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Abstract

Low-grade metamorphic rocks of Paleozoic—Mesozoic age to the north of Konya, consist of two different groups. The Silurian—Lower
Permian Sizma Group is composed of reefal complex metacarbonates at the base, and flyschoid metaclastics at the top. Metaigneous rocks of
various compositions occur as dykes, sills, and lava flows within this group. The ?Upper Permian—Mesozoic age Ardicli Group unconform-
ably overlies the Sizma Group and is composed of, from bottom to top, coarse metaclastics, a metaclastic—metacarbonate alternation, a thick
sequence of metacarbonate, and alternating units of metachert, metacarbonates and metaclastics. Although pre-Alpine overthrusts can be
recognized in the Sizma Group, intense Alpine deformation has overprinted and obliterated earlier structures. Both the Sizma and Ardicli
Groups were deformed, and metamorphosed during the Alpine orogeny. Within the study area evidence for four phases of deformation and
folding is found. The first phase of deformation resulted in the major Ertugrul Syncline, overturned tight to isoclinal and minor folding, and
penetrative axial planar cleavage developed during the Alpine crustal shortening at the peak of metamorphism. Depending on rock type,
syntectonic crystallization, rotation, and flattening of grains and pressure solution were the main deformation mechanisms. During the F,-
phase, continued crustal shortening produced coaxial Type-3 refolded folds, which can generally be observed in outcrop with associated
crenulation cleavage (S,). Refolding of earlier folds by the noncoaxial F;-folding event generated Type-2 interference patterns and the major
Meydan Synform which is the largest map-scale structure within the study area. Phase 3 structures also include crenulation cleavage (S;) and
conjugate kink folds. Further shortening during phase 4 deformation also resulted in crenulation cleavage and conjugate kink folds.
According to thin section observations, phases 2—4 crenulation cleavages are mainly the result of microfolding with pressure solution
and mineral growth. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The area investigated is located in Central Turkey, 20 km
northwest of Konya (Fig. 1). According to the classical
geotectonic classification of Ketin (1966), Turkey consists
of four major belts from north to the south; the Pontides, the
Anatolides, the Taurides and the Border folds. Sengor and
Yilmaz (1981), Sengér et al. (1984) and Sengdr (1984)
classified the major tectonic elements of Turkey in terms
of plate tectonics. According to these studies, the Rhodope—
Pontide Fragment, Sakarya Continent, the Menderes—
Taurus Block, the Kirsehir Block, and the suture zones
between them, form the major paleotectonic elements of
Turkey (Fig. 1). The Pontides, forming the northern part
of Turkey, are separated from the other tectonic units by
the Izmir—Ankara and Erzincan suture zones. Sengor (1984)
divided the Pontides into the Sakarya Continent and the
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Rhodope—Pontide Fragment. According to Okay (1986),
the Pontides consist of three major zones, namely the
Istranca Massif, Istanbul and Sakarya zones. The Anatolides
consist mainly of median crystalline massifs and exhibit
strong Alpine metamorphism. Okay (1984, 1986) distin-
guished four major units in the Anatolides, the Afyon—
Bolkardagi Zone, Tavsanli Zone, Menderes and Kirsehir
massifs, and considered them as metamorphic equivalents
of the Taurides. The Taurides are made up of imbricated
nappes comprising mostly Paleozoic to Early Tertiary sedi-
mentary rocks. Sengor (1984), considered the Anatolides
and Taurides of Ketin (1966) as the Anatolide—Tauride Plat-
form and divided it into the Menderes—Taurus Block and
the Kirsehir Block, which are separated by the Inner Tauride
Suture. The Border Folds represent the gently folded north-
facing passive continental margin of the Arabian Platform.
During the Mesozoic time, the Rhodope—Pontide Fragment,
the Sakarya Continent, the Menderes—Taurus Block, and
the Kirsehir Block were separated from each other by
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Fig. 1. Paleotectonic map of Turkey (Sengor et al., 1984) and the location of
the study area.

narrow branches of Neo-Tethyan Ocean. The closure of
these oceanic branches during the Early Tertiary, formed
several suture zones (Fig. 1), which represent the Alpine
orogeny in Turkey.

In this tectonic framework, the study area is situated on
the northern edge of the Menderes—Taurus Block, approxi-
mately 50 km southwest of the Inner Tauride Suture Zone,
and is included within the Alpine metamorphics of the
Anatolides. The low-grade Paleozoic and Mesozoic meta-
morphic rocks of the study area belong to the Afyon—Bolk-
ardagi Zone of Okay (1986) or the Kiitahya—Bolkardagi
Belt of Ozcan et al. (1988).

Most of the early studies (Wiesner, 1968; Goger and Kiral,
1969) considered only the general stratigraphic features of the
region. Oktay (1982) and Goriir et al. (1984) described the
Late Mesozoic and Early Tertiary evolution of the region to
the east of the present study area. Ozcan et al. (1988) studied
the stratigraphy of the area in detail and stated that the Kiita-
hya—Bolkardagi Belt displays different stratigraphic and

metamorphic features from the surrounding tectonostrati-
graphic units. Eren (1993a, 1996a) has investigated the strati-
graphic features of the area to the south of Ilgin and Kadinhani
towns, west of the present area, and has demonstrated the
presence of autochthonous rocks and allochthonous tectonic
metamorphic slices; he named these tectonic units the Bozda-
glar Massif. Eren (1996a) has also demonstrated that the
massif was affected by polyphase deformation. In the present
study, the geometry, structural features and structural evolu-
tion of the middle part of the Bozdaglar Massif will be
discussed. For this purpose, an area of approximately
350 km? was mapped and primary and secondary planar/linear
structures were observed, and their attitudes were measured.

2. Stratigraphy

The stratigraphy, magmatic activity and petrographic
characteristics of the region have been studied in detail by
Ozcan et al. (1988), Eren (1993b, 1996b), Kurt (1994,
1996), Kurt and Eren (1998) and Gonciioglu and Kozur
(1998). For this reason, in this paper the stratigraphy of
the region will be outlined only briefly. In the mapped
area, the Bozdaglar Massif is made up of Silurian-Lower
Permian Sizma and ?Upper Permian—Mesozoic Ardicli
Groups (Fig. 2), which are separated from each other by
an angular unconformity. Although the rocks of the massif
have been subjected to severe polyphase Alpine deforma-
tion, the low-grade of the metamorphism allows most of the
protoliths and their primary structures to be recognized. The
primary structures include bedding, and sedimentary way-
up structures, like graded bedding, cross-bedding and ripple
marks. For this reason, besides the preserved fossils (Ozcan
et al.,, 1988; Eren, 1993a), the primary way-up structures
contribute to establishing the stratigraphy of the study
area. Cross-bedding and graded-bedding are more common
in the Ardicli Group than the Sizma Group.

The Sizma Group is a Hercynian unit of the massif. The
oldest rocks in the group form the Bozdag Formation,
originally reefal metacarbonates of Silurian—Lower Carbo-
niferous age. The Bozdag Formation is composed of white
and light gray marble, dark gray-black bituminous dolomite
marble and dolomitic limestone, and passes laterally and
vertically into the Devonian—Lower Permian Bagrikurt
Formation. The Bagrikurt Formation is made up of an alter-
nation of phyllite, graphite schist, calc-schist, metasand-
stone, metaconglomerate, and metachert, and includes
various shallow-sea and pelagic metacarbonate blocks.
The formation has a wild-flysch appearance. These rocks
are intruded by the Kadinhani Metamagmatic rocks,
which include the Ayyiles metagabbro dykes, the Karadag
spilite and, Karatepe metabasaltic andesite. According to
Eren (1993a, 1996b) and Eren and Kurt (1998), these
magmatic rocks demonstrate the existence of a Paleozoic
ocean and a continental magmatic arc, probably older than
Late Permian, but certainly older than the Early Triassic.
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Fig. 2. Geological map of the studied area.

The Sizma Group, which outcrops mainly in the NE part of
the area is unconformably overlain by the ?Upper Permian—
Mesozoic Ardicli Group. The group is wholly transgressive
from base to top and made up of five formations, which inter-
finger laterally and vertically. The ?Upper Permian—Lower
Triassic Bahgecik Formation, lowest unit of the group, is
made up of phyllite, metasandstone and metaconglomerate,
which originally represented continental clastics. The ?Upper
Permian—Triassic Ertugrul Formation consists of an alterna-
tion of phyllite, metasandstone, calcschist, and metacarbonate,
interfingering with the Bahcecik Formation. The Ertugrul
Formation grades conformably upwards into gray and dark-
colored dolomites of the Triassic—Lower Jurassic Kiziloren
Formation. This unit interfingers with, and is conformably
overlain by, a thick sequence of light-colored marble, crystal-
lized limestone, and dolomitic limestone, forming the Upper
Triassic—Lower Cretaceous Lorasdagi Formation. In some
parts of the formation, lenses and inter-layers of metachert
may be observed. The youngest unit of the Ardicli Group is
the pelagic Upper Cretaceous Midostepe Formation. The
formation includes well-bedded metachert, metacarbonate,
phyllite and metasandstone. In the study area, Pliocene—
Quaternary continental rocks rest unconformably on all the
older units and form the unmetamorphosed cover rocks of
the massif.

3. Structural geology

The stratigraphic and lithologic features of the rocks, with
their metamorphic and magmatic features indicate that both
Hercynian and Alpine orogenic activity affected this region
(Ozcan et al., 1988; Eren, 1993a, 1996a; Kurt, 1994), but
severe polyphase Alpine deformation and metamorphism
has obliterated the pre-Alpine structures of the Sizma
Group. The only Hercynian structures recognized are pre-
Alpine overthrusts, which separate rock units of the Bozdag
and Bagrikurt Formations (Eren, 1996c). This paper
describes only the Alpine structures in the area.

Field observation, map-scale and microscopic studies show
that the Paleozoic and the Mesozoic rocks of the mapped area
are metamorphosed and have been subjected to at least four
deformational events; these are designated as D,, D,, D3 and
D, (Figs. 2-5). Due to polyphase deformation, all the rock
units are strongly folded and display good examples of
refolded folds (F;, F,, F;, F,), with both penetrative (S;) and
non-penetrative cleavage (S,, S3, S4), and lineations (L, L,, L3,
L,) related to crustal shortening.

The dimension of the folds ranges from mega- to micro-
scopic scale. The main map-scale structures are the Akdo-
gan Anticline and the Ertugrul Syncline, which developed
during F,-folding (Figs. 2, 3 and 6). The Akdogan Anticline
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Fig. 3. Structural map of the studied area, showing major structural features and mesoscopic fold axes (where possible, the cover rocks have been removed to

show the main structures).

crops out in the northern part of the study area but is exten-
sively covered by the young rocks. The Ertugrul Syncline
can be traced over about 34 km in the study area, with rocks
of the Ardicli Group outcropping in its core. Due to subse-
quent folding, the fold hinges and axial surfaces of the Ertu-
grul Syncline show a wide variation in orientation. For
structural analysis, the mapped area has been subdivided
into the six domains (Fig. 4) for which all the structural
elements were plotted (Fig. 7). The results are summarized
in Table 1. The Ertugrul Syncline has a mean fold hinge
plunge of 12°/108° and between Ladik and Ertugrul villages
(Domain I) has a nearly vertical NW-SE trending axial
surface. From Ladik to Meydankoy village (Domain II),
the mean fold hinge orientation of the Ertugrul Syncline is
4°/290° with a 101°/44° SW oriented axial surface. In this
domain, the minor F,-folds verge to the northeast and have
an isoclinal geometry. To the east of Meydankdy village, the
syncline is affected by F;-folding, and the Ertugrul Syncline
swings to a NE-SW trend between the Andikli and Kapi-
kaya Hills (Domain III). In this domain, the mean plunge of
the hinge of the syncline is 15°/225°. Associated minor folds
are tight to isoclinal in geometry and are overturned to the
northwest with a mean axial surface orientation of 070°/52°
SE. In this domain, all the formations of the Ardicli Group

crop out in the core of the Ertugrul Syncline (Figs. 2, 3 and
6). To the west of Kapikaya Hill, the hinge of the syncline
curves sharply, and the dips of the axial surfaces and the
plunges of the fold hinges of F,-folds change to the opposite
direction (Domain IV). Thus, between the Karadag and
southern part of the Bagrikurt village, the Ertugrul Syncline
has a SSE vergence with a mean axial surface orientation of
080°/70° NW; the mean orientation of the fold hinge is 33°/
063°. Due to F4-folding, the trace of the Ertugrul Syncline
curves sharply and continues to the west of the Sizma
village (Domain V). In this domain, the Ertugrul Syncline
has a southerly vergence, an axial surface orientation of
067°/51° NW, and a mean fold hinge orientation of 14°/
254° (Figs. 3 and 7).

The second phase of deformation did not produce map-
scale folds so that the other most striking map-scale struc-
ture in the area is the D;-Meydan Synform. The Meydan
Synform displays a Type-2 (Ramsay, 1967) fold interfer-
ence pattern on the map scale (Fig. 3). The Meydan Synform
can be traced over 18 km in an east—west direction and has a
width of approximately 10.5 km. The Bozdag Formation,
which is the oldest formation in the study area, crops out
in the core of the Meydan Synform and the other units of the
Sizma Group and the Ardicli Group occurs on its limbs. Due
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to this folding, F;- and F,-mesoscopic fold axes, bedding
and cleavage intersection lineations (S¢/S;), and the long
axes of pebbles deformed in D; show marked dispersion
near Meydankdy village. According to the orientation of
the bedding planes measured around Meydankoy village,
the mean orientation of the fold hinge of the Meydan
Synform is 44°/213° (Fig. 7). S;-surfaces, developed axial
planar to the F-folds, are also deformed and folded as a
result of Fs;-folding, but are transposed parallel to S; near
the F;-fold hinge to the southeast of Meydankdy village
(Fig. 4). The other map-scale folds are of kink-fold type
and belong to the F,-folding event. To the northwest of
the Obrugun Hill the Ertugrul Syncline was sharply refolded
between the two nearly parallel NW-SE trending F,-axial
surfaces (Figs. 3 and 4). Furthermore, the change of the
vergence of the Ertugrul Syncline around the Kapikaya
Hill, from NW (in domain III) to SE (in domain IV), was
most probably related to the formation of the F,-folds.
Between this location and 2 km SE of Ertugrul village,

approximately in a NW trending zone, the dip of the S;-
cleavage surfaces changes sharply from a southerly to a
northerly direction. Although this zone is mostly overlain
by younger cover rocks (Fig. 2), it can be interpreted as a
kink-zone as resulting from F,-folding. On the other hand,
the superposition of the F,-folds over the F;-folds generated
Type-1 dome and basin structures. The Obrugun Hill dome
is an example of one of these structures (Fig. 3). Due to
these polyphase deformation events, a wide variety of meso-
scopic and microscopic interference structures were formed.

3.1. D;-structures

The Fj-minor folds have interlimb angles of 60—0°, and
are generally tight to isoclinal, asymmetric, overturned
folds; with an axial planar Si-cleavage (Fig. 8A). The
bedding in the Bagrikurt and Bahgecik Formations, in
which metapelites are the most common rock type, is gener-
ally transposed by F;-folds and shows intrafolial fold
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geometry. However, F;-folds can be observed widely in the
Ertugrul Formation, which is composed of an alternation of
well-bedded competent and incompetent rocks. The wave-
lengths of the F-folds range from 1 cm to 50 m. The F;-
folds in the competent rocks generally have class-1C
geometry (Ramsay, 1967) and the overturned limb is gener-
ally thinned (Fig. 8B). Sigmoidal and en echelon tensional
veins can be observed in the limbs of the folds. Mesoscopic
fold hinges show a wide variation in attitude, due to poly-
phase folding (Figs. 3 and 7).

The other most prominent structure is a penetrative S;-
cleavage, developed on a regional scale. S;-planes cut
continuously through the appropriate rocks of the the
Sizma Group, the Kadinhani Metamagmatics, and the Ardi-
cli Group. S is axial planar to F;-folds and shows conver-
gent and divergent cleavage fans (Fig. 8A). S;-cleavage
planes, which are present in both recumbent isoclinal

folds of the competent rocks and in the incompetent
rocks, are truly parallel to the axial plane of the F;-folds
(Fig. 8C). For this reason, in the limbs of the large isoclinal
folds, Si-cleavage planes are nearly parallel to the bedding.
Where there are lithological contrasts, cleavage refraction
can be observed. In this situation, S;-cleavage planes have a
different orientation and a different spacing (Fig. 8A and D).
In slate and phyllite, S; can be termed a slaty cleavage
(continuous cleavage; Powell, 1979), whereas their conti-
nuation in the competent rocks (metasandstones and
marbles) are spaced cleavages. In marble and quartzite,
both cleavage and bedding surfaces are generally stylolitic
and are enriched in phyllosilicates and dark minerals.

An anastomosing cleavage can be observed in the origin-
ally matrix-supported metaconglomerates of the Bagrikurt
and Bahgecik Formations. The pebbles of these metacon-
glomerates are strongly flattened parallel to the cleavage
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planes (Fig. 8E). On the other hand, cleavage in calcite-, or
FeO-cemented metaconglomerate is not obvious, and the
pebbles are less deformed; stylolites are common at the
contacts of the pebbles (Fig. 8F). In the metasandstones,
the clasts are flattened parallel to the cleavage planes, and
pressure shadow zones were developed around them. In
pressure shadow zones quartz, muscovite/sericite, albite,
chlorite, graphite, calcite and stilpnomelane mineral growth
has occurred. In the matrix of the metasandstones, slates and
phyllites, preferred orientation and new growth of the same
minerals, together with chloritoid, define S;.

On the microscopic scale S; is generally of continuous
cleavage type. Quartz crystals show undulatory extinction.
Deformation twins and kinking can be observed in calcite
and feldspar. Thick quartz veins (1-25 cm) occur parallel to
Si-planes, especially in metapelites In addition, fibrous
quartz veins perpendicular to the cleavage are observed in
the rocks of the massif, developed both normal and parallel
to minor F,-fold hinges. This indicates that additional exten-
sion occurred parallel to the fold hinges during the D;-phase
of deformation. These quartz veins are deformed and folded
by subsequent fold phases. In metaigneous rocks the
preferred orientations of amphibole, muscovite/sericite,
chlorite and feldspar minerals form S;-planes and pass
continuously into the surrounding rocks. Glaucophane crys-
tals, which are developed around the rims of pyroxene
minerals, are also oriented parallel to the cleavage surfaces.
From these observations, it is deduced that, depending on

rock type, flattening, plastic deformation, the rotation of
grains, metamorphic mineral growth, and pressure solution
are the main cleavage forming mechanisms.

The most common lineation is Sy/S;-intersection linea-
tion. These lineations show similar orientations to the F;-
fold hinges (Figs. 3 and 7). Another prominent lineation is
formed by the long axes of pebbles. On the limbs of the
folds, the long axes of pebbles are generally perpendicular
to the fold hinge, whereas in the hinge zones they are nearly
parallel to the fold hinges (Figs. 3 and 7). Pebbles are flat-
tened and elongated in S; with their longest axes (X) and
intermediate axes (Y) in S;, and their shortest axes (Z)
normal to S;. The shape of deformed pebbles is generally
oblate or pancake-shaped, but at some localities the pebbles
have cigar-like form. The amount of strain depends on
pebble composition, matrix type and position in the folds.
The pebbles in the metaconglomerates are quartzite, milky
quartz, metasandstone, dolomite, marble, metachert and
phyllite. Metachert and phyllite clasts in the Bagrikurt
Formation are intraformational clasts, in origin.

About 1500 deformed pebbles were measured in the field,
at 40 localities. The details will be given in another paper,
but preliminary results are summarized here. In the strain
calculation given below, the initial shape of the pebbles is
assumed to have been a sphere and volume loss has been
neglected. In the deformed pebbles, the Rxy ranges from 1.1
to 3.4, Ry, ranges from 2 to 13, and Ry, ranges from 1.4 to
4.3. Most of the pebbles lie in the field of the apparent
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Fig. 8. D;-structurres: (A) Fanning S;-axial planar cleavage in folded metacarbonates and calcschists (?U. Permian—Triassic Ertugrul Formation). (B)
Overturned F;-folds in the metacarbonates of the Ertugrul Formation. Note the thinning of the long limbs. (C) S;-cleavage in folded phyllite and sandstone,
Ertugrul Formation. (D) S,-cleavage refraction in phyllite, calcschist and marble, Ertugrul Formation. (E) Metaconglomerate strongly deformed and cleaved
during the D;-phase, ?U. Permian—L. Triassic Bah¢ecik Formation. The flattened pebbles were linked later by the D3-phase of folding. (F) Metaconglomerate
deformed predominantly by pressure solution during the D;-phase, Bah¢ecik Formation.




746 Y. Eren / Journal of Asian Earth Sciences 19 (2001) 737-749

flattening, but a few lie in the field of apparent constriction
of Flinn (1962) graph. For flattened pebbles k values are
between 0.042 and 0.7, and for constricted pebbles between
1.1 and 5.36. The estimated extension (e) parallel to the X-
direction changes from 40 to 185%. But more extension (up
to 265%) occurs in phyllite (originally mud) pebbles.
Mullion structures can also be observed in the rocks. Espe-
cially, in the Lorasdagi and Midostepe formations, thin
metachert beds are deformed as long cylinders and form
the main linear structure in these rocks. The long axes of
the mullion structures are parallel to the minor F,-folds (Fig.
3). On the other hand, in well-bedded and well-cleaved
formations, the intersection of cleavage and bedding sepa-
rates the rock into long, angular, prismatic fragments (pencil
cleavage).

3.2. Dy-structures

The D,-deformation event may be recognized where it
refolds bedding planes and S;-cleavages. F,-folds are devel-
oped coaxially to F;-folds, and the superposition of F;- and
F,-folds creates Type-3 refolded folds. (Fig. 9A). Type-3
refolded folds are generally observed on the outcrop scale.
F,-folds are close to tight, with a wavelength ranging from
lcm to 5m, and show cylindrical to zigzag shapes in
profile. These folds mostly show axial planar crenulation
cleavages (S,) (Fig. 9B), with crenulation axes parallel to
F,-fold hinges. The S,-cleavage planes also show fanning
around the fold and their spacing varies with rock type, so
that both zonal- and discrete-type crenulation cleavages
occur, even in the same sample. The shape of S,-surfaces,
perpendicular to the crenulation axis, changes from styloli-
tic to regularly oriented. Where the microfolds are open, the
crenulations form en echelon, short, dark-colored, separate
zones across the limbs of the microfolds. As tightness of the
fold increases, the width and length of the crenulations also
increases. Cleavage zones are mostly depleted of quartz and
light-colored minerals. The traces of the muscovite and
chlorite in the S;-cleavage zones pass continuously through
S,-cleavage zones, only changing in orientation. However,
flattened quartz grains or quartz porphyroblasts, which
occur with chlorite and mica minerals in the S;-cleavage
planes, terminate abruptly at the S,-boundary. This shows
that quartz and other light-colored minerals, which occur
between mica and chlorite in the S;-surfaces, have been
dissolved in the S,-zones. Despite the presence of chloritoid
nearly parallel to S,-zones in the S;-fabric (outside the S,-
fabric), no mineral growth of chloritoid has been observed.
Some chloritoid porphyroblasts are oriented parallel to the
S-fabrics, but some chloritoid crystals overgrow the S;-
fabric, and the S;-fabric terminates abruptly at the boundary
of these chloritoid crystals. In other words, chloritoid forma-
tion is both syn- and post-tectonic with respect to D;. This
suggests that metamorphism with chloritoid growth contin-
ued throughout the D,-event.

3.3. Ds-structures

The superposition of F;-folds over F;-folds gave rise to
the Meydan Synform, which is the main structure in the
studied area. On the other hand, the D;-event formed S;-
crenulation cleavages, Ls-lineations, and monoclinal and
conjugate kink folds. The shape and microscopic features
of the S;-crenulation cleavages and lineations are similar to
those of the D,-structures. Even if there are slight differ-
ences in the orientation of S, and S, it is not always possible
to differentiate one from the other. However, when two
cleavages develop in the same outcrop, it is possible to
differentiate them, due to the overprinting. The width of
F;-kink folds ranges from 1 mm to 1 m in outcrop scale.
They are widely developed in phyllite, calcschist, cleaved
metasandstone and metaconglomerate (Fig. 8E). Although
kink folds are developed throughout the studied area, they
are most commonly developed in the Bahcecik and Ertugrul
formations from the west of Meydankoy village to the north
of Sizma (on the southern limb of the Meydan Synform),
parallel to the outcrop trends of these formations. Large kink
folds (ranging from 10 cm to 1 m width) generally occur as
monoclinal sets (Fig. 9D), and are lens-shaped. The small-
scale kink folds generally occur as conjugate sets, although
the two sets are not always equally developed. L;-crenula-
tion lineations are parallel to one set of the conjugate kink
fold hinges (Fig. 9C). The dominant conjugate kink bands
are contractional (reverse) type and deform both S; and S,
(Fig. 9E).

3.4. Dy-structures

Dg-structures vary from microscopic to macroscopic in
scale. D, resulted in microscopic Sy-crenulation cleavages
and mesoscopic F4-conjugate kink folds, displaying the
same features as Fs-kink folds both in size and shape. The
hinges of D,-kink folds were developed approximately at
right angles to the F3-kink folds, and deform L;-lineations
(Fig. 9F). Crenulation axes trend NE-SW and NW-SE,
with variable plunge. S,-crenulation cleavages strike gener-
ally from N to S and dip W or E (Figs. 5 and 7). The L4-
crenulation hinges are generally parallel to one set of the F,-
kink fold hinges, indicating a close relationship between
crenulation cleavage and kink band development. The Sy-
crenulation cleavage and lineation are similar to the other
crenulations, but generally occur on a finer scale. Micro-
scopic observations have not shown any new metamorphic
mineral growth parallel to the crenulation cleavage.

4. Discussion

The deformation history of an Sy-bedding plane through
the four deformation phases is shown diagrammatically in
Fig. 10. During Dy, bedding planes (Sy) in all stratigraphic
units were overturned towards the south and isoclinally
folded in the major E-W Ertugrul Syncline (Figs. 6 and



Y. Eren / Journal of Asian Earth Sciences 19 (2001) 737-749 747

Fig. 9. D,-Dj structures. (A) Type-3 refolded folds which developed by the superposition of F,-folds over F;-folds in metachert and metacarbonate of the
Upper Cretaceous Midostepe Formation. (B) Folded quartz vein and S;-cleavage with axial planar crenulation cleavage (S,) in phyllites of Bahgecik
Formation. Note the fanning of the crenulation cleavage planes. (C) Ds-phase conjugate kink folds with crossing axes (L3;) and crenulation lineations
(Ls.) on the S;-cleavage plane, phyllite, Bahgecik Formation. (D) Third phase (D;) monoclinal kink band developed in strongly cleaved slates and metasand-
stones of the Bahgecik Formation. (E) First phase slaty cleavage (S;) and second phase crenulation clevage (S,) deformed by the third phase kink band (S3). (F)
D;- and D,-phases related conjugate kink bands (L3, L) developed on the S;-cleavage planes (metasandstone, Bahgecik Formation).
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Fig. 10. Kinematic evolution (schematic) of the Meydan Synform.

10A). The presence of a pervasively and regionally devel-
oped Si-cleavage surface, axial planar to F;-folds, and
strongly deformed conglomerates indicates that the Di-
deformation occurred in a N—S ductile shortening regime.
The Paleozoic and Mesozoic rocks of the massif were
subjected to high pressure/low temperature metamorphism
(Kaaden, 1966; Bayic¢, 1968; Ozcan et al., 1988; Eren
1993a; Kurt 1994). The pressure—temperature conditions
of metamorphism have been calculated as 6-—7 kbar and
350-400°C for blueschist facies metamorphism (Kurt,
1996), suggesting a depth of burial to 25 km. The age of
the metamorphism has not yet been determined. However,
geological investigations to the north of the Menderes
Massif and the Afyon—Bolkardagi Belt suggest that blues-
chist metamorphism was completed before the late Cretac-
eous (Okay, 1986). But, the youngest metamorphosed rocks
in the study area are of Upper Cretaceous in age, and in the
Afyon—Kiitahya region, the metamorphic units are covered
unconformably by post-orogenic Upper Paleocene—Eocene
sedimentary rocks (Ozcan et al., 1990). For this reason, the
metamorphism is considered to have occurred between the
Late Cretaceous and Middle Paleocene to the north of
Konya. The parallel orientation of the main metamorphic
minerals and the Si-cleavage demonstrates that the peak of
metamorphism occurred during the D;-deformation event.
The metamorphic rocks are mainly of continental origin
in this region, suggesting that metamorphism was the result
of the obduction of an ophiolite body onto the continental
margin of the Menderes—Taurus Block (Sengor and Yilmaz,
1981), or to the subduction of the continental margin of the
Menderes—Taurus Block under the oceanic lithosphere in

the intra-oceanic subduction zone (Okay, 1984) due to clos-
ing of the Inner Tauride Ocean. Continuing N-S crustal
shortening resulted in the coaxial folding of bedding, and
of S;-planes related to the F;-folds, during the D,-deforma-
tion phase (Fig. 10B). D, may have resulted from progres-
sive shortening during a single phase of deformation.
Microscopic studies indicate that mineral growth under
metamorphic conditions continued during the D,-phase.
The absence of any metamorphic minerals, except chlori-
toid porphyroblasts, parallel to S, shows that the high-P/
low-T conditions ended with the D;- event, and the meta-
morphism changing from blueschist to the greenschist
facies conditions during D,. Comparison of D;- and D,-
structures confirms that D;-deformation phase was more
intense than D,-deformation phase.

Superposition of F;-folds on the major Ertugrul Syncline,
and its associated minor asymmetrical folds, created the
map-scale Meydan Synform, also suggests N—S shortening
(Fig. 10C). This deformation phase also created monoclinal
and conjugate kink folds and the S;-crenulation cleavage.
The development of widespread kink bands indicates that
deformation occurred in the ductile—brittle transition.
Further E-W shortening during the D4-phase, has generated
monoclinal/conjugate kink folds on various scales (Fig.
10D) and an S,-crenulation cleavage, similar to those of
the Ds-phase. Since the same structures have developed
during the D;- and Dy-phases, the same deformation condi-
tions must also have prevailed during the D4-phase. F,-fold
hinges are developed nearly orthogonal to F;-folds indicat-
ing a marked change in the shortening direction. The
absence of any new mineral growth parallel to the S;- and
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Ss-planes indicates that during these phases the temperature
had fallen below the level of metamorphism.

5. Conclusions

The northern margin of the Menderes—Taurus Block to
the north of Konya has undergone a polyphase and complex
history of tectonic events (D;-D,) due to closing of the Inner
Tauride Ocean. The first phase of deformation (D;) probably
took place in a subduction zone environment at between 20
and 25 km depth (Kurt, 1996) and was coeval with Late
Cretaceous—Middle Paleocene high-P/low-T metamorph-
ism. The D;-deformation phase generated the major upright
isoclinal Ertugrul Syncline, overturned, tight to isoclinal
minor folds, and a regionally developed, penetrative S;-
cleavage. The second deformation phase (D,), coaxial
with the D;-phase, produced only tight minor (F,-folds)
folds and formed Type-3 refolded folds on the outcrop
scale, with an axial planar S,-crenulation cleavage. The
third phase of deformation (D;) overprinted earlier struc-
tures and produced the major upright Meydan Synform
and developed map scale Type-2 refolded folds. D;-phase
structures are a S;-crenulation cleavage, monoclinal and
conjugate kink folds. The last phase of deformation (D)
created Sy-crenulation cleavage and another system of
conjugate kink folds that range from outcrop to map-scale.
The D;- and D;-deformation phases are represented by
major folding phases in the study area. Finally, microscopic
examination shows that the D;- and Dg-phases were post-
metamorphic deformations.
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