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Abstract

Three different deformation phases have been recognized in the southern part of the Cankirt Basin from (1) the major
structures and (2) through using paleostress inversion techniques for fault slip data. The deformation phases recognized from the
paleostress data are correlated with those recognized from the major structures and dated accordingly. The first phase occurred
in the Late Paleocene to pre-Burdigalian and is characterized by an oblique g, and NNE-SSW to NE-SW trending
subhorizontal ¢; and WNW—ESE to NW-SE trending o3 patterns which indicate transcurrent deformation associated with a
combination of thrusting and strike slip faulting (transpression) possibly due to indentation of the Kirsehir Block to the Sakarya
Continent. The second phase occurred from the Burdigalian to the Serravallian and is characterized by a subvertical ¢, and
oblique o, and o3, which indicate oblique extension associated with normal faulting possibly due to a post-orogenic collapse.
The third deformation phase is characterized by a vertical g, while the other stresses were horizontal, which indicate regional
transcurrent tectonics, which is correlated with the current transcurrent tectonics controlled by the North Anatolian Fault Zone.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Paleostress inversion; Gankiri; Kinematics; Transcurrent; Turkey
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Laville, 1985; Means, 1987; Reches, 1987; Krantz,

Paleostress inversion methods provide an estima-
tion of the orientation of the principal stress axes
using fault slip data sets. The direction of slip is
inferred from the fault slip data, which are assumed
to record the direction of maximum shear stress on a
fault surface (Carey and Brunier, 1974; Etchecopar et
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1988; Lisle, 1987; Doblas, 1998). The faults in three
dimension may conform to the Coloumb criterion, but
due to anisotropy and inherited planes of weakness,
faults may develop at angles to principal stress direc-
tions other than those predicted for isotropic media
(Wojtal and Pershing, 1991). Wallace (1951) and Bott
(1959) suggested that slip on pre-existing surfaces
occurs parallel to the maximum resolved shear stress.
After the pioneering paleostress inversion technique
of Carey and Brunier (1974), a number of paleostress
techniques have been developed. They have been
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applied to fault slip data for a variety of tectonic
context with consistent results. Thanks to this success,
paleostress inversion procedures are becoming a rou-
tine analytical technique in structural geology (Pollard
et al., 1993).

The purposes of this study are to apply paleostress
inversion techniques to unravel the paleostress history
of the southern part of the Cankir1 Basin, including
the Kirsehir Block (basement), and to constrain the
timing of each deformation phase. We relate the
results to the major structures that were active during
each deformation phase. This is a complement to
another study carried out in the northern part of the
Cankir1 Basin. Therefore, the numbering of subareas
and the analytical and numerical procedures follow
those outlined in detail in Kaymakei et al. (2000) and
briefly described in Section 3.

2. Regional setting

The Cankirt Basin lies adjacent to the Izmir—
Ankara—Erzincan Suture Zone along which the
Sakarya continent (Pontides) and the Kirsehir Block
(Taurides) (Fig. 1) are thought to have collided and
amalgamated (Sengor and Yilmaz, 1981; Tuysuz
and Dellaloglu, 1992). Besides being affected by
collisional processes, the Cankiri Basin was sub-
jected to further deformation in the post-Late Mio-
cene as part of the Anatolian wedge caught between
the transcurrent motions on the North and East
Anatolian Faults (Fig. 1). This has resulted in a
number of northwards convex dextral strike-slip
faults, which bifurcate from the North Anatolian
Fault Zone (NAFZ) (Barka and Hancock, 1984;
SengoOr et al., 1985; Kaymakci and Kogyigit, 1995).
The Kizilirmak and Sungurlu Fault Zones are the
two major splays of the NAFZ in this area, which
partly controlled the Late Miocene evolution of the
Cankir1 Basin (Fig. 2).

The major structures defining the western, northern
and eastern margin of the Cankir1 Basin are compres-
sional (Kaymakeci, 2000; Kaymakci et al., 2000). They
define a distinctive {)-shape to the Cankir1 Basin (Figs.
1 and 2). Along these faults, an ophiolitic mélange and
associated Late Cretaceous volcano-sedimentary suc-
cessions have been thrust over the basin fill (Akyurek
et al., 1984; Dellaloglu et al., 1992; Tuysuz and
Dellaloglu, 1992; Ozgelik, 1994; Kogyigit et al.,
1995; Kaymakcei et al., 1998, 2000). To the south,
the granitoids of the Kirsehir Block delimit the south-
ern margin of the basin and constitute the basement
(Dellaloglu et al., 1992; Tuysuz and Dellaloglu, 1992;
Kaymakei, 2000).

The other major structures that affected the
Cankir1 Basin are NE—SW trending strike-slip faults
(see Figs. lc and 2), namely, the Kizilirmak Fault
Zone (KFZ), Yagbasa Faragh Fault Zone (YFFZ),
Sivritepe Fault Zone (STFZ) and the Ezinepazari-
Sungurlu Fault Zone (ESFZ), all of which splay off
the NAFZ. They cross the basin and displace the
basin fill, the rim, and the basement. The south-
central part of the basin is dominated by generally
NNW-SSE- to NE-SW-oriented normal faults (Fig.
2). The southern area is dominated by the ESFZ, one
of the major splays of the NAFZ (Fig. 1d) that partly
ruptured during the Erzincan Earthquake (Mw. 7.9,
26 December 1939).

The fill of the Cankir1 Basin is more than 4 km
thick and accumulated during five different cycles of
sedimentation (Fig. 3). The cycles are discussed in
detail in Kaymakci (2000) and only a summary is
given here. The oldest cycle comprises the Late
Cretaceous volcanoclastics and regressive shallow
marine units, and the Paleocene mixed environment
red clastics and carbonates (Ozgelik, 1994; Kay-
makci, 2000). The second cycle is a Paleocene to
Oligocene regressive flysch to molasse sequence
overlain by a widespread thin (<100 m) nummulitic
limestone, Middle Eocene in age, that passes into very

Fig. 1. (a) Inset map showing the geological outline of the Eastern Mediterranean area (modified after Gorur et al., 1984; SengoOr et al., 1984).
EAAC: East Anatolian Accretionary Complex. (b) Active tectonic outline of Turkey and surrounding regions (modified after Barka and
Hancock, 1984; Sengor et al., 1985; Kogyigit, 1989; ézgclik, 1994; Kaymakei and Kogyigit, 1995). CB: Cankir1 Basin, DFZ: Dead Sea Fault
Zone, EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone. Large black arrows are the movement directions of Arabian plate
and Aegean—Anatolian Block. (c) Detailed tectono-stratigraphical map of the central Anatolia. Box shows the location of the study area.

Concentric circles are major towns.
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Fig. 3. Generalized tectono-stratigraphic column for the units exposed in and around the Cankir1 Basin. MN zones are after Kaymakci et al.

(2001b).
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thick (up to 2000 m) Late Eocene to Oligocene
continental red clastics intercalated with and overlain
by the Oligocene evaporites. The third cycle is rep-
resented by fluvio-lacustrine clastics deposited in the
Early to Middle Miocene. The fourth cycle is repre-
sented by the units that were deposited in Late
Miocene fluvio-lacustrine conditions. They frequently
alternate with evaporites. The Plio-Quaternary alluvial
fan deposits and recent alluvium locally overlie all of
these units (Fig. 3) and form the fifth cycle.

3. Methodology

In the southern part of the Cankiri Basin, more than
280 fault-slip data from 32 sites have been collected.
The relative ordering of fault motions and related
deformation was established from overprinting and
cross-cutting relationships. The age constraints were
applied through the careful documentation and analysis
of the fault structures in each of the stratigraphical
horizon. To avoid problems due to relative block and
fault plane interactions (see Pollard et al., 1993; Twiss
and Unruh, 1998) and to keep structural homogeneity,
sampling sites were kept to less than 50 m diameter
(Hancock, 1985). Areas larger than this were subdi-
vided into subsites and analyzed independently. In
addition, the faults with less than 1-m displacement
were used in the analysis because they should accom-
modate small strain associated with parallel principal
strain and stress axes (Hardcastle, 1989).

Relative age of each movement phase was deter-
mined independently for each fault and carefully
correlated with data from other subareas to form a
regional subset, which is then processed following the
algorithm proposed in Kaymakci et al. (2000). During
the analyses, the data from each site were carefully
examined and correlated to the site within a subarea.
The slip data, which have the same order of occur-
rence, could be grouped together for preliminary
stress inversion processing (Kaymakei et al., 2000).
For computational processing of the data, Angelier’s
method was used (see Angelier, 1984, 1994, for an
overview of the stress inversion procedure).

After preliminary processing, faults having more
than 15° misfit angle were considered spurious,
separated from the data set and treated separately.
After removal of spurious data, the stress tensor was

re-computed and re-analyzed using the software
developed by Hardcastle and Hills (1991) for the
automatic separation of stress tensors associated with
the different deformation phases as indicated from the
field observations. Concordant data were then taken
as indicating that the computed stress tensor is likely
correct. The initial spurious data were re-computed by
the Hardcastle and Hills (1991) method and if again
spurious they were not used in the final construction
of the stress tensors. If concordant (both in direct
inversion method and automated separation process)
they were included and re-analyzed. It should be kept
in mind that automatic separation was used only to
verify the results obtained from Angelier’s method.
By this way results were cross-checked.

In order to determine the mean stress tensor con-
figuration for a given movement phase in each sub-
area, all the data from each site and each phase were
grouped and the above procedure repeated. After the
mean stress orientations were determined, all of the
raw data was re-processed and the results were com-
pared with those obtained using the direct inversion
method. Because the minimum number of slickenline
data required to construct a stress tensor is 4 in the
direct inversion method (Angelier, 1979), the data of
sites containing less than this number was used only
in the construction of mean stress tensor for the
subarea within which it was located.

After the stress tensors for each set at each site had
been determined, they were correlated between sites.
By combining the stratigraphic information and the
relative order of the different sets, the stress tensors
were arranged into ordered deformation phases.

In both the direct inversion and the Hardcastle—
Hills methods, 15° was chosen as the maximum
angular deviation acceptable for the computation of a
given stress tensor. Faults with greater angular devia-
tions, after re-groupings and re-calculations, were con-
sidered to be spurious and deleted. Ten percent (10%)
of the whole data set falls into this category.

4. Field observations and results

The southern part of the Cankirt Basin is subdi-
vided into three subareas (Fig. 2) based on marked
differences in the underlying lithologies, and type and
trends of the structures.
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4.1. Subarea 1

Subarea 1 lies in the southwestern part of the
Cankir1 Basin where the basement and the rim come
closer to each other than at any other part of the basin
(Fig. 4). They are separated from each other by the Late
Cretaceous to Paleocene and Late Paleocene to Middle
Eocene units. The main structures in the subarea are
faults and folds (Fig. 4).

kilometer

4.1.1. Faults

The main faults observed in this area are the Bedes-
ten Faults (BTF-1, BTF-2, and BTF-3), Malibogaz1
Trust Faults (MTF), Kazmaca—Hamzali Reverse Fault
(KHRF), Sivritepe Fault (STF), Kilgak Thrust Fault
(KLTF), Kayadibi Fault (KDF), Babas—Ekincibayir1
Fault (BETF) and Hidirseyh Thrust Fault (HITF) (Fig.
4). Most of these faults delimit the western rim of the
basin and are dextrally displaced by the substrands of
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Fig. 4. Geological map and sample locations for subarea 1 (see Fig. 3 for the ages of the stratigraphical units).
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the Yagbasan—Faragli (YFFZ) and Sivritepe Fault
Zones (STFZ). The structural characteristics and pos-
sible age ranges of these faults are outlined in Fig. 5.

Along the faults BTF-1 and -2, various constit-
uent units of the North Anatolian Ophiolitic Mél-

ange (NAOM) are intensely deformed and sheared.
No reliable slickenlines were observed. Along the
fault BTF-3, the NAOM tectonically overlies the
Late Cretaceous to Paleocene Dizilitaglar Formation
(Fig. 4). The Dizilitaglar Formation, in turn, has

FAULTS
dip range
hanging wall foot wall covering or youngest andpdirecgt’ion Possible age range Deform.
Faults Formations Formations displaced Formation of the of the fault activity style | AGE
fault plane
Sulakyur Ty, Tk, To Deyim . Late Miocene
i Granite Incik (Ti) (Late Pliocene-Quat) 708 to Recent U.)% o
KDF NAOM Candir M ene) 70°-80'W | post-Middle Miocene E&: . §
NAOM, - Suleymanli can® ost-Middle Miocene -2 o=s<=
BETF Ky, Kya Candir (Late Miooene) 60°-80°W ppre_,_ate ¥ Had o |85=
BTF-1 NAOM,
; NAOM NAOM — Late Cretaceous
Yalagayi (Ky), ’ 65°-75"W
BTF-2 Yaprakii (Kya) Ky, Kya (Late Cretaceous) to Recent
BTF-3 Q@?(';"é Dizilitaslar (Td) (E;Zlggﬁz'ﬁ;) 65"-80°W post-Paleocene <
- Yoncali (Ty) Karabalgik . _ 5 z
S Td Karabalgik (Tk) |  (Middle Eocene) 5070w (Eary to Middle 2 o)
Mahmatl . ocene to Recen 7] o
BTF-5 Td Ty, Tk (Eocene) 55'W i =
NAOM, Candir (Tg) P Middle Eocene, a w
BTF-6 Ky, Kya Tk (Middle Miocene) 70°-75'W pre-Middle Miocene %’ g‘
Deyim (Tde) T post-Late Cretaceous o =
MTF NAOM Kya (Late Pliocene-Quat.) 207-45'S pre-Late Pliocene = 5
Kocacay (Tko), . Candir ©an® Middle Eocene o
KHRF gTyK( ) Incik (Middle Miocene) 60"-90°E to pre-Middle Miocene o
. Deyim R post-Early Miocene
KLTF NAOM, Ky Kilgak (Late Pliocene-Quat.) 35-70°N pre-Late Pliocene
. : dip range
ot Displaced " eet Along strike | ' yirection Possible age range Deform.
aults | youngest ZXCIOLISE changes in of the of the fault activity style | AGE
formations def. style fault plane
Bozkir and c-c’=13km Transpression . . syn- to post-
niz Stleymanli d-d’=9 km to transtension 70Nt 70°S Late Miocene T
. : o ooet 28 |.o@
0 ; a-a’=7km ranspression . . syn- to post- 2 556
STFZ Stleymanli b-b’=3km to transtension | 70'N1065°S Late Miocene %’-J_% gg 5
< =
=l
© =
- - s
KFS Sileymanli ? transtension 60°N to 90°S ﬁ)é?e tlaiggtse;e i
FOLDS
dip range and possible
oungest irecti .
folds lededgunit Covering unit d";?‘t’ﬂgn compression Age range
axial plane direction
f1 Td 70°-90°N E-W post-Paleocene
f2 Ty 60°-90°'N NW-SE post-Mid. Eocene
3 Ty, Tk 70°-90°N E-W post-Mid. Eocene
- ©an® 1 syn- to post-
f4, 5 Ti 35-60°N E-w Mid. Eocene
. syn- to post-
F6-f9 Tk Te 50°-90°N E-W Mid. Eocene to
pre-Middle Miocene

Fig. 5. Figure illustrating the structural and kinematic characteristics, possible age ranges of the faults and the folds developed in subarea 1.
BTF: Bedesten Faults, MTF: Malibogazi Fault, KHRF: Kazmaca—Hamzali Fault, KLTF: Kilgak Thrust Fault, STF: Sivritepe Fault, KDF:
Kayadibi Fault, BETF: Babas—Termeyenice Fault, YFFZ: Yagbasan—Faragh Fault Zone, STFZ: Sivritepe Fault Zone, KFS: Kirikkale Fault set.
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been thrusted over the Early to Middle Eocene
Karabalgik and Yoncali Formations along the fault
BTF-4. Along the fault BTF-5 the NAOM tectoni-
cally overlies the Early to Middle Eocene Mahmat-
lar Formation in the southwesternmost part of the
basin. This relationship is important for determining
the amount of E—W tectonic transport of the rim.
The Mahmatlar Formation is derived mainly from
the Kirsghir Block and lies adjacent to it (Kay-
makei, 2000). It is separated from the rim of the
Cankir1 Basin by the Late Cretaceous to Paleocene
Dizilitaslar Formation and from the Early to Middle
Eocene units (Yoncali and Karabal¢ik Formations).
Therefore, the cumulative vertical offset of this fault
is larger than the total thickness of these units,
which is more than 2 km. In the north, along the
fault BTF-6, the NAOM is thrusted over the Early
to Middle Eocene Karabal¢ik Formation. It is
unconformably overlain by the latest-Early Miocene
to Middle Miocene (MN ?4—6) Candir Formation
where it is displaced by a NW—SE trending normal
fault (location e in Fig. 4) indicating post-Middle
Eocene and pre-latest-Early Miocene to Middle
Miocene activity of this thrust fault.

The Kilgak Thrust Fault (KLTF) is the youngest
well-constrained thrust fault observed in the Cankiri
Basin. Along the KLTF, the NAOM and the Yaylagayy
Formation have been thrusted over the Aquitanian
(MN 1-2) Kilgak Formation.

The Yagbasan—Farasgli and Sivritepe Fault Zones
have displaced the rim, the basin fill, including the
Late Miocene units, and the basement (Fig. 4) indicat-
ing the syn- to post-Late Miocene activity.

4.1.2. Folds

The folds (f1—-f9) developed in this subarea are
oriented mainly in a N—-S to NNW-SSE direction
except f2, which has a curved trace and becomes
parallel to the SFZ in the north (Fig. 4). The folds f1
and f3 trend parallel to the fault BTF-4, which leads
for a common tectonic origin. The folds (f5-9) in the
north of the YFFZ are subparallel to the BTF-6 and
trend NNW—SSE to N-S. In addition, the folds f8—f9
are overridden by the BTF-6 indicating their sequen-
tial development. The folds f4 and {55 are overturned
synclines developed within the Incik Formation and
associated with progressive unconformities within the
Incik Formation. This relation was interpreted as

being due to the coupling of thrusting and deposition
of the Incik Formation in the post-Middle Eocene to
pre-Oligocene (Kaymakci, 2000). The characteristics
of these folds are summarized in Fig. 5.

4.1.3. Paleostress inversion

In order to understand the kinematic history of this
subarea, 91 out of 105 fault slip data have been
analyzed from 17 sites (Fig. 6). The remaining 14 data
were spurious. Therefore, they were not used in the
construction of stress tensors. With the exception of
sites 109 and 89 where the data was collected from
Aquitanian (MN 1-2) Kilcak Formation and the
NAOM, respectively, all the other data were collected
from Paleocene to Eocene units. The details of the data
from each site are given in Table 1.

At seven sites, two different sets of overprinting
slickenlines and slickenfibres developed in the dilata-
tional jogs and three different fault movements were
observed in the field (Table 1). In ordering of move-
ment sets and deformation phases, the procedure
discussed in Kaymakei et al. (2000) was followed as
mentioned before.

Phase I: This phase is recognized at only six sites
(Fig. 6a and Table 2). The orientation of the horizontal
principal stress is relatively consistent between sites
and it is oriented ENE—WSW to NNE—SSW. Except
for sites 109 and 131-2 in which o3 is vertical, in all
other sites ¢, and o3 are oblique (see Table 2).

The orientations of the subarea based mean
regional stresses are as follows ¢;=023°N/01°,
0, =116°N/64°, 65=293°N/26 (Fig. 7 and Table 2).
The youngest unit which has been deformed in this
phase is the MN-1 Kilcak Formation. Therefore,
deformation phase 1 postdates the deposition of the
Kilgak Formation in the Aquitanian (MN 1-2 in MN
zones, Fig. 3). The approximately subvertical orienta-
tion of o, and oblique orientation of o5 indicate
transcurrent deformation in the deformation phase 1.

Phase 2: This phase was recognized at two sites
(Fig. 6). In both sites g; is subvertical and o3 is
subhorizontal and o, is subhorizontal (Fig. 6 and Table
2). The orientations of the mean regional stresses are as
follows: o;,=303°N/67°, 0,=075°N/16°,
03=170°N/17 (Fig. 7 and Table 2). The subvertical
orientation of ¢; and approximately subhorizontal
orientation of the other principal stress indicate a
dominantly extensional deformation.
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Table 1
Kinematic field characteristics of the faults and their hosting units for each site in each subarea
Site Type of indicators Associated Number of Vein Host unit Number of
fibres cross-cutting phases
Subarea 1 11 Slickenlines/fibre Calcite 2 - Karabalgik 2
17 Slickenlines - 2 - Incik 2
86 Slickenlines - - — Mahmatlar 2
89 Slickenlines - 2 — NAOM 2
99 Slickenlines - - - Dizilitaglar 1
100 Slickenlines/fibre Calcite 2 + Kocagay 2
101 Slickenlines/fibre Calcite 2 + Kocagay 2
102 Slickenlines - - — Mahmatlar 2
103 Slickenlines - - Mahmatlar 1
104 Slickenlines - - Mahmatlar 1
105 Slickenlines - - - Mahmatlar 1
109 Slickenlines/hyd.P.S. - 2 + Kilgak 2
111 Slickenlines/hyd.P.S. - 2 Hacihalil 2
130 Slickenlines - - — Hacihalil 1
131-a Slickenlines/fibre Calcite 2 + Hacihalil 2
131-b Slickenlines/fibre Calcite 2 + Karabalgik 2
152 Slickenlines/fibre Calcite 2 + Karabalgik 2
Subarea 2 90 Slickenlines - 1 — Sulakyurt Granite 1
92 Slickenlines - 1 — Sulakyurt Granite 1
94 Slickenlines 1 Incik 1
95 Slickenlines 1 — Incik 1
98 Slickenlines 1 Incik 1
146 Slickenlines/fibre Calcite 2 + Candir 2
148 Slickenlines/fibre Calcite 2 + Incik 2
Subarea 3 76 Slickenlines/fibre Calcite 3 + Yoncali 3
120 Slickenlines/fibre Calcite 3 + Yoncali 3
121 Slickenlines/fibre Calcite 3 + Incik 3
122-A Slickenlines/fibre Calcite 3 + Yoncali 3
122-B Slickenlines/fibre Calcite 3 + Yoncali 3
124 Slickenlines/fibre Calcite 3 + Yoncali 3
125 Slickenlines/fibre Calcite 3 + Yoncali 3
132 Slickenlines/hydroplastic Calcite 2 + Osmankahya 2
slickensides
148-A Slickenlines/fibre Calcite 2 + Yoncali 2
148-B Slickenlines/fibre Calcite 2 + Candir 2
149 Slickenlines - 2 - Tuglu 2
150 Slickenlines - 2 - Tuglu 2
151 Slickenlines/fibre Calcite 2 + Candir 2

Slickenlines/fibre: polished surfaces and growth fibres. Number of cross-cutting: number of cross-cutting and/or overprinting sets of kinematic
indicators of any type. Number of phases corresponds to the number of phases of deformation encountered in each site. They do not necessarily
correspond to the order of phases. NAOM: North Anatolian Ophiolitic Mélange. + Present, — absent.

Phase 3: Only five sites had sufficient data for the
construction of stress tensors (Fig. 6 and Table 2). The
horizontal component of the ¢, ranges from E-W to
NNW-SSE. Except for site-103 where o, is subvert-
ical, in the other sites o3 is subvertical. The mean
stresses for the subarea are o,=113°N/13°,
0,=017°N/25°, and ¢3=228°N/62°. Having the
regional o3 subvertical, g, subhorizontal and o,

horizontal suggests compressional deformation in this
subarea.

4.2. Subarea 2
4.2.1. Faults

The main structures shaping subarea 2 are the Yag-
basan—Farash Fault Zone (YFFZ), generally N—S- to
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Table 2
Orientations of principal stresses and stress ratios for each site in each subarea
Site 04 0> 03 ¢ Number
of faults
Subarea 1 Phase 1 11 031/00 121/79 301/11 0.51 7
100 071/37 193/35 311/34 0.72 5
109 029/07 119/00 211/84 0.38 5
111 051/19 162/46 305/38 0.40 4
131-a 014/13 124/55 276/32 0.64 5
131-b 225/05 315/00 046/85 0.78 5
Regional 023/01 116/64 113/13 0.37 35
Phase 2 101 252/54 105/31 005/16 0.46 5
104 318/71 101/15 194/11 0.32 6
Regional 303/67 075/16 017/25 0.32 30
Phase 3 17 138/13 229/05 339/76 0.24 5
86 308/05 216/18 054/71 0.32 7
89 267/08 174/17 021/71 0.84 4
103 339/09 206/77 70/09 0.66 4
152 103/17 001/33 216/52 0.15 9
Regional 150/24 300/64 228/62 0.26 23
Subarea 2 Phase 1 95 016/29 161/56 277/16 0.46 5
Regional 056/10 255/80 147/03 0.60 13
Phase 2 92 167/45 048/27 298/33 0.46 6
94 206/73 033/17 302/02 0.13 8
98 197/55 002/34 097/07 0.53 5
Regional 180/59 357/31 088/01 0.45 11
Phase 3 90 130/46 317/44 224/03 0.54 5
146 137/38 290/49 036/14 0.93 4
Regional 123/39 308/51 041/02 0.67 9
Subarea 3 Phase 1 76 013/18 253/57 112/27 0.26 5
120 195/04 356/86 105/01 0.51 6
121-a 172/14 333/75 081/05 0.49 10
122-b 174/17 335/72 081/06 0.43 6
125 205/02 296/33 112/57 0.39 5
150 042/02 137/69 311/21 0.26 12
Regional 199/03 306/80 109/10 0.34 36
Phase 2 120 324/62 118/26 213/11 0.99 7
121-a 086/86 287/03 197/01 0.27 5
132 355/73 107/06 199/15 0.32 5
Regional 080/77 299/10 207/08 0.64 20
Phase 3 76 107/14 303/75 198/04 0.25 10
124 111/23 294/67 201/01 0.72 7
148-b 103/27 221/42 351/36 0.25 4
149 142/29 349/58 239/12 0.38 11
151 087/27 266/63 356/00 0.55 13
Regional 100/23 285/67 191/02 0.38 64

NE—-SW-oriented normal faults with sinistral compo-
nents, the Halach Fault (HTF), and the Kizilirmak Fault
Zone (KFZ) (Fig. 8).

The YFFZ extends from subarea 1 where it is a
strike-slip fault with a component of normal sense of
movement as indicated by the slickenlines and slick-
enfibres developed in dilational jogs.

The Halagli Thrust Fault (HTF) is observed in the
NE corner of the subarea. Along the HTF, the Oligo-
cene Guvendik Formation tectonically overlies the
latest-Early Miocene to Middle Miocene (MN ?4-6)
Candir Formation. The HTF is displaced more than 7
km dextrally by one of the faults within the Kizilirmak
Fault Zone (Fig. 8). Based on this information it can be
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Fig. 7. Plots of fault planes, slickenlines and stress orientations for the whole data, in subarea 1, for each deformation phase.

concluded that the HTF postdates the deposition of the
Candir Formation in latest-Early Miocene to Middle
Miocene and predates the Kizilirmak Fault Zone.

Along the N—S- and NE—SW-oriented faults (Fig.
8), to the north of the YFFZ, the Sulakyurt Granitoids,
Kocagay, Incik, and Candir Formations are displaced
dominantly in normal sense with slight lateral com-
ponents. In the north, these faults are covered by the
Messinian (MN-13) Stleymanli Formation and fur-
ther in the north some of these faults are partly
delimited by the Kizilirmak Fault Zone. These faults
were normal faults during the deposition of the Candir
Formation in the latest-Early Miocene to Middle
Miocene (MN ?4-6) period (Kaymakci et al.,
2000). They were later inverted into reverse faults in
post-Messinian times.

The Kizilirmak Fault Zone, in this part of the
Cankir1 Basin, is characterized by NE—SW-oriented
strike-slip faults with normal component (Kaymakci et
al., 2001a) that have displaced the HTF, and the

Messinian (MN-13) Suleymanh and Bozkir Forma-
tions, indicating post-Messinian activity of the Fault.

4.2.2. Paleostress inversion

From 10 sites, 43 fault slip data have been col-
lected. In five of the sites, overprinting slickenlines
were observed indicating two different episodes of
fault movements. The number of faults used in the
paleostress computations varies between four and
eight, which decreases the reliability of the results
for each site. However, subarea-based tensors were
reconstructed using all of the data including the sites,
which do not have enough slip data for site-based
analysis as well. Ordering of the deformation phases
was based on overprinting relationships, the auto-
mated separation procedure and correlation with the
other subareas. The details of the sites are given in
Table 1.

Phase I: Only one site had enough slip data for the
inversion procedure. The orientation of the site-based



98 N. Kaymakci et al. / Tectonophysics 364 (2003) 85-113

“ﬁnxxxnux\z
b

kilometer

XTXR X
XXX)('(

Fig. 8. Geological and sample location (site) map for subarea 2 (same legend as Fig. 4). HTF: Halagh Thrust Fault.

tensors is given in Table 2 and Fig. 9. The orientations
of the subarea-based regional stresses are as follows:
01=056°N/10°, 6,=255°N/80°, and g5=147°N/
03° (Fig. 10 and Table 2), indicating strike-slip
regime in this part of the basin during deformation
phase 1.

Phase 2: This deformation phase was recognized in
only three sites (Fig. 9). In each site, g5 is subhor-
izontal and o is subvertical. The orientations of the
principal stresses are consistent and are as follows:
a1=180°N/59°, 6,=357°N/31°, 03 =088°N/01 (Fig.

10 and Table 2) and indicate oblique-extensional
deformation in the area during this phase.

Phase 3: Two sites had enough slip data for the
construction of site-based stress tensors. The orienta-
tions of the principal stresses are given in Fig. 9 and
Table 2. All of the faults used in the construction of the
regional stress have dextral strike-slip character which
decreases the precision of the results. They may only
indicate the average orientations of the principal
stresses. The orientations of the regional principal
stresses are as follows: g, is subhorizontal and trend-
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Fig. 9. Plots of faults planes, slickenlines, and stress orientations for each site in subarea 2 (lower hemisphere, equal area projection).

ing NW-SE (123°N/39°), g, is subvertical (308°N/
51°), and o5 is horizontal and trending NE—SW
(041°N/02°) (Fig. 6d and Table 2). Subvertical g,
and subhorizontal ¢; and horizontal o5 suggest trans-
tension in this part of the basin in deformation phase 3.

4.3. Subarea 3

4.3.1. Faults

The main structures in subarea 7 are the Ugurludag
Thrust faults (UTF 1-4), the Tugcu Faults (TGF 1
and 2), the Sagpazar Reverse Fault (SRF), the
Karagay Reverse Fault (KARF), the Guvendik Thrust
Fault (GTF), the Sungurlu Fault Zone and its main
strand (MSFZ), the Givendik Folds (GF) and the
Sagpazar Anticline (SA) (Fig. 11).

The basic characteristics of SRF, KARF, GTF, and
MSFZ and their tectonic implications are summarized
in Fig. 12.

The Ugurludag Thrust Faults (UTF 1, UTF 2,
UTF 3, and UTF 4) are the most prominent struc-
tures in this subarea. Along the UTFs, the NAOM
and associated Late Cretaceous units are thrusted
over most of the Early to Middle Eocene units (the
Yoncali, Karabalgik, Bayat and Osmankahya Forma-
tions), indicating post-Middle Eocene activity (Figs.
11 and 12). The UTFs are displaced dextrally by a
number of NE—SW-trending strike-slip faults, and
therefore, the primary relation between UTF 2 and
UTF 3 is obliterated. Among these, UTF 1 is a
reverse fault with a dextral strike-slip component.
The kinematic characteristics of the other UTFs,
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Fig. 10. Plots of fault planes, slickenlines and stress orientations for the whole data, in subarea 2, for each deformation phase (lower hemisphere,

equal area projection).

namely, UTF 2 and UTF 3, could not be constrained
precisely.

Along TGF 1 and TGF 2 (Tugcu Faults), the
NAOM has been thrusted over the Candir Formation
(a and b Fig. 11). In location ¢ along the TGF 3, the
NAOM is thrusted, towards the SW, over the Kar-
abalgik Formation, and the Candir Formation seals the
thrust contact. This relation indicates that TGF 3
postdates the Early to Middle Eocene Karabalgk For-
mation, and predates the latest-Early Miocene to Mid-
dle Miocene (MN ?4-6) Candir Formation.

The Kara@y Fault (KARF) is a NNE—SSW-ori-
ented fault along which the Kocacay Formation is
thrusted over the Incik Formation. The thrust fault
contact is sealed by the Candir Formation in the
south (location d in Fig. 11), and by the Tuglu
Formation in the north (location e in Fig. 11). This
relation indicates that the thrusting predates the
deposition of the Candir Formation in the latest-Early

Miocene to Middle Miocene (MN ?4-6) (see also
Kaymakei et al., 2001a).

The Sagpazar Reverse Fault (SRF, Fig. 11) is
observed between the overlying post-Middle Eocene
to Oligocene Incik and the underlying Bozkir For-
mation. This relationship implies that the SRF post-
dates the deposition of the Bozkir Formation in latest-
Late Miocene (MN-13) to Pliocene (Kaymakeci et al.,
2001a,b).

The Sungurlu Fault Zone is one of the largest
structures in north Central Anatolia (Fig. 1). It is
distributed over much of the study area and charac-
terized by a number of generally NE—SW-striking
faults that displace most of the above structures as
well as the Late Miocene and Plio-Quaternary units
(Deyim Formation). Along the master strand of the
Sungurlu Fault Zone (MSFZ), the Guvendik Syncline
(GS) is rotated anticlockwise together with the Karagay
reverse Fault (KARF) implying sinistral activity on the
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Fig. 12. Figure illustrating the structural characteristics, possible age ranges of the folds and faults developed in subarea 3. SRF: Sagpazar
Reverse Fault, UTF: Ugurludag Thrust Faults, TGF: Tugcu Faults, KARF: Karagay Reverse Fault, GTF: Guvendik Thrust Fault, GS: Guvendik
Syncline, GA: Guvendik Anticline, SA: Sagpazar Anticline.

Sungurlu Fault Zone, after the deposition of the
Guvendik Formation in the Oligocene (Kaymakci et
al., 2001a,b; in press b). Along the subbranches of the
Sungurlu Fault Zone, the Guvendik Syncline (GS), the
Karagay Folds, the GTFs and the UTFs were displaced
dextrally. The youngest dextrally displaced unit is the
Messinian Bozkir Formation. These relationships indi-

cate that the dextral Sungurlu Fault has been active
since the Messinian (Kaymakci et al., 2001a).

4.3.2. Folds

The Guvendik Syncline (GS) is developed within
the post-Middle Eocene to Oligocene Incik and the
Oligocene Guvendik Formation. It is unconformably
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Fig. 13. Plots of faults planes, slickenlines, and stress orientations for each site in subarea 3 (lower hemisphere, equal area projection).



104 N. Kaymakci et al. / Tectonophysics 364 (2003) 85-113

overlain by the latest-Early Miocene to Middle Mio-
cene Gandir Formation (see f—g in Fig. 11). This
relation indicates the post-Oligocene and pre-latest
Early Miocene to Middle Miocene development of
the GS after the Giivendik Formation and before the
deposition of the Candir Formation.

A number of folds are observed parallel to the
Gtivendik Syncline. They are developed within the
Incik and Guvendik Formations indicating their syn-
to post-Oligocene development. In the NW part of the
subarea they are covered by the Candir and Tuglu
Formations indicating their pre-Middle Miocene
development (Fig. 11).

The N—S-trending Karagay Folds that are located
around sites 148—150 are developed within the Tuglu
Formation, which indicates their post-Tortonian (MN
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10—12) development related to an approximately E—
W compression (Fig. 12).

The f11-£13 folds that developed in the SE corner
of subarea 7 formed in the Incik and Giivendik
Formations indicating their post-Oligocene origin.

4.3.3. Paleostress inversion

From 16 sites, 132 fault slip data were measured.
One hundred sixteen of them were useful for the
construction of paleostress tensors. The kinematic
characteristics of each site in subarea 3 are summar-
ized in Table 1. In sites 76 to 125, along all of the
studied fault planes, three sets of overprinting calcite
fibres were observed. The oldest set of calcite fibres
indicates a sinistral movement for the NE—SW- to E—
We-striking faults. The second set overprints the
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Fig. 14. Plots of fault planes, slickenlines and stress orientations for the whole data, in subarea 3, for each deformation phase (lower hemisphere,

equal area projection).
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abovementioned sinistral set. It generally displays a
normal slip. The latest set overprints all the other sets.
It exhibits dextral slip.

Phase 1: Six sites had sufficient data for the
construction of site-based stress tensors (Fig. 13
and Table 2). The orientations of the principal stress
axes were determined from strike-slip fault popula-
tions (76, 120, 122 and 150), which are relatively
consistent. In all sites, except site 125, o, is sub-
vertical, o; and o3 are subhorizontal. ¢; varies
between NNW-SSE to NE—~SW. The mean orienta-
tions of stress for the subarea are as follows:
g1=199°N/03°, 0,=306°N/80°, a3=109°N/10°
(Fig. 14), in agreement with strike-slip regime. With
o, oriented NNE—SSW relative to NE—SW oriented
faults would be left lateral (as reflected in the slip
data) during this phase.

Phase 2: Three sites had sufficient data for the
construction of the paleostress tensors in phase 2 (Fig.
13). In all sites, o, is subvertical, ¢,, and o5 are
subhorizontal and vary between WNW —ESE to NW—
SE and NNE—-SSW to NE—SW, respectively (Table
2). The orientations of the principal stress axes
between sites and in the subarea-based orientations
are relatively consistent. The orientations of the stress
axes (07=080°N/77°, 6,=299°N/10°, a5=207°N/
08°) show an extensional regime associated with a
NNE-SSW-trending a5.

Phase 3: For this phase, we considered five sites
with sufficient data for the paleostress reconstruction
(Fig. 13). The orientation of the regional ¢; is 100°N/
23° with subvertical ¢, and subhorizontal o3 (Fig. 14
and Table 2). In this strike-slip regime, NE—SW faults
would work as right lateral as reflected in the fault slip
data.

5. Discussion
5.1. Temporal relationships

The temporal relationships of the structures devel-
oped in the southern part of the Cankir1 Basin are
summarized in Figs. 5 and 12. Two different com-
pression phases (deformation phases 1 and 3) sepa-
rated by an extensional period (phase 2) have been
determined using cross-cutting and unconformable
relationships.

The cross-cutting relationships of the faults STF,
KDF, BETF, KFZ, YFFZ, KFS, NE—-SW-oriented
faults, SRF, and UTF1 and UTF2 indicate regional
transcurrent tectonics characterized by a transpres-
sional and/or a transtensional component in the post-
Middle Miocene. Based on the cross-cutting relation-
ships and deformation styles of the Neogene units
(Kaymakei et al., 2001a), the beginning of the
regional transcurrent tectonics is circa Tortonian
(MN 10-12, which corresponds approximately to
9.7 to 6.6 Ma).

The thrust faults and folds sealed by the Candir
Formation (Figs. 5 and 12) indicate a compressional
tectonic regime prior to the regional transcurrent
tectonics. The temporal relationships of some of
these structures suggest that (1) the orientation of
o1 in the earlier compressional regime is WNW—ESE
and (2) a pre-latest-Early Miocene to Middle Mio-
cene age. The growth fault patterns observed within
the latest-Early Miocene to Middle Miocene (MN
?74—6) (Gandir Formation, in the seismic sections
(Kaymakeci, 2000) and Neogene deformation styles
Kaymakei et al. (2001a) also support that the earlier
compressional phase ended prior to the deposition of
the Gandir Formation.

Growth fault patterns, displacement of thrust
faults by normal faults and inversion of some of
these growth faults indicate that earlier compres-
sional regime (phase 1) was superceded by an exten-
sional regime (phase 2) in latest-Early Miocene to
Middle Miocene (MN ?4-6, approximately 18.0 to
13.5 Ma; Kaymakeci, 2000). This, in turn, was super-
ceded (in the Late Miocene) by a new compressional
regime characterized by regional transcurrent tecton-
ics (phase 3) (Figs. 5 and 12, also Kaymakci et al.,
2000, 2001a).

5.2. Correlation between the subareas

Phase I: The trend of ¢, varies from NNE-SSW
to NE-SW in which a maximum deviation of 46°
occurs between subareas 2 and 3 (Fig. 15b). The a5 is
subvertical in each subarea whereas o, and o3 are
subhorizontal (strike-slip regime).

Paleomagnetic results have revealed that the west-
ern and southeastern parts of the Cankiri Basin have
rotated anticlockwise between 27° and 36°, and the
eastern margin has rotated 52° clockwise in the Early
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Fig. 15. (a) Simplified geological map illustrating the amount and orientations of paleodeclinations (see Kaymakci, 2000; Kaymakei et al.,
2002). (b, d and e) Present-day horizontal component of the principal stress for each deformation phase. (c) Back rotated (rotation amounts are
indicated) horizontal components of the principal stresses for phase 1 (present-day orientations are in gray). MAD: Maximum angular

divergence between the stresses between subareas.
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Eocene to pre-latest Early Miocene (Kaymakci, 2000;
Kaymakei et al., in press b). The paleomagnetic
declinations are illustrated in Fig. 15a. Because defor-
mation phase 1 is thought to have occurred in the time
range between the Early Eocene to pre-latest-Early
Miocene (pre-Burdigalian), the paleostress data for
this phase is restored according to the closest decli-
nation data. Therefore, the regional stress for subarea

1 is rotated clockwise (Fig. 15c). There is almost no
rotation in the central part of the Cankiri Basin (i.e.
subarea 2); therefore, no restoration was performed
for this subarea for phase 1. The paleostress data for
subarea 3 was collected from south of the YFFZ.
Therefore, the regional stresses for this subarea were
rotated clockwise (Fig. 15c), which is the average of
the Eocene and Oligocene paleomagnetic declination

Phase 1 (back rotated)

om0 oo oo

Ophiolitic rim M Kirsehir ACﬁVE faults in
of the basin Block phase 3

Fig. 16. Integrated smoothed trajectories of horizontal components of principal stress for each deformation phase. C: location of Cankir1 town.
Note that for the deformation phase 2, stress trajectory pattern given in ‘b’ is not feasible due to possibility of more than one isotropic points (IP)
and orthogonality problem near the isotropic points, However, the pattern given in ‘c’ is more feasible and is more compatible with stress

trajectories in the northern area (i.e. subareas 1—4 in Fig. 15).
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data south of the YFFZ (Fig. 15a). Maximum angular
divergence of o, orientations between the subareas
after back rotation becomes 76°.

Phase 2: This is a poor data set, but in all subareas,
oy is subvertical indicating an extensional regime.
However, the horizontal component of o3 is poorly
defined. It varies by as much as 96° (Fig. 15d).

Phase 3: In this phase (Fig. 15¢) o is subhorizon-
tal in all the subareas and the other stress axes are
variable between the subareas. In subareas 2 and 3, o,
is subvertical while o3 is horizontal. However, in
subarea 1, g5 is subvertical while o, is subhorizontal.
Maximum angular divergence in the horizontal com-
ponent of o is 32° (Fig. 15¢). With o, trending
WNW-ESE to NW-SE, the NE-SW-oriented
strike-slip faults, namely, YFZ, STFZ, STFS, have
reverse components in subarea 1. In the other sub-
areas, g, is subvertical indicating that the faults
change their character from transpressional to trans-
tensional from west (subarea 1) to east (mainly sub-
area 2) as their strikes change from NE—SW to E-W.
This means that these faults form a restraining single
bend in subarea 1 (Figs. 2, 6 and 8).

5.3. Stress trajectories

Stress trajectories are the representation of the
variation of the paleostress pattern at regional scale.
Mandl (1987) has discussed the existence and con-
tinuity of principal planes of stress that contain the
principal stress axes (g, 0,, and g3). Treagus and Lisle
(1997) have discussed and mathematically proved that
planes of principal stresses are present and they are
continuous if one of the principal stresses is constantly
oriented, which means that the variation occurs only in
two dimensions (see Ramsay and Lisle, 2000).

In relation to the Cankir1 Basin, first the smoothed
trajectories for the southern part of the Cankir1 Basin

have been plotted (subareas 1-3) using the con-
structed paleostress orientations discussed above, then
the results were combined with the northern part of the
Cankir1 Basin discussed by Kaymakei et al. (2000). In
plotting the trajectories, various combinations and
patterns are possible. However, during plotting of the
trajectories of the Cankiri Basin, as a whole, the
smoothest pattern was aimed at bearing in mind that
trajectories of one stress cannot cross each other. In
this way, the number of possibilities for trajectory
patterns is decreased.

Among the subareas, subarea 2 has few sites and
slip data, which decreases the reliability of the
results and hence the orientation of the stress trajec-
tories. It should be kept in mind that as the new data
become available this pattern might change only
slightly. Nevertheless, subarea-based tensors combine
all the data from individual sites, which increases the
reliability of the results. In addition to this, agree-
ment between paleostress and paleomagnetic results
reinforces the confidence in the interpretations of
both.

Phase 1: The horizontal component of the regional
g, orientation of phase 1 is relatively comparable to
subareas 1 and 4 of Kaymakci et al. (2000). However,
there is a conflict in the orientations of other stresses,
such that o, is subvertical in the southern part of the
Cankir1 Basin (subareas 1-3 of this study) while o3 is
vertical in the north (Fig. 16a). This apparent conflict
is interpreted as being due to the presence of different
stress configurations in the same phase in different
settings of the Cankirt Basin. It is interpreted that the
configurations of the principal stresses in subareas 1—
4 of Kaymakeci et al. (2000) and 1-3 of this study are
separated from each other along a possible stress
discontinuity, which marks the interface between the
basement (Kirsehir Block) and the fill of the Cankiri
Basin. The o, trajectories to the north of this dis-

Fig. 17. (a) Schematic structural map of the Cankir1 Basin illustrating the relation between ¢, and the type of structures (reactivated/inverted) in
phase 3 (still active). MRF: Merzi Reverse Fault, ARF: Ayseki Reverse Fault, SA: Sagpazar Anticline, KFZ: Kizilirmak Fault Zone, EFZ:
Eldivan Fault Zone, YFFZ: Yagbasan—Farasl Fault Zone, STFZ: Sivritepe Fault Zone, KFS: Kirikkale Fault Set, MSFZ: Master Strand of the
Sungurlu Fault Zone. (b) Riedel pattern of deformation and rose diagrams prepared from the lineaments of the Cankir1 Basin (see Kaymakei,
2000) (see text for the discussion). (c) Sketch diagram illustrating the relationship between ¢; and change of along strike kinematic
characteristics of a dextral strike-slip fault (modified after Biddle and Christie-Blick, 1985). (d) Sketch diagram proposed for the patterns of
faults and orientation of principal stresses during collision of an irregular indenter. Note thrusting in the front and transpressional deformation in
the sides of the indenter. (¢) Line drawings of thrust fault patterns developed in sandbox experiments (Zweigel, 1998). Note the geometry of the
indenter and resultant pattern of the thrust faults. Note also the amounts along the displacement vectors, which are connecting the points from

their pre-deformed and deformed positions.
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continuity display a concentric pattern while o, is
radial. The center of the circles is located somewhere

to the south of Cankir1 town (Fig. 16a).
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The trajectories to the south of the discontinuity
display a mesh-like pattern with NNE—SSW- to NE—
SW-oriented ¢; and NW—SE-oriented o3, in which
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the o, is vertical. This indicates predominance of
strike-slip deformation in this part of the basin. g
in subareas 1 and 2 are subparallel to the rim of the
basin, while a3 is perpendicular to it. These relation-
ships resemble the indentation tectonics (Tapponier et
al., 1982) along an irregular margin (Zweigel, 1998).
In such a model, the promontory of the Kirsehir Block
serves as a partly rigid indenter. Areas in front (north)
of the indenter were deformed by shortening and
thrusting while the sides (western and eastern margin)
of the indenter were characterized by transpression
(Fig. 17¢). The resultant deformation could explain
the arcuate ()-shape of the Cankir1 Basin (Fig. 17d).
The Sungurlu Fault Zone, during this deformation
phase, might have accommodated the westward
movement of the eastern margin of the basin via a
sinistral movement (Fig. 17d).

Phase 2: Like phase 1, the stress trajectories of
phase 2 integrate the paleostress data from Kaymakci
et al. (2000). Phase 2 in this study corresponds to the
phase 3 of Kaymakci et al. (2000). For deformation
phase 2, two different patterns of stress trajectories are
possible (Fig. 16b and c¢). One of the two constructed
smoothed trajectories include two isotropic points
(Fig. 16b), and close to these points the orthogonality
of stress trajectories cannot be maintained (Fig. 16b).
The compatible pattern has radial o3 trajectories with
a subconcentric pattern about an axis located in
subarea 2 (Fig. 16¢). The elongations of the o3
trajectories are almost parallel to the present-day rim
of the Cankir1 Basin. This pattern of stress trajectories
indicates almost uni-axial stress conditions in which
the magnitudes of the horizontal stresses (o, and ¢3)
were close to, or equal to, each other with the vertical
major compression (g;). Under such regimes high
angle normal faults with an unconstrained strike
directions develop. Therefore, they could have radial
or multidirectional orientation (Carey and Brunier,
1974; Arlegui-Crespo and Simon Gomez, 1998). On
the other hand, the approximately E—-W elongation
of the o3 trajectories in the central part of the
Cankir1 Basin implies preference for the faults to
form in an approximately N—S direction (see Fig.
8), which would have high angle strike to the o3
trajectories.

Phase 3: Trajectories of the horizontal compo-
nents of o, and o5 for the last phase of deformation
display a mesh-like pattern in which the g, trajectory

is oriented approximately WNW—ESE, and the o3
trajectories are oriented approximately NNE—SSW
(Fig. 16d). In subarea 1, g5 is subvertical while in
other subareas, both in the north and the south, o, is
vertical or subvertical. Subarea 1 is located within an
area where NE—SW-oriented strike-slip faults,
namely, YFFZ, STFZ, KFS, change their strike.
They strike at a high angle to the o; orientations
and have a reverse component in this subarea (Fig.
17a).

The rose diagrams prepared from the lineaments of
the Cankir1 Basin display a Riedel pattern (Dresen,
1992; Kaymakci, 2000). The Kizilirmak, Sungurlu,
Yagbasan—Faragli and Sivritepe Fault Zones are
30°-45° to g; (Fig. 17a) and, therefore, represent
y-shears in an idealized strain tensor (Fig. 17b). The
faults that define the western margin of the Cankiri
Basin (Eldivan Fault Zone—EFZ) make an angle of
approximately 75° with o; (f in Fig. 17b) and the
subsequently inverted growth faults strike approxi-
mately perpendicular to oy (Fig. 17a). Therefore, it is
likely that the growth faults were inverted in phase 3
(Kaymakci, 2000). Because this phase is character-
ized by transcurrent tectonics, these faults may have
sinistral lateral components which may be indicated
by the late slickenlines with lateral components. In
addition, one would expect that the mechanical prop-
erties of the basement, the basin fill and the basin rim
were different. But the reconstructed stress trajecto-
ries are not deflected at the interfaces between base-
ment, basin fill and the basin rim, although
deflections in local scale (e.g. in individual sites)
are possible. This implies that pre-existing structures
and material properties did not play a major role in
controlling the orientation of the principal stresses on
regional scale (e.g. subarea scale). Near Sivritepe, and
north of it, the angle between STF and YFFZ and the
g1 trajectories increases. As previously mentioned,
the fault zones in this area have a transpressional
character (Fig. 17a and c). The o, trajectories are also
perpendicular to the Sagpazar Anticline (SA) and the
Karagay folds (Fig. 17a), which are parallel to the
expected compressional structures in a Riedel system
(f in Fig. 17b).

The orientations of the phase 3 o, pattern are
compatible with the present-day stress pattern of
North Central Anatolia (Kaymakci, 2000). The Sun-
gurlu Fault Zone and the Kizilirmak Fault Zones, two
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splays of the North Anatolian Fault Zone, transferred
transcurrent deformation into the Cankir1 Basin area
and displaced its rim, basement and the basin fill
(Figs. 1 and 16a). The structures associated with this
phase are formed in post-Middle Miocene rocks,
implying it has been active since the middle of the
Tortonian (i.e. MN 10—12, corresponding to 9.7 to 6.6
Ma).

5.4. Tectonic development of the Cankir1 Basin

The information discussed above indicates that
structural development of the Cankir1 Basin occurred
in four different tectonic regimes. The earliest phase
is not well constrained and not detected in the
southern part of the Cankir1 Basin. The second phase
(phase 1 of this study) is characterized by compres-
sional deformation associated with transpression and
was active in the pre-Burdigalian. The third phase is
characterized by extensional deformation and was
active in the post-Burdigalian to Late Miocene. The
fourth phase is characterized by a regional trans-
current tectonics and has been active since the Late
Miocene.

The last three deformation phases indicate that the
evolution and structural development of southern part
of the Ginkir1 Basin is accomplished first with
indentation tectonics characterized by thrusting in
its front and transpressional faulting in the sides of
the indenter. It occurred in the Late Paleocene to pre-
Burdigalian. Indentation continued until about the
Early Miocene (Aquitanian). Then it was replaced
by an extensional tectonic regime. The concentric
pattern of the o5 trajectories and subvertical o
indicates radial extension in the Middle Miocene
after a period of contraction. Location of the pole
of the o3 trajectories on the northern tip of the
Kirsehir Block suggests that the extensional defor-
mation is driven by the rebound of the tip of the
block. This area is the locus of the Middle Miocene
basaltic volcanic activity (Faragh Basalt, Fig. 3),
which might have been related to a re-organization
of the regional stress pattern to form a concentric
pattern of o3 trajectories.

The extensional tectonic regime in the Middle
Miocene is replaced by a regional transcurrent tec-
tonic regime in the Late Miocene. In this phase, a
number of ENE—WSW-oriented strike slip faults were

developed. These faults are the splay faults of the
right lateral North Anatolian Fault Zone and have
dextral strike-slip sense (Kaymakci et al., 2000).
These faults displaced the rim, the basement and the
basin fill. The Sungurlu Fault Zone, which was a
sinistral fault zone in the deformation phase 1, was
reactivated as dextral strike-slip fault (compare Fig.
17a and d). The growth faults, which developed in the
extensional period, were reactivated as reverse faults.
In this phase, the Eldivan Fault Zone was reactivated
in a sinistral sense (Fig. 17a). Almost no deflection of
the stress trajectories occurred in the latest deforma-
tion phase, indicating that the pre-existing structures
did not play a major role in the orientation of the
principal stresses.

6. Conclusions

1. In the southern part of the Cankir1 Basin, only three
deformation phases are recognized. These phases
correspond to the last three phases of the four phases
recognized in the northern part of the Cankir1 Basin.
* Pre-Late Paleocene deformation regime (phase

1) is not detected in the southern part of the
Cankir1 Basin.

2. Late Paleocene to pre-Burdigalian transpression
(phase 2) is characterized by subvertical o, while
other principal stresses were subhorizontal indicat-
ing a combination of transcurrent tectonics and
thrusting (transpression). This phase lasted until
about Aquitanien.
¢ The northern and southern part of the Cankir

Basin have different stress configurations
separated by a stress discontinuity, which is
the interface of the Kirgehir Block and the basin
in-fill. This discrepancy is interpreted as the
change of the configuration of the stress
ellipsoid due to the indentation of the Kirgehir
Block into the Sakarya Continent.

3. Early to Middle Miocene extension (phase 3) is
characterized by subvertical ¢, and subhorizontal
03. It occurred in Burdigalian to pre-Tortonian.
® The trajectories of the o3 display a concentric

pattern, which is interpreted as the manifesta-
tion of radial extension.

4. The Late Miocene to Present regional transcurrent
regime (phase 4) is characterized by subvertical g,
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and subhorizontal ¢;. This phase has been active

since the Tortonian.

® The g, and o5 trajectories display a mesh-like
pattern and are compatible with the current tec-
tonic scheme of Turkey which is controlled
mainly by the transcurrent North Anatolian Fault
Zone.
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