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Palaeostress inversion in a multiphase deformed area: kinematic
and structural evolution of the Cankin1 Basin (central Turkey),
Part 1 — northern area
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Ire, Hengelosestr 99, PO Box 6, 7500 AA Enschede, The Netherlands
(email: nuri@itc.nl)
2Utrecht University, Earth Sciences Faculty, Budapestlaan 4, 3508 TA Utrecht,
The Netherlands

Abstract: The kinematic and structural evolution of the major structures affecting the
Cankir Basin, central Turkey, has been deduced from a palaeostress inversion study. Four
palaeostress tensor configurations indicative of four-phase structural evolution have been
constructed from the fault slip data collected from the Cankir1 Basin. The first two phases
indicate the dominant role of thrusting and folding, and are attributed to the collision
between the Pontides and the Taurides, the proposed interface of which is straddled by the
Cankin Basin. Phase 1 occurred in the pre-Late Palacocene and Phase 2 in the Late
Palacocene—pre-Burdigalian. The third phase is dominated by extensional deformation in
the Middle Miocene. The latest phase has been active since then and is characterized by

regional transcurrent tectonics.

Palacostress analysis is the estimation of the
principal stress orientations using fault slip data
obtained by field measurements of the orienta-
tions of populations of fault planes together
with slip data. Slip directions are generally
inferred from the orientations of frictional
grooves or fibrous linecations, termed slicken-
sides (Fleuty 1974). However, they can also be
deduced from the focal mechanism of earth-
quakes (Angelier 1984; Gephart & Forsyth
1984; Carey-Gailhardis & Mercier 1987) and
from the orientations of mechanical twins in
calcite (Lacombe et al. 1990, 1992).

A number of methods have been developed
for the palaeostress inversion and the separation
of stress tensors in multiphase deformation
situations, following the initial graphical and
numerical methods of Arthaud (1969) and
Carey & Bruner (1974), respectively. Graphical
methods have been further developed by Alex-
androwski (1985) (modified M-plane method)
and Krantz (1988) (odd-axis method). However,
they are only applicable if special conditions are
fulfilled. For instance, the faults to be analysed
using the M-plane method should have devel-
oped under uniaxial stress conditions in which
two of the principal stress magnitudes are equal
and are manifest, in plan view, in a radial or
concentric pattern of faults. The odd-axis
method is applicable in triaxial strain conditions
where two pairs of conjugate fault sets develop
and display orthorhombic symmetry. On the
other hand, numerical methods are more

robust and have been more widely used (e.g.
see Angelier 1979, 1984, 1994; Etchecopar et al.
1981; Angelier et al. 1982; Armijo et al. 1982;
Gephart & Forsayth 1984; Michael 1984; Carey-
Gailhardis & Mercier 1987; Reches 1987; Hard-
castle 1989; Gephart 1990; Marret & Almandin-
ger 1990; Fleischman & Nemcok 1991; Will &
Powell 1991; Yin & Ranalli 1993; Nieto-Sama-
niego & Alaniz-Alvarez 1997).

All numerical methods are based on the
Wallace (1951)-Bott (1959) assumption that
slip occurs parallel to the maximum resolved
shear stress and is also presumed to be parallel
to the slickenline direction. A further assump-
tion is that a given tectonic event is character-
ized by one regional homogeneous stress field.
This implies that the slip direction on a fault
plane is determined by a single-stress deviator
and that all faults which slipped during one
tectonic event moved independently but in a
way consistent with this single-stress deviator
(Will & Powell 1991). After determining the
stress tensor with respect to operative fault
planes, it is transformed to a regional coordinate
system using standard computational transfor-
mations (Means 1976; Angelier 1994).

The assumptions upon which the numerical
methods are based are an oversimplification of
the situation encountered in the field. Inhomo-
geneity and anisotropic material properties,
fault interactions (especially in strike-slip
settings), the presence of rotational defor-
mation, and the non-coaxial stress and strains
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[monoclinic or triclinic symmetry of Twiss &
Unruh (1998)] can either cause local variations
in the stress field or a very high deviation
between the maximum resolved shear stress
and the slip direction (Pollard et al. 1993). This
decreases the reliability of the 8tréss-inversion
procedure and makes the identifieation of dif-
ferent deformation phases more difficult, but is
helped if constrained by stratigraphic controls
and overprinting and cross-cutting relationships
(Nemcok & Lisle 1995; Hardcastle 1989; Angel-
ier 1994).

Fault reactivation is another source of diffi-
culty as not all inversion procedures can cope
with it. For example, Angelier’s (1979, 1984)
method is best suited for reactivated systems,
but it has limitations because faults with pure
dip-slip and strike-slip components yield un-
reliable results because the intermediate stress
will be perpendicular to the slip direction and it
will have no effect on the inversion procedure
[see Angelier (1994) for the details].

Although the basic assumptions underlying
stress inversion procedures have been criticized
(e.g. Pollard et al. 1993; Twiss & Unruh 1998),
empirical observations and theoretical analyses
(e.g. Duphin er al. 1993) show that the shear
stress vectors and the slip vectors on a single
isolated fault plane vary little in orientation
from those predicted, ie. the average slip
remains parallel to the average shear stress,
thus agreeing with the Wallace-Bott assump-
tion (Angelier 1994). Stress inversion tech-
niques have been applied to fault slip data from
a variety of tectonic settings and have produced
results that are consistent and interpretable
(Pollard ez al. 1993).

The aim of this study is to use the palaeostress
inversion procedure to delineate the kinematic
evolution of the structures within the northern
part of the Cankinn Basin with respect to its
structural and tectonic evolution.

Background

The Cankiri Basin (Fig. 1) is thought to be
located in a zone where the Sakarya continent
attached to the Pontides and the Kirgehir Block
of the Taurides collided and sutured along the
Izmir-Ankara-Erzincan Suture Zone (IAESZ),
which demarcates the former position of the
northern branch of Neotethys (Sengér &
Yilmaz 1981). The timing of collision is under
debate. Okay (1984) argued that it occurred at
the end of the Late Cretaceous. Jengér &
Yilmaz (1981), when reviewing the plate tec-
tonic evolution of Turkey from the Precambrian
to the present, proposed a Late Palaeocene-
Middle Eocene age for the timing of the col-
lision. Goriir et al. (1984) proposed a Middle
Eocene origin based on their study of the
Tuzgolu (Salt Lake) Basin which is located in
the western margin of the Kirgehir Block and is
thought to have a similar stratigraphical and
evolutionary history to the Cankir1 Basin (Fig.
1). It is possible that these different dates reflect
a diachronous collision which may be due to
irregularities at the promontories of colliding
blocks and oblique collision (Dewey 1977)
Besides being affected by collisionary pro-
cess, the Cankin Basin was subjected to further
deformation in post-middle Miocene being a
part of the Anatolian wedge caught between
the expulsive transcurrent motions on the North
and East Anatolian Faults. This has resulted a
number of northwards, convex, dextral strike-
slip faults which bifurcate from the North
Anatolian Fault Zone (NAFZ) (Barka & Han-
cock 1984; Sengor et al. 1985; Kaymake &
Kogyigit 1995). The Kiziirmak and Sungurlu
Fault Zones are the two major splays of the
NAFZ, which partly controlled the Late Mio-
cene evolution of the Cankirt Basin (Fig. 1c).

Fig. 2. Generalized tectonostratigraphic column of the units exposed in and around the Cankir1 Basin. MN

zones in the age column are obtained from Hans de Bruijn (pers. comm.). 1, North Anatolian Ophiolitic Mélange
(NAOM) (ophiolitic mélange); 2, Yaylagayr Formation (distal fore-arc sequence); 3, Yaprakh Formation
(proximal forearc facies); 4, Sulakyurt Granites of the Kirgehir Block that intruded in pre-Palaeocene time; 5,
Kavak Formation (red clastics and carbonates); 6, Badigin Formation (neritic limestones); 7, Karagiiney
Formation (clastics derived mainly from the Kirsehir Block) 8, Mahmatlar Formation (clastic rocks derived from
the Sulakyurt Granite); 9, Dizilitaglar and Hacihalil Formations (mainly turbiditic clastic rocks and intercalated
limestones); 10, Yoncali Formation (Eocene flysch); 11, Karabalgik Formation (distributary channel
conglomerates and sandstones with coal seams); 12, Bayat Formation (Eocene volcanic rocks and volcaniclastic
rocks); 13, Osmankahya Formation (mixed-environment clastics and red beds); 14, Kocagay Formation (Middle
Eocene nummulitic limestone covering both basin infill and the Sulakyurt Granites), 15, Incik Formation (Upper
Eocene-Middle Oligocene continental red clastic rocks); 16, Giivendik Formation (Middle Oligocene
evaporites); 17, Kilgak Formation; 18, Altintag Formation (fluvial red clastics exposed only in the Hancili Basin);
19, Hancii Formation (lacustrine deposits exposed only in the Hancilt Basin); 20, Candir Formation; 21, Tuglu
Formation (Lower—Upper Miocene evaporites and lacustrine shale-marl); 22; Silleymanli Formation (fluvio—
lacustrine red clastic rocks); 23, Bozkir Formation (evaporites); 24, Deyim Formation (fluvial clastic rocks); 25,
alluvium.
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Geological setting

The Cankiri Basin has an Q-shape (Fig. 1b),
with the main outcrops lying in the west, north
and east. In the south it is delineated by the
granitoids of the Kirgehir Block of the Taurides
(Fig. 1). The rim of the Cankir1 Basin is marked
by an ophiolitic mélange, the North Anatolian
Ophiolitic Mélange (NAOM) [terminology
after Rojay (1993, 1995)], which is thought to
underlie the sedimentary infill of the Cankin
Basin. The basement of the mélange is thought
to be the Kirgehir Block in the southern part but
is unknown in the north, i.e. the TAESZ may lie
below the Cankir1 Basin rather than skirting
around its northern margin as indicated in
Fig. 1.

The fill of the Cankir1 Basin is > 4 km thick
and accumulated in five different cycles of
sedimentation (Fig. 2). The oldest cycle com-
prises Upper Cretaceous volcaniclastic rocks
and regressive shallow-marine units, and
Palaeocene mixed-environment red clastics and
carbonates (Ozgelik 1994). The subsequent
cycles have been partly studied by Dellaloglu et
al. (1992) and their scheme is followed in this
study. The second cycle is a Late Palaeocene—
mid-Oligocene regressive flysch to molasse se-
quence overlain by a widespread, thin (< 100 m)
nummulitic limestone of Middle Eocene age
which passes up into a very thick (up to 2000
m) Upper Eocene-mid-Oligocene continental
red clastic sequence intercalated by mid-Oligo-
cene evaporites. The third cycle is represented
by fluvio-lacustrine clastic rocks deposited in
the Early-Middle Miocene. The fourth cycle is
represented by deposits laid down under Late
Miocene fluvio-lacustrine conditions and are
frequently alternating with evaporites. The
Plio-Quaternary alluvial fan deposits. and
recent alluvium locally overlie all of these units
(Fig. 2). Names of the formal units are mostly
adopted after Dellaloglu et al. (1992).

The main structures shaping the current ge-
ometry of the Cankir1 Basin (Fig. 1c) are the
thrust faults defining its western and northern
rims. The eastern margin is defined by a belt of
north-northeast striking folds. In the south, the
basin fill onlaps on to the Kirsehir Block. Other
major structures affecting the Cankir1 Basin are
the dextral Kizilirmak Fault Zone, oriented
southwest-northeast in the central part of the
basin, and the Sungurlu Fault Zone in the
southeast. Both are regarded as splays of the
NAFZ. The south-central area of the basin is
dominated by a number of curvilinear faults
oriented approximately northeast——southwest
(Fig. 1c).

N.KAYMAKCI ET AL.

Methodology

Data collection

The relative ordering of fault motions and
related deformation was established from over-
printing and cross-cutting relations. The age
constraints were applied through careful docu-
mentation and analysis of the fault structures in
each of the above stratigraphical horizons. To
avoid problems due to relative block and fault
plane interactions [see Pollard et al. (1993) and
Twiss & Unruh (1998)] sampling sites were as
small as possible and structurally homogeneous
(Hancock 1985). In addition, the displacement
should also be as small as possible (a few
centimetres) so that it should not accommodate
significant strain (Hardcastle 1989), therefore
the principal strain and stress axes should
remain parallel.

Most Lower Tertiary infill of the Cankin
Basin is only exposed in the three belts forming
the western, northern and eastern rims of the
basin (Fig. 1). The central parts of the basin are
covered mainly by evaporites that are very
susceptible to gravity induced ductile defor-
mation and were not included in the analysis.
As aresult, the study was limited to the northern
and western margins which form a convex
arcuate belt (see Fig. 1). Four subareas were
selected for detailed study. Two of them lie in
the northern margin of the basin. In subarea 1 (1
in Fig. 1¢) the infill of the basin is well exposed
and the boundary is affected by dextral north-
east trending transcurrent faults (Fig. 1c). The
second subarea (2 in Fig. 1c) is dominated by
anastomosing east-northeast trending thrust
faults. In addition, Upper Cretaceous—Palaeo-
cene units are better exposed in this area than in
any other part of the basin. The third subarea
lies where the rim of the Cankir1 Basin turns
from an overall east-west trend to a north-south
one (3 in Fig. 1c). In this subarea, the basin units
are post-Middle Eocene in age. The fourth
subarea (4 in Fig. 1c) covers the western margin
of the basin and the Neogene Hancili Basin. In
this area, mainly Upper Cretaceous units and
Miocene-Recent units are exposed; the Lower
Tertiary units are missing or not exposed.

In order to have structurally homogeneous
data (Hancock 1985), the size of a sampling site
has been restricted to < 50 m diameter. Areas
larger than this were subdivided into subsites
and analysed independently. More than 600
slickenline data from 72 sites have been col-
lected. For each fault measured in the field, the
following features were noted: (1) the attitude
of the plane; (2) the stratigraphic units which
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were displaced; (3) whenever possible, the rela-
tive order of movement; (4) the amount of off-
set; (5) type of slickenline; (6) type of shear
sense indicators; (7) evidence of ductility (i.e.
breccia v. mylonite); and (8) degree of planarity.
Each was given a confidence value of 14
(excellent to poor) [as explained in Hardcastle
(1989)]. If no movement sense could be
deduced, the fault was not used in the analyses,
which applied to c¢. 20% of the data.

The stress-inversion procedure and
separation of movement phases

It was found that most of the measured faults
had undergone reactivation, as seen from over-
printing kinematic indicators which were sub-
sequently used to order the different phases of
movement (Fig. 3). The maximum number of
slickenline overprinting and/or overgrowth pat-
terns observed in any fault plane was three,
which was encountered in 10% of the faults, c.
25% had two overprinting sets.

The relative age of each movement phase was
determined independently for each fault from a
given subarea, carefully correlated with data
from other subareas to form a regional subset
and then processed (see Fig. 4) by Angelier’s
method (1989) using his computational pro-
cedures. During the analyses, the data were
carefully examined and data from each site
were correlated with those from other sites in a
subarea such that the slip data with the same
order of occurrence could be grouped together
for preliminary stress-inversion processing (see
flowchart in Fig. 4 for the steps followed in the
stress-inversion procedure). The computational
procedures used were: direct inversion (INVD);
right dihedra (P- & T-dihedra); and iterative
methods (R4DT, R4DS, R2DT, R2DS).

After preliminary processing, faults giving
spurious results were re-examined. If the results
still remained spurious they were separated
from the data set and treated separately. After
removal of spurious data, the stress tensor was
recomputed and reanalysed using the software
developed by Hardcastle & Hills (1991) for the
automated separation of stress tensors associ-
ated with the different deformation phases as
indicated from the field observations. Concord-
ant data were then taken, so indicating that the
computed stress tensor is most likely to be
correct. The initial spurious data were recom-
puted by the Hardcastle & Hills (1991) method
and if again spurious they were deleted; if
concordant they were included and reanalysed.

In order to determine the mean stress tensor

301

reference
horizon
/
/

en echelon
tension gashes

b

sigmoid

2@)}&3 lveins

/
internal
foliation

™ fa{.ult gouge

17

QN 2 ‘

Dz ||

}2&?;1?3'"(7@@}{ | é
\K/[G/ el

Fig. 3. Schematic illustrations of the criteria used to
date relative occurrences of slip data. Numbers 1-3
indicate the sequences of deformation, oldest to
youngest, respectively. (a) A dyke indicating
extension (1) (large opposite arrows), then tension
veins indicating dextral movement (2), all displaced
sinistrally (3). (b) Hybrid joints with fibrous mineral
development having normal separation (1) are
displaced by reverse faults (2). (¢) Internal foliation
within the shear zones with reverse separation (1)
sigmoidal veins indicating that an opposite sense of
movement (2) developed, they are then displaced by a
reverse fault with opposite movement to the veins (3).
(d) Cross-cutting slickensides. (e) Shear zone with
internal foliation indicating reverse separation (1)
displaced by a fault with an opposite sense of
movement (2). (f) Folded fault gouge with reverse
separation displaced by a fault with an opposite sense
of movement. The numbers are relative to each other
and do not necessarily correspond to the order of the
regional deformation phases.

configuration for a given movement phase in
each subarea, all the data from each site and
each phase were grouped and the above pro-
cedure was repeated. After the mean stress
orientations were determined, all of the raw
data was reprocessed using Hardcastle & Hills’
(1991) approach and the results were compared
with those obtained using the direct-inversion
method. As the minimum number of slickenline
data required in the direct-inversion method is
four (Angelier 1979), the data from sites con-
taining fewer than this number were used only
in the construction of the mean stress tensor for
the subarea within which it was located. After
the stress tensors for each set at each site were
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z
S 7 : 5
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DIRECT |NVERSION <
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Fig. 4. A flowchart of steps followed during the analysis of the data. The data were analysed independently using
two different methods which were then compared. After determination of tensors and separation of the data into
best-fitting and misfitting faults, the results were compared with the automated method. If best-fitting and
misfitting tensors of Angelier’s method fell within the highest percentage fit tensors of the automated method,
then each subset was ascribed two separate acceptable tensors. If not, and if they fell within the lower percentage
fit tensor, then further analysis was carried out until reasonable and acceptable tensors were obtained (i.e. lowest
misfit angles of < 15° obtained for all groups. Only faults with > 45° are accepted as spurious (< 2% of the whole
data). This process is repeated for each class of structures (number of relative chronology) for each phase and for
determining mean regional (subarea-based) stress tensor configurations.
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Table 1. Field characteristics of sites in sub area 1
Site' Shear Vein oP S.line cc Unit' No. move.
60 - - 2 SP 2 K 2
61 - - 2 SP 2 K 2
62 - + 3 SP, Ca 4 K 4
63 + + 3 SP, Ca 4 K 4
64 + + 3 SP, Ca 4 K 4
65 - - 2 - 2 Tb 2
66 + - - - - K 1
77 + + 2 Ca 3 Ty 3
78 + - 2 - - To 2
79 - + 2 - 2 Tko 2
80 - + 2 Ca 2 To 2
81 - + 2 Ca 2 Ti 2
82 - 2 - 2 To 2
115 - + 2 Ca 2 Ti 2
116 - + 2 Ca 2 Ti 2
117 - + 2 Ca 2 Ti 2
118 - + — - - Ti 1
119 - + 2 Ca 2 Ti 3

OP, Number of overprinting slickenline sets; s.line, fibrous slickensides associated with the sampled faults (SP,
serpentine; Ca, calcite); CC, number of cross-cutting relationships either with veins, shear zones or other
faults; no. move., number of movement sets encountered in each site (the numbers do not necessarily
correspond to the order of the regional deformation phases). *+, exists; —, not observed.” K, Upper
Cretaceous units (NAOM; Ky; Kya); Ty, Yoncal Formation; To, Osmankahya Formation; Tko, Kocacay

Formation; Ti, Incik Formation.

determined, they were correlated with other
sites. By combining the stratigraphic infor-
mation and relative order of different sets, the
stress tensors were arranged into ordered defor-
mation phases.

In both the direct-inversion and the Hard-
castle & Hills’ (1991) methods, 15° was chosen
as the maximum angular deviation acceptable
for the computation of a given stress tensor.
Faults with greater angular deviations were
considered as spurious and deleted.

The tensors computed for a subarea should be
more reliable than site-based tensors. The
reasons for this are obvious but include devia-
tions due to a particular site being located at the
termination of a fault or in an area where two or
more structures interact. Both will cause a
deviation of the local stress tensor from the
regional tensor (Pollard et al. 1993) and will
tend to cancel out in the regional compilation
(Angelier 1994).

Results for subarea 1

The location of subarea 1 is shown in Fig. ic.
The main structures in this area are the east-
northeast trending thrust faults (TF1) along
which the Upper Cretaceous NAOM was
thrust over the Yaylagayr Formation which, in
turn, was thrust onto the Late Palacocene-

Middle Eocene Yoncali and Karabalgik For-
mations (Fig. 5a). Relatively, the oldest slicken-
sides which record the first movement on TF1
include pitches with dominant thrust fault char-
acter (> 45°) with a dextral lateral component.
This thrust belt is displaced dextrally by a
number of later north-east-southwest oriented
strike-slip faults that cut through both the
hanging-wall and footwall blocks. Further to
the southwest, the Yoncali Formation was
thrust over the Incik Formation and the Middle
Eocene units — the Karabalgik, Bayat, Osman-
kahya and Kocagay Formations — along fault
TF3 (Fig. 5a). A number of synsedimentary
unconformities were observed in the Incik For-
mation during the field studies (especially near
sites 81-82 and 115 in Fig. 5a), implying that
TF2 (Fig. 5a) operated during the deposition of
the Incik Formation in Late Eocene—pre-mid-
Oligocene times. The main fault planes of TF2
and TF3 are dominated by overprinting slicken-
sides. Relatively, the oldest of these slickensides
have pitches ranging between 15 and 35° with a
sinistral sense of movement. Likewise, the
younger slickensides have pitches dipping at
< 20° with a dextral sense of movement. These
relations indicate that TF2 and TF3 were devel-
oped as transpressional sinistral strike-slip faults
and later reactivated into dextral strike-slip
faults.
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Fig. 6. (a) Geological map and sample locations in subarea 2. 1, NAOM; 2, Yaprakli, Kavak and Bagdigin
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Formation; 8, alluvium; 9, anticline; 10, syncline; 11, overturned syncline; 12, overturned anticline; 13, thrust
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slip faults; 19, dips of faults where they are best observed in the field; 20, sample site locations. Plots of fault
planes: (b)-(e) fault planes, slickenlines and stress orientations for each site (f)—(i) whole data in a particular
phase and subarea (lower hemisphere equal-area projections).
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Palaeostress inversion

Eight sites were selected (see Table 1) and, from
the field analyses, four phases of fault activity
were recognized using the criteria outlined in
Fig. 3. In some of the sites (62-64) the sampled
faults have three sets of overprinting slicken-
lines. These faults, in turn, cross-cut other struc-
tures such as shear zones, én-echelon veins and
other sets of faults (as indicated in Fig. 3). A
combination of all of these relationships led to
the identification of four sets of fault move-
ments. Based on their relative timing, the sets
of faults having similar movements were
directly assigned to the deformation phases
arranged from older to younger (Nemcok &
Lisle 1995). These sites were used as a reference
in the analysis of other sites that have fewer sets
of fault movements.

From the 18 sites sampled, 12 sites have
sufficient slip data for the construction of site-
based palaeostress tensors (Fig. 5b—e). From
these sites, 19 palaeostress configurations have
been constructed. The data from the remaining
eight sites were combined in constructing the
mean stress tensor for the whole subarea (see
Fig. 5f-1).

Phase 1. Only four sites had sufficient data for
construction of a site-based stress tensor (Fig.
5b). The average orientations of the principal
stresses and the stress ratio for the subarea are:
61 = 309°N/07°, 5, = 218°N/06°, 53 = 085°N/81°;
and ® = 0.345 (Fig. 5f). The major stress direc-
tion is north-northwest-south-southeast and the
minor stress direction (o) is subvertical, indi-
cating thrust tectonics in this phase. The orien-
tation of oy is approximately perpendicular to
the main northeast-southwest striking segments
of TF1 and oblique to the other segments (Fig.
Sa).

Phase 2. The second phase was recognized in
four sites (Fig. 5c), which also give comparable
results. One site, 64b, gives a slight deviation;
this site is very close to the intersection of TF1
and a northeast-southwest trending oblique-slip
fault. The deviation may be due to interaction of
these faults [as explained by Pollard et al
(1993)]. In the subarea, both o; and o, are
subhorizontal, and o3 is subvertical in all sites
and the subarea-based tensor indicates thrusting
during this deformation phase. The orientation
of subarea-based principal stresses and the
stress ratio are: o; = 065°N/04°, o, = 155°N/08°,
c3 = 308°N/81°; and ® = 0.635 (Fig. 5g). The
orientation of o, is almost perpendicular to the
northwest-southeast striking segments of TF1

and TF3, and the northwest striking folds east of
the TF2 fault.

Phase 3. Three sites had sufficient slip data for
the construction of site-based stress tensors. The
orientations of the principal stresses are rela-
tively consistent in each site (Fig. 5d). The
horizontal components of o3 are oriented
north-northeast-southwest. The orientation of
subarea-based average stress tensors and the
stress ratio are: o1 = 152°N/75°, o, = 012°N/12°,

o3 = 280°N/10°% and ® = 0360 (Fig. 5h),
indicating extensional deformation in this
phase.

Phase 4. This phase is recognized in seven sites
(Fig. 5e). Except for site 119, all other sites
vielded compatible results. The horizontal com-
ponent of o is oriented approximately west-
northwest—east-southeast, which is also parallel
to the subarea-based stress tensor. The orienta-
tions of subarea-based principal stresses and the
stress ratio are: o1 = 283°N/10°, o, = 043°N/70°,
o3= 190°N/17°; and @ = 0.450 (Fig. 5i), indicat-
ing strike-slip deformation in this phase.

Results for subarea 2

The location of this subarea is shown in Fig. 1c.
This area is also dominated by northeast trend-
ing thrust faults. Upper Cretaceous units are
thrust over the Palaeocene units by TF1 near
Badigin and TF4 to the east (Fig. 6a). Rela-
tively, the oldest slickenlines observed on TF4
indicate a dominant thrust fault character with
dextral lateral component. The Palacocene
units (Kavak and Badigin Formations; see Fig.
2) are thrust over the Upper Eocene-Middle
Oligocene Incik Formation along the Ayseki
Reverse Fault (ARF). In the central parts of
the subarea, the Palaeocene units, the Incik
Formation and the Upper Miocene units are
folded and overturned parallel to the ARF (Figs
1c and 6a).

In the southeastern part of the study area, an
east-west trending fold (Fol), observed within
Eocene-Oligocene units (Ty and Ti), is uncon-
formably overlain by the relatively undisturbed
Upper Miocene units (op1 in Fig. 6a).

Near Badigin village, TF1 and TF4 are dis-
placed by an east-west trending normal fault,
NF1, which is, in turn, displaced by northeast—
southwest trending faults with an apparent
sinistral offset and normal component. These
faults also displace Upper Miocene units
(Silleymanli and Bozkir Formations) and the
Plio-Quaternary Deyim Formation (Fig. 6a),
which proves their post-Late Miocene activity.
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Table 2. Field characteristics of sites in subarea 2.
Site Shear Vein (@) S.line CC Unit* No. move.
48 + + 2 SP, Ca 4 K 4
49 ~ + 2 SP, Ca 2 K 3
50 + + 2 SP 4 K 4
51 + - 3 SP, Tl 3 K 4
52 + + 2 SP 2 K 3
53 - + - Ca 2 K 2
54 - - 3 Ca 3 K 3
55 ~ - 2 Ca 2 K 2
56 - - - - - K 1
57 - + - Ca 2 K 2
58 - - - - K 1
126 - - - - - Ti + Tkv 1
127 - + 2 Ca 2 Ti+ Tkv 2
128 - - 2 Ca 2 Ti 2
129 - + 2 Ca 2 Ti 2

* Tkv, Kavak Formation. Other abbreviations as in Table 1.

Palacostress inversion

Four deformation phases were recognised in
this subarea. The same criteria were used for
ordering the deformation phases as described in
Fig. 4. The details of sites located in this subarea
are given in Table 2 and results are illustrated in
Fig. 6b—e.

Phase 1. Six sites had sufficient data to construct
site-based stress tensors for this subarea.
Although the angular discrepancy between the
orientations of o constructed for each site and
averaged for the subarea is c. 45°, there is a great
discrepancy between the orientations of o, and
o3. The orientations of the o, vary from north-
northwest—south-southeast to west-northwest—
east-southeast and are subhorizontal in each
site. 0, and o5 are oblique, although o3 is more
vertical than o, (Fig. 6b). Orientation of the
stresses and the stress ratio for the subarea are:
o = 208°N/13°, o, = 285°N/04, o3 = 030°N/70°;
and ® = 0.412 (Fig. 6f). Having o3 subvertical
and the other stresses subhorizontal indicates
thrusting in this phase.

Phase 2. Only four sites had sufficient data for
construction of the site-based stress tensors. The
orientation of site- and subarea-based tensors is
relatively compatible. Orientation of o, ranges
from north-northwest-south-southeast to north-
east-southwest (Fig. 6c). The mean subarea-
based principal stress orientations and the
stress ratio are: ¢; = 189°N/14°, 5, = 280°N/04°,
o3 = 025°N/75°; and ® = 0.804 and indicates

compressive deformation. The orientation of o
is perpendicular to Fol (Fig. 6g).

Phase 3. Only three sites had sufficient slip data
for construction of the site-based tensors (Fig.
6d). In sites 127 and 48, o, is oblique, implying
local transtension which is not observed in the
subarea-based stress tensor. Only site 48 is
compatible with the subarea-based tensor;
others deviate from it. This relation may indi-
cate local stress perturbations, e.g. site 127 is
very close to the normal fault NF1. The orien-
tation of the mean subarea-based principal
stresses and the stress ratio are: ; = 213°N/81°,
o2 = 350°N/07°, o3 = 080°N/06°; and ® = 0.542
(Fig. 6h). Having o©; subvertical and other
stresses subhorizontal indicates extensional de-
formation in this phase.

Phase 4. Five sites had sufficient slip data for the
construction of site-based stress tensors (Fig.
6¢). In almost all the sites, o, is subvertical and
o, ranges from northwest-southeast to north-
northwest—south-southeast; this relation indi-
cates strike-slip deformation. The orientation
of the subarea-based mean stresses and the
stress ratio are: o1 = 291°N/03°, 6, = 033°N/83°,
o3 = 201°N01°; and ® = 0.564 (Fig. 6i). Having
o, vertical and the other stresses horizontal
indicates regional strike-slip deformation in this
phase. Most of the thrust and reverse faults and
folds trending northeast-southwest are almost
perpendicular to o;. In addition, the folds within
the Upper Miocene units (near site 128) are
perpendicular to o;.
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Fig. 7. (a) Geological map and sample location of subarea 3. 1, NAOM; 2, Galatean Volcanic Province [see

Tankut et al. (1995) and Toprak e al. (1996)]; 3, Incik Formation; 4, Candir Formation; 5, Tuglu Formation; 6,
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unknown sense of movement; 17, photo-lineaments; 18, dextral strike-slip faults; 19, sinistral strike-slip fauits; 20,
dips of faults where they are best observed in the field; 21, sample site locations. Plots of fault planes: (b)—(e) fault

planes, slickenlines and stress orientations for each site; (f)—(i) whole data in a particular phase and subarea

(lower hemisphere equal area projections).
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Table 3. Field characteristics of sites in subarea 3

N.KAYMAKCI ET AL.

Site Shear Vein OoP S.line CcC Unit* No. move.
34 - + 2 Ca 2 Ti 3
35 + + 2 SP, Ca 2 K 2
36 - 2 SP 2 K 2
38 - - 2 - 2 K 2
39 + - - SP 2 K 2
40 + - 2 SP 2 K 2
41 - - 2 Sp 2 K 2
42 + + 2 Ca 2 K 3
43 + + 3 SP, Ca 3 K 4
44 - - - Ca - K 1
45 + + - SP, Ca 2 K 2
46 - - - - - K, T¢ 1
47 + + SP 4 K, T¢ 4

* Tg¢, Candir Formation. Other abbreviations as in Table 1.

Results for subarea 3

This area is located at the northwest corner of
the Cankir1 Basin (3 in Fig. 1) where the NAOM
and the thrust faults bounding the western
margin of the basin change their strike from
north-northeast-south-southwest to northeast—
southwest. The area in which the sharpest
change occurs is hidden below the Plio-Quat-
ernary units (the Deyim Formation) (Figs 1 and
7a). The thrust faults along which the ophiolites
and Upper Cretaceous units thrust over the
Middle Miocene Candir Formation are covered
by the Upper Miocene Siileymanh and Bozkir
Formations (opl and op2 in Fig. 7a). This
relation indicates that thrust activity along TF4
and TF5 took place after the Middle Miocene
and prior to the Late Miocene. Along the Merzi
Reverse Fault (MRF), the NAOM is thrust over
the Upper Miocene Siileymanli Formation (op3
in Fig. 7a) and the thrust contact is covered by
the Plio-Quaternary Deyim Formation (op3 and
4in Fig. 7a). TFS is displaced by NF2, indicating
that two distinct tectonic regimes gave rise to
the development of these structures. The first
one is thrusting that resulted in the development
of TF5 and the second one is an extensional one
which gave rise to NF2, which is a normal fault
with a strike-slip component (Fig. 7a).

In the central-eastern part of the subarea,
near Cavuskoy, the post-Middle Eocene Incik
Formation was thrust over the Upper Miocene—
Pliocene(?) Bozkir Formation along the Cavus-
koy Reverse Fault (CF) and the reverse fault
contact is covered by the Plio-Quaternary
Deyim Formation (op5 in Fig. 7a), indicating
post-Late Miocene-Pliocene(?) formation of
the reverse fault. The Deyim Formation, in

turn, is displaced by northeast-southwest trend-
ing dextral strike-slip faults (Fig. 7a).

Palaeostress inversion

In this subarea, like the previous sites, four
phases of fault movement are observed. These
movements are assigned to deformation phases
and they are ordered according to their occur-
rence as explained previously (see Fig. 3). The
details of each site are given in Table 3 and the
results are presented in Fig. 7b—e.

Phase 1. Only four of the 14 sites had sufficient
data for the construction of site-based stress
tensors (Fig. 7b). The orientations of the princi-
pal stresses are consistent on a site basis and
they are also consistent with the constructed
regional stress tensor (Fig. 8b). The orientation
of the principal stresses and the stress ratio are:
o1 = 322°N/02°, o, = 052°N/05°, o3 = 212°N/85°%;
and @ = 0.413 (Fig. 7f) and indicate a compress-
ive deformation. The orientation of ¢ is almost
perpendicular to the trace of TF4 and oblique to
the trace of TFS and NF2.

Phase 2. Only three sites had sufficient slip data
for the construction of site-based stress tensors
(Fig. 7c). The orientation of principal stresses
are consistent with each other on a site basis
and, when averaged for all subareas, the orien-
tation of the principal stresses and the stress
ratio are: o = 278°N03°, 6, = 008°N/03°, o3 =
142°N/86°; and @ = 0.512 (Fig. 7g) and indicate a
compressive deformation. o; is almost perpen-
dicular to TF5 and NF2, and oblique to MRF,
TF4 and CF.
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Phase 3. Only three sites had sufficient data for
the construction of the site-based stress tensors,
although the horizontal component of o3 is
consistent for individual sites and with the
constructed mean subarea stress tensor (Fig.
7d). Orientation of regional stresses and the
stress ratio are: o1 = 343°N/51°, 6, = 206°N/31°,
o3 = 102°N/31°; and ® = 0.401 (Fig. 7h). None of
the principal stresses are oriented vertically or
horizontally and there are stress permutations
(Angelier 1994) between the sites. This relation
may indicate the state of so-called ‘tri-axial
strain conditions’ (Reches 19784, b). The orien-
tation of the horizontal component of o3 is
almost perpendicular to NF2 and other major
normal faults with a sinistral strike-slip com-
ponent (Fig. 7a).

Phase 4. Four sites had sufficient slip data for the
construction of site-based stress tensors (Fig.
7e). The orientations of site-based tensors are
relatively consistent with each other. In each site,
O, is subvertical and the horizontal component
of oy ranges from west-northwest—east-south-
east to northwest-southeast. The orientations of
subarea-based mean stresses and the stress ratio
are: 61 = 293°N/06°, 5, = 201°N/22°, 5 = 037°N/
68°% and ® = 0.608 (Fig. 7i) and indicate a
compressive deformation. The horizontal com-
ponent of o, is almost perpendicular to TF5, NF2
and MRF, and oblique to TF4 and CF.

Results for subarea 4

This subarea includes the western margin of the
Cankirt Basin and extends into the adjacent
Hancili Basin, which is separated from the
Cankin Basin by TF5 and NF2 (Figs 1c and 8a).
Along TF5, the Upper Cretaceous units are
thrust over the Middle Miocene Candir For-
mation and the fault contacts are covered by
Upper Miocene units in the north outside
subarea 4 (opl-3 in Fig. 8b). Along TF6, Upper
Cretaceous rocks are thrust over the Middle
Miocene Hancili Formation. Along TF7 and
TF8, the Upper Cretaceous rocks are thrust
over the Lower-Middle Miocene Aslantas and
Hancili Formations; these units are locally over-
turned along TF8. TF7 is covered by the Plio-
Quaternary Deyim Formation, indicating pre-
Plio-Quaternary activity of the fault. Along
TF9, the Lower-Middle Miocene Aslantas and
Hancili Formations are thrust over Upper Cre-
taceous rocks. TF10 is a set of thrust faults
developed within the Upper Cretaceous and
Palaeocene rocks. It is covered by the Plio-
Quaternary Deyim Formation, indicating pre-
Plio-Quaternary activity of this fault set.

TF5 is displaced by a number of approxi-
mately north-northeast-south-southwest strik-
ing oblique-slip faults with normal components
(e.g. NF3) that strike almost parallel to TFS5.
TF6-TF9 are displaced by a number of approxi-
mately northeast-southwest striking strike-slip
faults, some of which have a normal component
of movement (Fig. 8a).

In the Cankir1 Basin, the folds are oriented in
two directions. The folds developed in the
Candir Formation are oriented north—south to
north-northeast-south-southwest and the ones
developed in the Upper Miocene units are
oriented northeast-southwest. This relation
indicates two phases of folding. The earlier
folding postdates the deposition of the Middle
Miocene Candir Formation and predates the
Upper Miocene units, and the latter postdates
the deposition of Upper Miocene rocks.

The folds in the Hancili Basin are oriented in
two different directions. One set is oriented
northwest-southeast, parallel to the thrust
faults TF6-TF9. This relation indicates thrust-
related folding of the units in the Hancih Basin
after deposition of Hancili Formation in the
Early Middle Miocene. The second set is
oriented northeast-southwest, parallel to the
folds in the Cankir1 Basin affecting the Upper
Miocene units (Silleymanli and Bozkir For-
mations).

Palaeostress inversion

Twenty-one sites were selected for the construc-
tion of site-based stress tensors. As in the pre-
vious subareas, four phases of fault movements
were again recognized. These movements are
assigned into deformation phases and are
ordered according to their occurrence as
explained previously (see Fig. 4). The details of
each site are given in Table 4 and the results are
presented in Fig. 8c—f.

Phase 1. Seven sites had sufficient slip data for
the construction of site-based stress tensors.
Except for site 136 (Fig. 8c), the orientation of
the principal stresses are consistent on a site
basis and in all other sites; o3 is subvertical, o is
oriented in a northwest-north-northwest to
southeast-south-southeast direction and o, is
subhorizontal. The orientation of the mean
regional principal stresses and the stress ratio
are: oy = 165°N/01°, o, = 255°N/16°, 65 = 071°N/
74°% and ® = 0.372 (Fig. 8g), indicating that
thrusting occurred during this phase.

Phase 2. Only four sites had sufficient slip data
for the construction of site-based stress tensors
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Fig. 8. (a) Geological map and sample location of subarea 4. 1, NAOM,; 2, Aslantag and Kilgak Formations; 3,
Hancih Formation; 4, Candir Formation; 5, Siileymanli Formation; 6, Bozkir Formation; 7, Deyim Formation; 8,
alluvium; 9, anticline; 10, syncline; 11, overturned syncline; 12, thrust faults; 13, reverse faults; 14, normal faults;
15, strike-slip faults or faults with an unknown sense of movement; 16, photo-lineaments; 17, sinistral strike-slip
faults; 18, dextral strike-slip faults; 19, dips of faults where they are best observed in the field; 20, sample site
locations. (b) Map showing the relationship between thrusting of the NAOM onto the Candir Formation and
covering of the fault contact by the Bozkir Formation (see Fig. 1c for the location of the map). Plots of fault
planes: (¢)—(f) fault planes, slickenlines and stress orientations for each site; (g)-(j) whole data in a particular
phase and subarea (lower hemisphere equal-area projections).


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Orta Dogu Teknik Universitesi on March 31, 2013

315

EVOLUTION OF THE CANKIRI BASIN

mEmﬂ:*b@mLhQS&W

60/22 | PLI9LE|EL/EOL

0 0 19

0 WO 10

[

¥ 3SYHd

€ 3SVHd

LULYL [TLILEE|LO/LPT

v.L/110| 9L/GSZ|L0/S9L

t0O 0 10

t0 O 10

Y

¢ 3SVYHd

¥e

*
¥ 4SVHd

/
N\
//dk €¢

L2]
@
bl V 124

l

€ 3SVHd

lenxeq § |

| lensuis ¥ 3

S|

diis-dig ¥, |#

m.OJ‘
Nb!
[Te ]9 '3



http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Orta Dogu Teknik Universitesi on March 31, 2013

316

Table 4. Field characteristics of sites in subarea 4.

N. KAYMAKCI ET AL.

Site Shear Vein OP S.line CC Unit* No. move.
17 - - 2 - 2 Ti 2
18 + + - Ca 2 K 3
19 + + - SP,Ca 3 K 3
20 - + - - - K 2
21 + - 2 - 2 K 3
22 + + 2 Ca 2 K 3
23 - - - - - K 1
24 + + 2 - 3 K 4
25 - - - - - - -
26 + - - - 2 K 2
27 - - - - - K 1
28 - - - K 1
29 - - - - - K 1

133 - - - - Ta 1

134 - + Ca - Tha 1

135 - + - Ca 2 Tha 2

136 - + - Ca 2 Tha 2

137 + 2 - 2 TRK, Ta 3

138 + + 2 - 2 K, Tha 3

139a + + 2 — 2 K 3

139b + + 2 SP,Ca 2 K, Ta 3

140 - - - - - Ta 1

141 + - - - 2 Tha 2

142 + - - - 2 Tha 2

143 - - - - — Tha 1

144 - - 2 Ca 2 Tha 2

* Ta, Aslantag Formation; Tha, Hancili formation. Other abbreviations as in Table 1.

(Fig. 8d). The orientation of o, and o3 is vari-
able in each site, whilst o is relatively consistent
and oriented east-northeast-west-southwest to
northeast—southwest. The orientation of the
averaged subarea-based stresses and the stress
ratio are: o; = 241°N/41°, 6, = 331°N/12°, o3 =
147°N/77°; and ® = 0.703 (Fig. 8h), indicating
thrusting during this phase.

Phase 3. Six sites had sufficient slip data for the
construction of site-based stress tensors (Fig.
8e). In all the sites, o, is subvertical and other
stresses are subhorizontal. The horizontal com-
ponent of 3 is relatively consistent in each site,
but other stresses are variable in orientation.
This may be because the magnitudes of the o,
and o3 are very close to each other, resulting in
stress permutations (Angelier 1994). In ad-
dition, the orientation of the horizontal com-
ponent of o3 is approximately perpendicular to
the thrust faults (TF6-TF9) in the Hancili
Basin whence most of the data came. The
orientation of the mean regional principal
stresses and the stress ratio are: oy = 130°N/73°,
Gy = 316°N/14°, 65 = 224°N/09°; and @ = 0.487
(Fig. 8i). Having o, subvertical and other

stresses subhorizontal indicates extensional de-
formation in this phase.

Phase 4. Five sites had sufficient slip data for the
construction of site-based stress tensors (Fig.
8f). The orientation of the principal stresses are
variable, whilst o is relatively consistent in each
site except for site 22. It is oriented west-
northwest—east-southeast, while the horizontal
component of o3 is oriented north-northeast—
south-southwest. The orientation of mean sub-
area-based stresses and the stress ratio are: o; =
294°N/03°, o, = 194°N/74°, 53 = 025°N/25; and @
= 0.582 (Fig. 8j), indicating strike-slip defor-
mation in this phase.

Discussion

The results obtained are summarized in Fig. 9,
in which both the site and subarea stress tensors
are presented. They are important to the struc-
turing of the Cankir1 Basin subarea stress
tensors and the discussion will concentrate on
them.
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Fig. 9. Plots of horizontal components of o, [(a), (b) and (d)], o, [(b) and (¢)] and o3 (c) in different phases and

subareas (1-4).

Phase 1

As stated above, Phase 1 is characterized by
compressional deformation in which the
orientation of & is subhorizontal and that of &3
is subvertical. When the results are considered it
can be seen that o; has a consistent northwest
trend in the northern and northwestern margins
but a north-northwest trend in the western
margin; this gives an overall discrepancy of 37°
(Fig. 9a). The orientation of o; in the north
(subareas 1-3) is almost perpendicular to the
main thrust faults and oblique to the ones in the
western margin of the basin (Fig. 10). The
youngest units affected in this phase are pre-
Late Palaeocene; therefore, this deformational
phase operated until pre-Late Palaeocene time.

Phase 2

This phase is also characterized by compres-
sional deformation in which o is subhorizontal
and o3 is subvertical, although some sites do
indicate local strike-slip deformation in which

o; and o3 are both subhorizontal and o, is
subvertical. The averaged trend of o¢ is very
variable, changing from northeast-southwest in
subareas 1 and 2 to almost north-south in
subarea 2, to east—west in subarea 3 (Fig. 10b);
the angular discrepancy between the subareas is
87° (Fig. 9b). The fault slip data ascribed to this
phase are observed only in the pre-Burdigalian
units, therefore, a Middle FEocene-pre-
Burdigalian age is ascribed to this phase.

Phase 3

This phase is characterized by extensional de-
formation in which o, is subvertical and o3 is
subhorizontal. The orientation of o3 changes
from west-northwest in subareas 1 and 3, to
east-northeast in subarea 2 and northeast trend
in subarea 4 (Fig. 9c); this gives an overall
angular discrepancy of 73° (Fig. 9c). The orien-
tation of the horizontal component of 63 in each
subarea is oblique to the faults, which were
previously supposed to be active in this defor-
mation phase (Fig. 10c). The fault slip data
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and (e)]. (d) Length-weighted rose diagram prepared from the faults proposed to have developed in deformation
Phase 3 and an idealized stereographic projection of largest populations (note that they display two sets of
conjugate faults). (f) Length-weighted rose diagram prepared from the faults proposed to have developed in

deformation Phase 4.

ascribed to this deformation phase are obtained
mainly from Lower to Middle Miocene units in
subarea 4. In other subareas they overprint the
slickenlines that were previously ascribed to
older phases and overprinted by the latest
phase. Therefore, an Early-Middle Miocene
age is assigned to this phase. The length-
weighted rose diagram (Fig. 10d), prepared
from the normal faults supposedly developed in
this deformation phase, indicates two sets of
conjugate pairs of normal faults. Considering
the oblique nature of the principal stresses
discussed above, it is proposed that these faults

are developed in so-called ‘tri-axial strain con-
ditions’, which assumes that o is subvertical
and other stresses are oblique to the horizontal
plane (Reches 19784, b; Krantz 1988).

Phase 4

This phase is characterized by strike-slip defor-
mation in which o3 is subvertical and ¢, and o3
are subhorizontal. The orientations of o; trends
are relatively consistent in the subareas and
trend west-northwest with 17° of overall dis-
crepancy (Fig. 9d). In Fig. 10e the structures
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4]

Fig. 11. Interpreted and smoothed stress trajectories for each deformation phase. (a) Phase 1; (b) Phase 2; (¢c)

Phase 3; (d) Phase 4.

that may have developed in this phase are
illustrated. It is obvious that most of these
structures were reactivated in this deformation
phase along inherited planes of weaknesses,
although the variation of o; between subareas
is almost negligible. This relationship indicates
that pre-existing planes of weakness do not play
a major role in the stress-inversion procedure.
The slip data attributed to this phase include the
latest overprinting slickensides and the data
collected from the faults that affected the
Upper Miocene and younger units; therefore, a
post-Middle Miocene age is assigned to this
phase.

Stress trajectories and the models

Using the subarea-based principal stresses,
smoothed stress trajectories of each phase are
plotted (Fig. 11). The stress trajectories in Phase
1 display a mesh-like pattern in which the oy
trajectories are oriented northwest-southeast
while o, trajectories are curvilinear and convex
southeastwards (Fig. 1la). In Phase 2 they

display radial o, and concentric o3 patterns
(Fig. 11b). In deformation Phase 3, the o,
trajectories display radial pattern while o, are
concentric around the rim of the Cankir: Basin
and exposed parts of the Kirgehir Block (Fig.
11c). The concentric pattern of o5 trajectories in
deformation Phase 3 indicates uniaxial exten-
sion (Carey & Bruner 1974) which is character-
istic for areas of regional doming (Means 1976)
and multidirectional extension (Arlegui-Crespo
& Simon-Gomez 1998). In deformation Phase 4,
o, and o3 trajectories display a mesh like pat-
tern oblique to the western and northern rim,
and to the Kizilirmak and Sungurlu Fault Zones
(Fig. 11d).

The subduction of Neotethys took place
northwards under the Pontides along a roughly
east-west trending trench (Sengor & Yilmaz
1981; Goriir et al. 1984; Kogyigit et al. 1988;
Kogyigit 1991; Dellaloglu ef al. 1992) in Late
Cretaceous—Early Tertiary time, i.e. during de-
formation Phase 1. Considering the east-west
oriented zone of convergence, the orientation of
o, (in Phase 1) is therefore oblique to the
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direction of convergence (Fig. 12a). This re-
lationship may indicate that subduction had a
dextral strike-slip component in this part of the
Tethys Ocean (Fig. 12a), where the Sakarya
continent and the Kirsehir Block eventually
collided and amalgamated. Palacomagnetic
studies undertaken separately indicate that
the western part of the Cankini Basin rotated
c. 30° anticlockwise, while the eastern margin
rotated c. 50° clockwise, which resulted in the Q-
shape of the basin in Eocene~Oligocene times.

This relationship may also be the reason for the
radial o; pattern and concentric o pattern
developed with o3 subvertical in deformation
Phase 2 (Fig. 11b).

In the Early Miocene, the collision and
further convergence of the Sakarya continent
and the Kirgehir Block was completed. Sub-
sequently, the compressional regime was
replaced by an extensional regime (in defor-
mation Phase 3), which may be due to gravi-
tational collapse (Dewey 1988). This gave rise to
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the formation of multidirectional normal fault-
ing and the deposition of the Aslantas, Hancili
and Candir Formations within graben com-
plexes. Extensional deformation, driven by
gravitational collapse, has already been postu-
lated for western Turkey and the Aegean area
(Seyitoglu et al. 1992; Bozkurt & Park 1994,
1997; see Lips 1998 and Walcott 1998 for
Aegean references). Therefore, it can be pro-
posed that Early-Middle Miocene extension in
western Anatolia extended as far east as the
Cankin Basin area in central Turkey.

Having o, subvertical and o7 oriented north-
west-southeast during Phase 4, indicates that
the Sungurlu (SFZ) and Kizihrmak Fault
Zones (KFZ) have been the two major strike-
slip faults which deformed the Cankir1 Basin
and displaced its rims dextrally. The length-
weighted rose diagrams, prepared from these
structures, indicate the dominance of north-
easterly trends which display a Riedel defor-
mation pattern (Figs 10f, 12b and c), which
commonly develops in regions of regional
transcurrent deformation and along strike-slip
fault zones (Biddle & Christie-Blick 1985).
During this phase, the western margin of the
basin reactivated as a sinistral strike-slip fault
zone as the conjugate of the KFZ and the SFZ.
As the western margin was dominated by a pre-
existing thrust fault belt, it was reactivated into
a zone of sinistral transpression (Fig. 12d). In
addition, the orientations of the constructed
principal stresses (Fig. 12d) are parallel to the
compressive and tensile axes obtained from
recent earthquakes along the NAFZ (Jackson
& McKenzie 1984; Dewey et al. 1986). This
relationship is consistent with the results given
here.

Conclusions

o Four deformation phases have been recog-
nized and their palaeostress configurations
are constructed.

o The first phase is characterized by northwest—
southeast oriented o; and subvertical os,
indicating compressional deformation charac-
terized by thrusting.

o The second phase is characterized by radial
o and concentric 6, patterns with subvertical
o3, indicative of thrusting.

e Concentric o3 and subvertical o, are indica-
tive of extensional deformation in the third
deformation phase.

o The final phase is characterized by a north-
west-southeast oriented o, pattern with very
little variation of o, orientations between the
subareas.

o The structures, which were active in each
deformation phase, are plotted. The struc-
tures, which were active in the latest defor-
mation phase, display a Riedel deformation
pattern that is consistent with the strike-slip
deformation that has been in operation since
the Late Miocene in the area.
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