitic
caliche was also retrieved at Site 378, formed by partial diagenesis in a subaerial
environment (Garrison et al., 1978).

The wells drilled in the easternmost end of the Cilicia Basin (Karatag and Seyhan;
Fig. 1-13) show that the composition of the evaporites was a combination of gypsum and
anhydrite with halite. The evaporites in the Cilicia Basin could therefore have the same
depositional characteristics or depositional environments interpreted for the DSDP

evaporites.

1.3 Scientific Objectives
The main scientific objectives of this thesis are:

1. to analyze the distribution of evaporites in the present-day Cilicia Basin and
determine what this distribution means in terms of the morphology (size and

shape) and bathymetry of the pre-Messinian basin,

2 to provide a cursory evaluation of the maturity of salt structures in the Cilicia
Basin,

3. to map fault assemblages and salt bodies in the Cilicia Basin

4. to study the placement and orientation of tectonic elements in the Cilicia Basin
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and identify various tectonic systems which may be able to explain this
arrangement

to suggest a process by which the tectonic systems identified in the Cilicia Basin
could have developed and evolved within the tectonic framework of the Eastern

Mediterranean region.
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Q) cross section

b) map view

Figure 1-7: Idealized bull's eye pattem of evaporite distribution typical
of isolated basins. Yellow = carbonates; green = gypsum;
blue = halite. (After Hsu et al., 1973)
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Figure 1-8: Idealized tear drop pattern of evaporite distribution typical
of partially restricted basins. Yellow = carbonates; green =
gypsum; blue = halite, (After Hsu et al., 1973)
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Channels and Canyons

Figure 1-9: Bathymetry map of the Mediteranean Basin showing that, in the past, the Mediterranean was likely
covered by a very shallow pool of water, River systems would have to cut down through what are the
present-day continental shelves and slopes fo reach the flat-bottomed playas at Messinian sea level
2000 to 3000 meters below present-day sea level. The erosional nature of these rivers and channels
would result In the formation of large channels and canyons such as those which have been
documented In southem France, ltaly, Corsica and Sardinia.
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Figure 1-12: The Cilicia Basin likely displays a tear drop pattem of evaporite
distribution which is characteristic of a partially restricted basin.
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2. EVAPORITE DIAPIRISM

Because evaporites have a low viscosity and density and are more ductile at low
temperatures than mosf buried sediments, they respond to variations in the stress field in
a unique and unconventional way. The deformation of evaporites is quite complex and
may seem unpredictable; however, extensive studies of natural evaporite structures, as
well as modeling, have shown that the movement of evaporites follows some general
rules and conforms to basic models. These models have been developed, and continue to
be developed, by well-known and well-respected scientists such as Balk (1936, 1949),
Chapple (1978), Davis and Engelder, (1985) Vendeville and Jackson (1992 a, b), Duval,
Cramez and Jackson (1992) Jackson and Vendeville (1994), Jackson, Vendeville and
Schultz-Ela (1994) Remmelts, (1995), Ge, Jackson and Vendeville (1997).

Overburden sediments lying above the evaporite unit undergo brittle deformation
rather than experiencing the ductile deformation that is observed in the evaporites. This
contrast in viscosity commonly results in the decoupling of the evaporite unit and its
overburden.

In some instances, evaporites become mobilized so much that they form a salt
canopy or salt sheet that is above the original salt source-layer. This salt canopy can
undergo further diapirism creating numerous levels of salt and diapirs. Such an
occurrence is commonly observed in the Gulf of Mexico where there are multiple layers
of salt arising from one source layer. This secondary salt is known as allochthonous salt.
The original salt layer is referred to as autochthonous salt or ‘in-situ’ salt. The evaporites

in the Cilicia Basin and the Mediterranean are believed to be autochthonous (in-situ) salt.
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This chapter concentrates on the characteristics and features of autochthonous salt
ignoring the characteristics of transported allochthonous salt bodies.

For ease of corﬁmunication, the generic term 'salt' is given to a wide range of
evaporite lithologies. Pure halite, gypsum and anhydrite or any combinations thereof are
collectively referred to as 'salt' or 'evaporites'. On a local scale these evaporites may react
differently to applied stresses however, on the regional scale resolved in seismic sections,
these differences are minimal.

There are a number of different components and considerations when studying the
deformation of salt bodies. Among the most important components of a salt tectonic
system are the trigger for diapirism, the stages of diapir growth, the coupling and or
decoupling of sedimentary overburden and evaporites, and the nature of the
deformational stresses (compression or extension). Also important to the deformation of
an evaporite unit is the relative timing of the deformational event in relation to the
evolution of the diapir. These relationships can be identified through various indicators of

salt and sediment movement that can be observed in the region of the salt body.

2.1 Trigger for Diapirism

Originally it was accepted that the density contrast between the salt and its
overburden was the trigger for diapirism. Simply stated: less dense salt will flow up
through sediments of greater density driven by buoyancy (eg. Jenyon, 1986). In fact, this
mechanism, although feasible, is not the most plausible mechanism of triggering salt

diapirism. While density contrasts aid in the growth of diapirs, it is more likely that
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extension (or less frequently contraction) initiates the growth of diapirs (Vendeville and
Jackson 1992a, Jackson and Vendeville 1994). This is most obvious in an example from
the Persian Gulf where evaporites are Precambrian to Cambrian in age. These evaporites
sat dormant throughout the Ordovician to Permian while up to 5 km of greater density
overburden was piled on top of them. It was in the Triassic to Jurassic that these
evaporites began to form diapirs, a time that marks the commencement of regional

extension (Rowan, 1999) that eventually lead to the opening of the Tethyan Ocean.

2.2 Stages of Diapir Formation in a Basin

Experimental modeling undertaken by Vendeville and Jackson (1992 a, b) and
Jackson and Vendeville (1994) showed that the process of diapir formation is closely
related to extensional tectonics. In a salt-bearing succession undergoing extension, there
are three progressive stages in the evolution of a salt diapir. These stages are known as
reactive diapirism, active diapirism and passive diapirism (Fig. 2-1).

Salt diapirs do not form as a direct result of contraction. When present in
contractional settings, salt diapirs have either i) formed in an extensional setting and
experienced further growth in a contractional setting or ii) formed as a consequence of
thinning and extension at the outer arc of a contractional feature (Jackson and Talbot,

1991).

2.2.1 Reactive Diapirism
Reactive diapirism is the initial stage in the growth of a diapir (Fig. 2-1).
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Extension thins the sedimentary overburden and produces a graben at the surface. The
sedimentary load is locally decreased above this part of the evaporite unit allowing the
formation of an upwarci indentation at the salt-sediment interface as the sediments
isostatically adjust. This upwards indentation is referred to as an ‘inverse graben’.
Diapirism is initiated as the evaporites respond to this extension by filling in the
indentation from the inverse graben. The outcome of this salt movement is the creation of

a small conical diapir that will gradually grow with continued extension.

2.2.2 Active Diapirism

Once the overburden is thinned sufficiently, differential fluid pressure between
the salt and its overburden will cause the reactive diapir to punch through the overburden
to reach the surface. This process is known as active diapirism (Fig. 2-1) and is
equivalent to the piercement diapirism that was originally thought to be the dominant
cause of salt diapirism (Bishop, 1978). The previously accepted rule of seismic
interpretation was that faults at salt diapirs formed during the initial piercement of a
diapir into the overburden and radiated outward from that diapir in plan view; these faults
were termed 'radial faults'. It is now accepted that the faults around a salt diapir develop
after diapir formation as a result of the lateral withdrawal of salt to feed the growing
diapir during the next stage of diapir growth (passive diapirism; see below, section 2.2.3)

(Kolarsky, 1997).

2.2.3 Passive Diapirism
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Once the diapir reaches the surface it will continue to feed off the salt source-
layer in a passive manner (Fig. 2-1). This process, known as passive diapirism, is
analogous to the concept of downbuilding put forth by Barton (1933). This is a process
by which the diapir crest strives to keep up with new sedimentation, remaining at the
level of the seafloor, while the overburden sinks into the depleting salt source-layer.
Faulting is commonly initiated as a result of the salt withdrawal from the source layer.
These withdrawal-related faults have been classified by Fails (1990) as being either
transverse (cutting across the diapir) or tangential (curving alongside the diapir). In the
case of faults that curve tangential to the diapir, cusping of the salt at the diapir margins
may occur. This cusping is gentle along the upper, shallow parts of the fault with more
pronounced cusping at greater depths where faults are stronger (Rowan, 1999). Once the
source layer has been depleted, the diapir stops growing despite any density contrast
existing between the salt and its overburden. This termination of diapir growth is a
consequence of the absence of differential fluid pressure that was originally provided by

the source layer.

2.3 Types of Deformation in Evaporite Basins

There are two main types of deformation in evaporite basins: thick-skinned
deformation and thin-skinned deformation. These types of deformation can be observed
in both the contractional and extensional regimes. Sometimes both thick-skinned and
thin-skinned deformation can be observed along a single cross section within a basin; at

other times only one of these types of deformation will affect a basin.
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2.3.1 Thick Skinned Deformation

Thick-skinned deformation involves the deformation of the salt layer as well as
the sediments above aﬁd below the salt unit (Fig. 2-2). In this type of deformation the
overburden or 'suprasalt' and the basement sediments or 'sub-salt' react to regional
deformation as a single unit or, more commonly, they are deformed separately, detaching
along the evaporite unit. This type of deformation is commonly referred to as 'basement-

involved'.

2.3.2 Thin Skinned Deformation

Thin-skinned deformation only affects the salt and the overburden sediments
('suprasalt’), but not the basement sediments (‘sub-salt’) (Fig. 2-3). In examples of thin-
skinned deformation the salt acts as a detachment horizon above which the overburden

deforms. The faults in the overburden generally sole within this salt detachment horizon.

2.4 Evaporites in the Extensional Domain

Extension is the most common form of deformation observed in autochthonous
(in-situ) salt layers (Rowan, 1999). Jackson and Vendeville (1994) show that there is a
close association between salt diapirism and regional extension, in both time and space.
Diapirism is generally preceded by extensional events thereby creating a temporal
correlation between regional extension and salt diapirism. Spatially, diapirs are often

located alongside the extensional faults in a region (Fig. 2-4).
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2.4.1 Thick-Skinned Extension

Thick-skinned (basement-involved) extension is observed when the evaporite
layer is present before major extensional events occur in the basin. Upon the initiation of
extension offset is created in the basement sediments (sub-salt strata). These extensional
faults do not continue to propagate upwards through the salt. The salt migrates to
accommodate the offset observed along the extensional basement faults. The overburden
sediments are then draped across the offset portion of the basement (a drape fold). The
most common result of this process is the formation of a large evaporite bulge above the
footwall portion of the basement fault (Fig. 2-5; Remmelts, 1995). It is important to note
that during thick-skinned deformation the growth of diapirs is not restricted to the areas
above extensional faults; both diapirs and extensional faults can be found independent of
each other. The Horn Graben and the Dutch Graben in the North Sea are good examples
of situations in which there are numerous extensional faults that are independent of the

salt diapirs and vice versa (Fig. 2-6; Nalpas and Brun, 1993).

2.4.2 Thin-Skinned Extension

Thin-skinned extension is exhibited in an area where evaporite deposition is
concurrent with or prior to the formation of faults in the evolving basin. Thin-skinned
extension is restricted to only the suprasalt strata and is accommodated by gravitational
spreading and/or gravitational gliding. This type of extension can produce symmetrical or
asymmetrical salt features and associated symmetrical or asymmetrical grabens. Studies

of asymmetric graben and diapir formation in sandbox models completed by Jackson and
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Vendeville (1992c) demonstrated that the formation of grabens during thin-skinned
extension is a step-by-step process of reactive, active and passive stages. Later,
Vendeville and Jackson (1994) were able to produce symmetrical grabens and salt diapirs
in sandbox models undergoing thin-skinned extension. These studies helped identify
basin characteristics that control the symmetry or asymmetry of structural and salt
tectonic features in a region.

Whether a symmetrical or asymmetrical graben or diapir is observed is dependant
on two major factors as demonstrated in the sandbox model experiments of Jackson and
Vendeville (1992 a, b, c, 1994).

i) Detachment slope: The slope of a salt detachment will often determine whether or not
grabens and diapirs are symmetrical. A horizontal detachment slope such as that found in
the central portion of a basin will favour symmetrical reactive diapirs, whereas even a
slightly dipping detachment results in the formation of asymmetrical features because the
presence of sloping detachments favours asymmetrical faults which dip in the downslope
direction (Fig. 2-7).

i) Ratio of the rate of aggradation (sedimentation) to the rate of extension: the rates of
sedimentation and extension and their relationship to each other can also play an
important part in determining whether a graben or diapir is symmetrical or asymmetrical
(Fig. 2-8; Jackson et al., 1994). For example, a high rate of sedimentation in a basin
undergoing a low rate of extension will result in listric growth faults and rotated half
grabens. An intermediate ratio of sedimentation to extension will result in the formation

of symmetrical grabens with reactive diapirs. A low sedimentation rate compared to the
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rate of basin extension would favour the formation of passive diapirs with negligible
faulting. It is also notable that a rapid sedimentation rate during extension may restrict or
suppress the growth of diapirs whereas at the same rate of extension, a slow

sedimentation rate would favour reactive diapirism.

2.4.3 Raft Tectonics: Extreme Thin-Skinned Extension

During thin-skinned extension overburden sediments deform by brittle means and
are effectively broken into fault blocks by the various extensional faults that
accommodate regional extension. Generally the listric normal faults separating various
fault blocks have a moderate amount of offset which permits the fault blocks to remain in
contact with each other (hanging wall overlies footwall) in what is referred to as a “pre-
raft’ stage (Fig. 2-9). In extreme cases of thin-skinned extension, the offset between
adjoining fault blocks is so great that these fault blocks uncouple and separate from each
other (hanging wall does not rest on footwall), these isolated fault blocks are known as
rafts (Fig. 2-9; Duval et al., 1992). It is common for younger (symmetrical or
asymmetrical) secondary basins to fill the space created between the rafts during
extension. The evaporites in this type of setting generally well up underneath these basins
in areas of the overburden which thinned as a result of the listric normal faulting (Fig. 2-

9).

2.5 Evaporites in the Contractional Domain

Evaporites can be found in one of three main contractional settings (regions
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undergoing shortening) (Rowan, 1999). These contractional settings are i) in the frontal
portions of collisional fold-and-thrust belts, ii) at the toe of progradational systems and,

iii) in basins that are inverted during regional contraction, following initial extension.

2.5.1 Deformation in Frontal Portions of Fold and Thrust Belts

Chapple (1978) noted that all fold and thrust belts had numerous common
features including a characteristic wedge shape, a basal zone of décollement below which
there is no deformation (generally a low viscosity horizon, but not necessarily a salt
décollement) and a large amount of horizontal contraction above the décollement which
is focused at the back of the wedge. This mechanical model is analogous to the
deformation that a wedge of snow would undergo if pushed by a bulldozer (Fig. 2-10).

When an active fold belt is underlain by salt it behaves quite differently than the
same fold belt would behave if it were not underlain by salt. A fold belt underlain by salt
will generally have no consistent fault vergence (a characteristic that is related to the
weakness of the salt) whereas a fold belt that is not underlain by salt has a regular
vergence towards the foreland (Fig. 2-11; Davis and Engelder, 1985). Other
characteristics of fold belts underlain by salt are the presence of narrow, generally
symmetrical polyclinal (box-fold) anticlines which are separated by comparatively broad
and flat bottomed synclines, the typical appearance of simple salt-cored detachment folds
and an infrequent occurrence of low-angle thrust faults and the common observation of
steep, high-angle reverse faults which may cut one or both limbs of these anticlines

(Davis and Engelder, 1985). Fault bend folds above fundamental thrusts are rare in the
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frontal portion of salt-involved fold-and-thrust belts, except in cases where shortening is
so great that it can no longer be accommodated for in detachment folds. Harrison and
Bally (1988) suggested that multiple levels of faulting might occur in a single anticline
within a fold and thrust belt. The inner parts of the anticline experience early faulting
which is short lived, outer portions of the anticline experience faulting at a later time but
it is generally longer lived. It is this diachronous faulting that causes problems when
attempting to restore salt detached folds (eg. Parry Islands Fold Belt, Melville Island,
Canadian Arctic Islands).

The external geometry and internal deformation of a fold and thrust belt is
dependant on four factors as determined by the ‘Critical Wedge Taper Theory’ of Davis
et al. (1983) (Fig. 2-12):

i) the topographic slope at the front of the fold belt

i1) the dip of the basal detachment surface

iii) the coefficient of internal friction (or internal strength of the rock)

iv) the coefficient of sliding friction (or resistance to shear)

One of the more significant characteristics of salt is that it has a very low resistance to
shear which results in fold belts with a more tapered cross-section; with a wider belt of
deformation (ie. the thrusts will propagate a farther distance outward); and, with more
symmetrical structures than observed in fold belts not underlain by salt (Fig. 2-13; Davis
and Engelder, 1985). Jaumé and Lillie (1988) further modified these factors, noting that
the dip and structure of the basal detachment surface controls the geometry observed in a

fold and thrust belt, and that the distribution of salt (ie. the location of salt, thickness of
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salt, relation of salt to other structures) can have some control on the geometrical

outcome.

2.5.2 Thick-Skinned Deformation in Inverted Basins

Graben inversion is common in intracratonic basins undergoing regional
compression as well as in rift basins that experience a change from extension to
compression. Inversion of the original extensional structures squeezes hanging wall
blocks upwards reversing the original sense of fault movement from normal (extensional)
faulting to reverse faulting. The basement ('subsalt'), evaporites and the overburden
('suprasalt') all undergo regional compression and shortening. The orientation of older
salt structures, original basement faults, and any extension-related structures relative to
the direction of compression is an important factor in determining the location and
geometry of the features that will be formed in both the salt and overburden during the
compressional stage. The deformation observed in these inverted basins becomes quite
complex, frequently resulting in a decoupling of the overburden (‘suprasalt’) from the
basement ('subsalt") along the salt detachment (Rowan, 1999). Weak salt layers result in
the formation of pop-up structures and fish-tail structures during graben inversion (Fig.
2-14). Differences in the strength of individual overburden layers can also have profound

effects on the deformation observed in these inverted basins (Letouzey et al., 1995).

2.6 Evaporites in Progradational Systems

Prograding sedimentary systems often display an up-slope region of extension,
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where extension was initiated through gravity gliding (movement of a rock body in
response to gravitational instability). Further downslope of the extensional region is a
zone of shortening whiéh balances the effects of extension. This zone of shortening is
located at the toe of the progradational system and is generally associated with either
under-compacted shales or salt. McClay et al. (1998) created analogue models to
simulate the differential loading of a ductile substrate by a prograding delta wedge. Their
models demonstrated that younger delta-top extensional growth fault grabens generally
form over older, buried, delta-toe fold and thrust belts. McClay et al. (1998) further noted
that extension on the top of the delta wedge caused thinning of the polymer (evaporite)
layer followed by the development of a series of seaward facing extensional faults, and
ensuing landward facing extensional faults. At the toe of progradational systems, reverse
faults commonly have an arcuate trace in map view, especially when these faults are
confined by basin edges (eg. modeling of Koyi, 1996). The dominant thrust direction is
away from the toe of the progradational system; however, back thrusting is occasionally
observed (Cobbold et al., 1989; Koyi, 1996, McClay et al., 1998). The shortening
(contraction) observed at the toe of progradational systems is driven by a combination of
the gravity gliding of up-slope sediments and the gravity spreading of the salt layer which
is created as both prograding sediments and the salt react to gravitational forces.
Progradational loading is the process by which a delta, shoreline or alluvial fan
outbuilds a sedimentary deposit during its seaward advance. This process may
independently create a mechanism by which autochthonous (in situ) salt underlying the

outbuilding sedimentary pile can be mobilized. Differential loading progressively drives
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salt basinward causing it to eventually well up into diapirs (Fig. 2-15; Ge et al., 1997).
This process is quite infrequent in nature, however, some spectacular examples of the
mobilization of salt by brogradational loading can be observed in the Gulf of Mexico,
Gulf of Yemen and the Campos Basin. The reason for this uncommon occurrence is
because in order for displaced salt to result in the formation of a diapir, the overburden
must be very thin. This means that differential loading must begin almost immediately
after deposition of evaporites. If there is significant overburden prior to the
commencement of differential loading, diapirs will not form without extension (Jackson
and Vendeville, 1994). Modeling by Ge et al. (1997) and McClay et al. (1998) displays
the various stages of the process of differential loading over a thin overburden for an
open-ended basin (Fig. 2-16), while Letouzey et al. (1995) display how this system acts
in a basin in which the salt extends across the entire basin (Fig. 2-17).

In both the gravitational gliding and progradational loading scenarios there is a
deformational sequence that is frequently observed in modeling experiments and can also
be inferred for field examples. The initial stages of shortening produce broad, low relief,
symmetrical detachment folds (buckle folds) (eg. North Sea; Fig. 2-18A). Continued
shortening will result in an increase in the fold amplitude which is followed by the
formation of steep reverse faults that eventually break through the anticlines as
shortening progresses (eg. Perdido foldbelt, Gulf of Mexico; Fig. 2-18B). The evaporites
under these anticlines wells up into the space created by the fold amplification process

and related faulting to produce salt-cored anticlines.



2.7 Kinematic Analysis of Salt Structures

There are features in seismic sections that prove the salt in a basin has
experienced deformation (faulting, folding, migration, diapirism etc.). These features are
best referred to as kinematic indicators but are not to be confused with the term
'kinematic indicators' as used in the analysis and interpretation of ductile shear zones (eg.
rotating garnets etc.). In this study, kinematic indicators simply refers to any structural or
sedimentary feature observed in seismic sections which allows the seismic interpreter to
determine that there has been movement of some feature relative to another (eg. the rise
of a salt diapir relative to its surrounding sedimentary overburden). Kinematic indicators
of this type may be found within the evaporite unit or in the sediments immediately
surrounding the evaporites. When present, these kinematic indicators provide information
about what may have caused evaporites to move, how the evaporites responded to that
initial action, and what might have occurred in the time since the application of that

initiatory force.

2.7.1 Kinematic Indicators Within the Evaporite Unit

The evaporites themselves often provide information about their kinematic
history. This is especially true for evaporites interbedded with fine muds or other
sediments that show up as marker horizons on seismic sections. Everything from the
geometry of the evaporites to the presence of salt welds and fault welds (Jackson and
Cramez, 1989) and faults in the evaporite unit potentially provide information about the
movements that the salt body has undergone since its deposition.
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Geometry of Evaporites

The geometry of evaporites is a fundamental indicator of evaporite movement
within a basin. When e?aporites are deposited, their upper boundary is a relatively flat or
gently curved and continuous surface regardless of the basement topography. Upon
deformation, salt will commonly well up to form bulbous or linear salt structures such as
salt diapirs, salt walls, salt stocks, salt pillows, etc. The mere presence of these structures
is enough to prove that salt has moved since its deposition. The geometry of these
structures can tell the maturity of the salt structure, that is, whether salt has just began to
move or if it has been moving for some time. A summary diagram from Jackson and
Talbot (1991) displays the wide variety of evaporite geometries with an indication of
relative maturities for these structures (Fig. 2-19). Using such a model, it is possible to

get an idea of the extent of growth or diapirism that the evaporites have undergone.

Salt Welds or Fault Welds

Salt welds and fault welds are features that show the absence of salt at a location
where salt was initially present, thereby indicating salt withdrawal from that area
(Jackson and Cramez, 1989). A salt weld, as defined by Jackson and Talbot (1991), is a
“surface or zone joining strata originally separated by autochthonous (in situ) or
allochthonous (mobilized) salt. The weld is a negative salt structure resulting from the
complete or nearly complete removal of intervening salt” (Fig. 2-20 (salt weld)). A fault
weld is simply a salt weld along which there was significant fault slip or shear (Fig. 2-21;

Jackson and Talbot, 1991). Salt welds are a critical element of salt system geometry. Not
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only do salt welds and fault welds record the previous location of salt, they also indicate
the pathway and the geometry of salt evacuations. This is extremely important in
constructing palinspastic restorations, particularly in allochthonous salt systems (eg. Gulf
of Mexico) where salt may have migrated to a different stratigraphic position along what
is presently a salt or fault weld (Fig. 2-22). In seismic sections, salt welds and fault welds
are often difficult to interpret. Both types of welds are characterized by discontinuous,
high amplitude reflectors demonstrating discordance on either side of the weld (Jackson
and Cramez, 1989). The high amplitude character of a weld is due to small pods of relict
salt which line the weld surface resulting in high velocity contrasts between salt and
sediments. These welds can have any orientation because although they form by the
evacuation of salt from a horizontal source layer, they can also form by evacuation of salt
from upright or leaning salt feeders such as the stem of a salt stock or salt tongue

(Jackson and Talbot, 1991; Fig. 2-23).

Evidence of Faulting

It is common for salt to be interbedded with thin sediment layers as a result of
their formation in a desiccating environment. Intermittent influxes of water will carry
suspended sediment that settles onto, and becomes incorporated in, the evaporite layer.
These sediment layers may record faulting or folding within the evaporite unit or may
simply show flow patterns within the salt. When combined with information about
tectonic activity in a region, these features can provide a wealth of information about
how salt reacts to the stresses in a region.
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Flow patterns in evaporites are commonly observed in natural examples but are
often below the resolution of seismic sections or are poorly imaged due to problems with

the acquisition or processing of the data.

2.7.2 Kinematic Indicators in Sediments Surrounding Evaporites

The kinematic indicators found in sediments surrounding evaporites are among
the most informative, because they record not only the final configuration of salt, faults
and sediment around a salt structure, but quite often these sediments, through their
stratigraphic and structural architecture, provide a record of the intermediate steps

occurring during the evolution of the salt structure.

Onlaps and Truncations

The presence of onlaps and truncations in seismic sections is a definite indicator
of a period of movement in a basin. In basins undergoing both regional tectonics and salt
tectonics, the onlaps and truncations observed above or at the sides of a salt structure are
not necessarily the result of salt tectonic activity and may, in fact, be caused by regional
tectonic forces (faulting, subsidence, sea level changes, etc.).

An onlap, as defined by Jackson and Talbot (1991) is the "termination of sub-
horizontal strata (or seismic reflections) against a dipping surface (typically a sequence
boundary or salt contact) such that each stratum extends farther across the dipping
surface than does the underlying stratum.” The presence of an onlap indicates that the

dipping surface (sequence boundary or salt contact) was elevated above the horizontal
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level of regional deposition for a given time (Fig. 2-24).

A truncation is the "removal and termination of dipping strata by subaerial or
subaqueous erosion to form a sequence boundary. Truncations cutting across anticlines or
fault blocks indicate that these structures had surface relief at the time of erosion.” This
relief could also be due to growth of a salt structure that might push sediments upwards,
in an anticlinal shape, causing them to be eroded (Fig. 2-25). Truncations can also occur
when the top of a sequence is downcut by erosion and infilled with younger sediments
(Fig. 2-25). This type of a truncation is referred to as a down-cutting truncation.

Interpreting onlaps and truncations in seismic sections can become extremely
complicated in areas of salt withdrawal. Jackson and Cramez (1989) show how an onlap
succession can resemble a downlap truncation after salt withdrawal (and diapir growth) at

the periphery of a salt pillow (Fig. 2-26).

Thinning and Thickening of Strata

The thinning and thickening of strata at the margins or the crest of a salt structure
can tell a great deal about the salt movements in a basin. Thinning of strata (convergence
of seismic reflectors) above salt indicates the addition of salt to an area, generally by salt
withdrawal from nearby regions. Thickening strata (diverging seismic reflectors) above
salt generally indicate the removal of salt from an area either by dissolution or salt
migration.

Thinning strata above a salt structure indicate that the salt structure is undergoing

growth. The thinning of numerous sediment layers above a salt structure results in the
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formation of a 'condensed section' above the diapir. A condensed section contains the
same complete sediment sequence that is observed at the borders of the salt structure but
in a thinner package of sediment (Fig. 2-27). The growth represented by the thinning
sediments above the salt structure is the result of salt withdrawal from neighbouring
regions (therefore thickening of strata is observed at the sides of the salt structure) in
order to feed the growing salt structure.

Thickening of strata above a salt structure indicates the removal of salt from the
salt structure itself; this is referred to as sagging. The removal of salt from the salt
structure is generally accompanied by thinning of sediments at its margins. The continual
sagging of a salt structure commonly results in extension and graben formation at the
crest of the salt structure (Vendeville and Jackson, 1992b).

A reversal in vertical motion above a diapir, such as a switch from diapir growth
to diapir sag or vice versa, is referred to as structural inversion (Jackson and Talbot,
1991). In seismic sections, such a reversal would be observed directly above the salt
structure. Thinning strata (converging reflectors) overlain by thickening strata (diverging
reflectors) in a seismic section are indicative of a period of growth at the salt structure
followed by sagging. Thickening strata (diverging reflectors) overlain by thinning strata
(converging reflectors) indicate a period of diapir sag followed by diapir growth (Fig. 2-
28). The principles of structural inversion were developed in the context of regional
tectonics; however, used on a very localized scale, the identificatio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>