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ABSTRACT

The Bozkir Unit representing the northern edge of the Taurus Belt comprises, from bottom to top, three distinct
structural entities; the Upper Triassic pre-rift (Korualan Group), the Upper Triassic-Upper Cretaceous syn-rift
(Huglu Group) and the Jurassic-Cretaceous Boyali Tepe Group as to their structural settings. The Korualan Group
is represented by the alternations of carbonate (limestone, dolomitic limestone, dolomite) with radiolarite and chert
intercalations and clastic rocks (sandstone, siltstone, mudstone, shale). The Huglu Group is made up of volcanic
(basalt, andesite) and pyroclastic (tuffaceous sandstone) rocks including radiolarite, limestone and clastic rock
(sandstone, siltstone, shale) intercalations. The Boyali Tepe Group is completely made of carbonate rocks. The
carbonate-silisiclastic-volcanogenic rocks of the Bozkir Unit contain carbonate (calcite, dolomite), quartz, feldspar
(plagioclase, anorthoclase), phyllosilicate (illite, chlorite, mixed-layered illite-chlorite / I-C, chlorite-vermiculite /
C-V, chlorite-smectite / C-S, rare smectite), augite, hematite, analcime and heulandite in order of abundance. On the
basis of illite Kiibler Index data; Korualan and Huglu Group reflect low grade diagenetic, high grade diagenetic and
high grade diagenetic-anchizonal characteristics, respectively. The illite/micas of the pre-rift units and units related to
the rifting have muscovitic, and phengitic and seladonitic compositions, respectively. The distributions of chondrite-
normalized trace and rare earth element (REE) contents in illites present similar trends for Korualan ve Huglu
groups, but the quantities of these elements slightly increase in the Huglu Group. 3'*0-38D isotopic compositions
of water forming the illite minerals are different than that of sea water and are found to be between the Eastern
Mediterranean Meteoric Water (EMMW) and magmatic water compositions. It also shows that temperature of the
water forming illite minerals varies from low to high values. The findings from the rocks of Bozkir Unit suggest
that pre- and syn-rift units have different mineralogical-petrographic and geochemical properties. The younger units
within the rift due to extension and crustal thinning related to rifting must have been exposed in higher diagenetic
conditions by more burial and heat with respect to older units on the edges.
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1. Introduction related to rifting and the following inversion has

significantly influenced the diagenetic/metamorphic
In diagenetic-low grade metamorphic rocks,

the mineralogical parameters such as; the mineral
assemblages, illite crystallinity, » cell dimension
of white K-micas, phyllosilicate polytypes and etc.
(Bozkaya and Yalcin, 1996) are extensively used in

evolution of the rocks with detailed mineralogical-
petrographic studies carried out successively in Triassic
(Antalya Unit) and Eocene (Maden Group) diagenetic/
metamorphic deposits in western Taurus and the
southeastern Anatolian regions (For example; Bozkaya

world literature for the last 30 years at an increasing rate
in order to establish the geological evolution of related
rocks (Frey, 1987; Liou et al., 1987, Merriman and
Frey, 1999; Merriman and Peacor, 1999). The studies,
which are about autochthonous and allochthonous units
especially in Taurus belt in our country (Bozkaya and
Yal¢in, 1997a, 1997h, 1998, 2000, 2004, 2005, 2010;
Bozkaya et al.,, 2002, 2006a) provided significant
contributions for the interpretation of tectono-
stratigraphic units. Besides; the opening/extension

et al., 2006b; Bozkaya and Yal¢in, 2010).

The Bozkir Unit, which consists of rock block and
slices in different dimensions and appear as mélange
deposited between Triassic-Cretaceous time intervals,
forms the northernmost unit of the Taurus Belt (Ozgiil,
1997, Alan et al., 2014). It also comprises sedimentary
and volcanic rocks related with the Triassic rifting
similar to the Alakir¢ay Nappe of the Antalya Unit.
The Triassic rifting restricting the northern (Bozkir
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Unit) and southern (Antalya Unit) edges of the Taurus
Platform is an important geological event in terms
of the evolution of the northwest Gondwana and
represents the opening of the northern and southern
branches of the Neotethys and the beginning of the
Alpine cycle (Gonciioglu, 2010).

In this study, it was aimed at investigating the
detailed mineralogical and geochemical characteristics
of Triassic-Cretaceous sedimentary and volcanic rocks
of the Bozkir Unit in Bozkir-Hadim (Konya) region
where the most typical outcrops of the Bozkir Unit
are observed. Thus, the establishment of the degree
of diagenesis-metamorphism related to rifting will
give significant contributions for the interpretation of
Lower Mesozoic evolution of the northern edge of the
Taurus Belt; and so for the geology of Turkey. In other
words; it will be possible to correlate other Taurus
units which were previously studied by the authors,
with the degree of diagenesis-metamorphism of the
Antalya Unit (Alakir¢ay nappe) by means of findings
that will be obtained from the Bozkir Unit.

2. Regional Geology

The Central Taurus carries the explicit
characteristics, and it is one of the most significant
sections of the Taurus Belt. It has been the subject
of many investigations since 1940, and it has
been understood that it had consisted of rock unit
assemblages, which are tectonically in contact
with each other, showing continuity along belt and
reflecting different environmental conditions of the
region in terms of stratigraphy, metamorphism and
structural characteristics (Blumenthal, 1944, 1947,
1951, 1956; Ozgiil, 1971, 1976, 1984; Brunn et al.,
1971; Ozgiil and Arpat, 1973; Monod, 1977; Gutnic
et al., 1979). These assemblages, which are emplaced
successively and gain the characteristic of a different
tectono-stratigraphic unit as a result of horizontal
displacements reaching hundreds of kilometers by
means of Senonian and Lutetian movements were
named as; Geyik Dagi Unit, Aladag Unit, Bolkar Dag1
Unit by Ozgiil (1976), Bozkir Unit, Alanya Unit and
Antalya Unit (Figure 1).

Among the units, which can be observed both in
Eastern and Western Taurus, it is known that the Bozkir
Unit located in north and the Antalya Unit located in
south consist of deep marine deposits and ophiolites;
however, the Bolkar Dagi, Aladag, Alanya and the
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Geyik Dagi units mainly comprise shelf type clastic
and carbonated rocks, and they are all overlain by
allochthonous units of the Geyik Dag1 Unit which is
relatively autochthonous (Ozgiil, 1976). Considering
the stratigraphic and relative structural settings of the
tectono-stratigraphic units of the Central Taurus, it is
adopted that; all units formed a single platform a couple
of thousand kilometers wide at the end of Cambrian-
Early Triassic (Scythian) interval (Ozgiil, 1997). At the
beginning of Anisian; this platform entered the rifting
and re-rifting processes at sections corresponding to the
Antalya Unit in south and the Bozkir Unit in north of
this platform (Antalya Nappes; Marcoux, 1978) (Figure
2). It is also accepted that the northern and southern
branches of the Tethys Ocean, which is represented by
the Antalya and Bozkir units, were closed in Senonian
and accordingly; the Bozkir Unit overlies the Bolkar
Dag1 and Aladag units in north, and the Alanya Unit
overlies the Antalya Unit in south (Ozgiil, 1984).
It is claimed that “Dipsiz Gol Ophiolitic Complex”
consisting of ophiolite, pelagic limestone and divergent
turbidites was derived in Late Senonian-Early Tertiary
interval between the Geyik Dag1 and Aladag units in
north. It is also asserted that an short-lived basin might
have developed and as being related with the closure
of this basin in Lutetian, the Aladag and Bolkar Dag1
units overlain by the Bozkir Unit moved from north to
south and the Antalya Unit overlain by the Alanya Unit
moved from south to north to each other and overlaid
the Geyik Dag1 Unit (Ozgiil, 1997).

3. Stratigraphy and Lithology

In addition to sedimentary, volcano-sedimentary
and volcanic rocks deposited in Triassic-Cretaceous
time interval, the Bozkir Unit, which consists of
blocks and slices in different sizes of rocks of the
much older units (Ozgiil, 1976), appears as a big
meélange and has been the subject to several studies.
The outcrops of the unit, which remain at different
sections outside the study area on Taurus, are known
as; the Western Lycian Nappes (Graciansky, 1967),
the Eastern Lycian Nappes around Korkuteli (Brunn et
al., 1971), Beysehir-Hoyran Nappe around Beysehir-
Seydisehir in the Central Taurus (Gutnic et al., 1979),
Ophiolitic sequence around Hadim-Bozkir (Ozgiil,
1971), Schist-Radiolarite formation in Karaman
(Konya) region (Blumenthal, 1956), and the nappes
consisting of Triassic units in Hadim-Taskent region
are known as; the Bucakisla tectonic slice and Huglu
Group (Alan et al., 2014).
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Figure 1- a) Tectonic units of the Southern Anatolia (Gonciioglu et al., 1997; Ozgiil, 1976), b) The setting
in the Tauride units (Ozgiil, 1984) outcropped in the Tauride of the study area, ¢) The distribution
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The outcrops, where units in different age intervals
and lithologies in the Central Taurus in which the
Bozkir Unit is located, and tectono-stratigraphic
relationships were given in figures 3.1a and 3.1b,
respectively. Among these; the Bozkir Unit, which
consists of the subject of the study, was divided from
bottom to top into units as; Upper Triassic Korualan
Group (Kayabasi formation, Baskisla Complex),
Upper Triassic-Upper Cretaceous Huglu Group
(Dedemli formation, Mahmut Tepesi Limestone,
Kovanlik Complex) and Jurassic-Cretaceous Boyali
Tepe Group (Sogucak Limestone/Kuztepe Limestone,
Asar Tepe Limestone) units by Ozgiil (1997) according
to recent structural settings. Besides, in the description
of stratigraphic characteristics of the units Ozgiil
(1976), Gutnic and Monod (1970), Monod (1977) and
Gokdeniz (1981) have put significant contributions.
Although the dominant lithology is limestone in the
Mahmut Tepe Limestone among these units, it is more
appropriate to name it as the Mahmut Tepe formation
as it also consists of shale and siltstone intercalations.
The locations of the samples collected from the Bozkir
Unit and the details of the relationships between units
related with the rift development were given in figure
4 with small scale geological map and field photos.

The Kayabasi formation of the Korualan Group
consists of dolomite, neritic foraminiferal limestone
and shallow marine deposits containing reefal
limestone, sandstone-shale intercalation with lensoidal
reefal limestone at the bottom and nodular, radiolarian
pelagic limestones with pelecypod shells and flintstone
interlayers at the top. The formation represents the
pre-rift carbonate deposition of the Bozkir Unit and
has the characteristic of a sedimentary deposit which
deepens towards upper layers.

Bagkigla Complex is made up of shell traced
(radiolarian and pelecypod) pelagic limestone,
radiolarite, clastics with debris flow, andesitic blocks
and from the mixture of rare green tuffs and fine
grained debris flow clastics. The unit reflects the
beginning of the rift and gives the image of mixture
of blocks in similar characteristics (probably derived
from them) with the rock units belonging to the other
slices of the Bozkir Unit with dimensions reaching up
to hundreds of meters. For example; green tuff and
andesitic volcanic rocks, which are partially observed
in the complex, show resemblance with the volcanics
of the Dedemli formation; the pelagic limestones
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with radiolarite interlayers with the Mahmut Tepe
formation and the neritic limestones resemble to the
lower parts of the Boyali Tepe formation.

The Dedemli formation of the Huglu Group, which
is synchronously or directly related with rifting, begins
with the clastic layer consisting of unsorted limestone
and pebbly, blocky debris flow accumulations with
sandy-clayey groundmass. Then the section which is
exclude the rare limestone and clastic intercalations
is completely formed by tuff, tuffite, diabase and
few andesitic submarine volcanics. Pale-dark green
tuff and tuffites reflecting the volcanic products
related with opening and/or extension (Andrew and
Robertson, 2002) form the dominant rock type of the
formation which can easily be recognized on the field.

The Mahmut Tepesi formation is fully formed by
the pelagic limestone, which is flintstone interlayered
and thin shale intercalated in lower parts, and ends up
with red and thin layered micritic level located at the
uppermost part. The unit exhibits a view reflecting the
basin deepening with syn-sedimentary faults on the
Dedemli formation (Figure 4).

The Kovanlik Complex, in addition to mainly
pebble and small blocks, consists of radiolarite, pelagic
and neritic carbonate (limestone, dolomite), volcanic
slices and clastic rock (shale, sandstone) layers with
heights reaching hundreds of meters. Spilitic volcanics
are in different colors (black, dark brown, dark
green) and easily disintegrate and occasionally show
amygdaloidal pillow structures partly with zeolite
infillings. In basaltic-andesitic volcanics, seldom high
grade crystallized, dark red radiolarite and limestone
patches are observed.

The Boyali Tepe Group is composed of cream,
dark red-pink, medium-thick layered, partly much
fossilliferous neritic limestones with thin flintstone
interlayers.

4. Material and Method

Total of 183 mineral and rock samples were
collected in the study area. After the samples
were washed, they were subjected to thin-section,
crushing-pulverization-sieving, clay  separation,
X-ray diffraction (XRD) and optical microscopy
(OM) processes in the Mineralogy-Petrography and
Geochemical Research Laboratories (MIPJAL) of the
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Figure 3- a) Geology map of the study area (adapted from MTA, 2002), b) The relative settings of the Units (arranged from Ozgiil,
1997).
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Figure 4- Geology map of the study area in the vicinity of sampling locations and field views
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Geological Engineering Department of the Cumhuriyet
University (C.U.). The scanning electron microscope-
secondary electron (SEM-SE), back scattered electron
microscope (SEM-BSE) views and the energy
dispersion spectrometer (EDS) analyses were carried
out in the Laboratories of Scientific Research Center
(Centro de Instrumentacion Cientifica) of the Granada
University (Universitad de Granada, Spain). For
the major element analyses of illites, the trace and
rare earth element (REE) analyses and the oxygen-
hydrogen isotope geochemistry of illites; inductively
coupled plasma spectrometer (ICP), inductively
coupled plasma =mass spectrometer (ICP-MS) and
the thermal ionization mass spectrometer (TIMS)
were used, respectively in the Activation Laboratories
Ltd. (Actlabs) in Canada.

The optical microscopy studies were performed by
the transmitted light binocular polarized microscope
(Nikon). By this method, the compositions and
textural characteristics of the rocks were defined and
described, and their alteration products were studied.

The XRD method was used in order to determine the
whole rock mineralogical compositions (XRD-WR) of
the rocks, the clay fraction (XRD-CF) and polymorphic
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changes in minerals, which are too small in grain size to
study under the optical microscope (OM).

The samples used in XRD studies were first
crushed by a hammer in 3-5 cm pieces and by the
Fritisch brand jaw crusher into grains less than 5 mm,
then pulverized by silicon carbide bowl grinder of
the same brand for 10-30 minutes considering their
hardness’s. The dust materials obtained in this way
were made ready to analysis after putting into nylon
bags and stickered. XRD analyses were performed by
DMAX IIIC model X-ray diffractometer of Rigaku
(Anode = Cu (CuKo = 1.541871A), Filter = Ni,
Voltage = 35 kV, Current = 15 mA, Goniometer speed
= 2°/min., Paper speed = 2cm/min., Time constant =
1 sec, Slits = 1° 0.15 mm 1° 0.30 mm, record interval
=20 =5-35°). As a result of XRD analyses, the whole
rock and clay size components of the samples were
defined (< 2um) and semi-quantitative percentages
were estimated based on the non-standard method
(Brindley, 1980). The mineral intensity factors in
XRD-WR and CF estimations and the reflections
were measured in mm. In this method, the dolomite
and kaolinite were taken as reference for the whole
rock and clay fraction from the ethylene glycolation
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pattern (Yal¢in and Bozkaya, 2002). Quartz was used
as the internal standard in measuring d distances.
The description of clay minerals was mainly made
according to (001) basal reflections.

In phyllosilicate/clay bearing rocks, the process of
separation of these minerals from the others are basically
formed by chemical solution (the removal of non-clay
fraction), centrifugation-decantation and leaching,
suspension-sedimentation-siphoning-centrifugation
and bottling. This process was accelerated by adding
Calgon in cases when there had not been any siphoning
process. The centrifugation was performed by the
centrifuge of the Heraeus Sepatech brand Varifuge
3.2 S model with 5600 rev./min and 200 cc capacity
metal codes. From each clay muds, the plastering or
three oriented glass slides were prepared in the form of
suspension for the ones that have swelled and cracked
and then they were dried in room temperature. Clay
fraction diffractograms were obtained by untreated-N
(air-dried), ethylene glycolated-EG (to leave under
ethylene glycol vapor in desiccator for 16 hours under
the temperature of 60°C) and heating-F (4 hours heating
under the temperature of 490°). During scanning, the
goniometer speed and the recording interval were
adjusted as 1°/min and 26=2-30° (error rate = 0.04°).

In the polytype determination of pure or nearly
pure illite minerals, the distinguishing peaks suggested
by Bailey (1980 and 1988) and J.C.P.D.S. (1990) were
used. For the detection of polytype, recording interval
with 206 = 16-36° and goniometer speed of 2°/min.
were utilized.

Three dimensional morphological view studies
were carried out on carbon coated samples which
randomly broken into lcm?® sizes for SEM-SE
analysis. Semi-quantitative EDS analyses were also
utilized in minerals descriptions. For two-dimensional
texture and mineral chemistry studies, the rock slices
were cut and one of their sides were polished, and
made ready to analysis coated with carbon. First; the
mineral description and textural relationships were
examined by BSE on polished sections, then EDS
analyses were carried out in suitable points and areas.
For EDS analyses; the Oxford INCA system was used
and instrumental conditions were adjusted as 20 kV in
voltage and with a probe size of 250 pA.

The results of oxygen and hydrogen isotopes have
the accuracy of + 0.2 %o and were estimated based

on Vienna Standard Mean Ocean Water (V-SMOW).
For stable isotope geochemistry and the description
of isotopic standards, the processes of analyses were
given by Clayton and Mayeda (1963) and by O’Neil
(1986) in detail. Details of the analysis method and
instrumental detection limits were given on the official
web site of the firm (http://www.actlabs.com/).

5. Mineralogy-Petrography
5.1. Optical Microscopic Studies

Among lithologies forming the Korualan Group,
the orthochem micritic and sparitic calcite and/
or dolomites are seen in carbonate rocks, and the
extraclastics are constituted by quartz, feldspar
(mainly plagioclase), clay, opaque minerals (mainly
hematite) and muscovite in order of abundance.
In some samples, the fossil shell fragments
and allochem components of radiolarian were
encountered. According to Folk (1974); these
rocks were defined as micrite, lithomicrite, micrite
with quartz, micrite with radiolaira, dolomicrite,
oomicrite, microsparite, sparite, sparite with quartz
and dolomite, dolomicrosparite, dolosparite with
calcite and dolosparite.

Sparites consist of coarse calcite minerals similar
to crystallized limestones (Figure 5a). In oolites, the
multi concentric oolites with lamellae are observed
(Figure 5b). At the center of some oolites, the
quartz minerals are encountered. Fossil remnants,
radiolarians and fine grained opaque minerals are seen
in bonding material.

In pores of the micrites; the euhedral rhombohedral
and zone textured calcites (Figure 5c¢), in pores of the
dolosparites; the euhedral rhombohedral dolomites
are observed (Figure 5d). Dolosparites occasionally
exhibit a gel texture and dolomites are surrounded by
opaque minerals (hematite) in places.

The components of the siliciclastic rocks are
constituted in order of abundance by monocrystalline
and polycrystalline quartz, feldspar (mainly plagioclase),
rock fragments (mainly metamorphic), mica minerals
(muscovite and biotite), chlorite and opaque minerals
(mainly hematite). However, tourmaline and zircon
minerals are seldom observed. The bonding material
is represented by the clay matrix and carbonate
cement (calcite and dolomite). Siliciclastic rocks were
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described as sandstone, siltstone, mudstone and shale
according to grain size and mineral contents. The
sandstones among these were defined according to
quartz (Q), feldspar (F), rock fragments (L) and matrix
(M) content (for M < % 15 Folk, 1974; for M > % 15
Pettijohn, 1975). These rocks were named as; quartz
sandstone, arkose, litharenite and feldspathic litharenite
(M<%15) or as lithic greywacke (M>%15) (Figure Se).
The sandstones, from mineralogical and textural points
of view, are mainly mature-submature and of some are
submature-immature. However, in pores of cherts with
calcite and/or dolomite, the gel textured chalcedonic
quartz (Figure 5f) is observed.

Volcanic rocks, which constitute one of the most
widespread lithologies of the Huglu Group exhibit
three different textures as; hypocrystalline porphyritic,
vitrophyric porphyritic and aphanitic-amygdaloidal.
The pale colored components in these rocks are
formed by plagioclase, and dark colored components
are formed by augite, biotite and occasionally by
opaque minerals (mainly hematite). The matrix is
mainly represented by volcanic glass and plagioclase
microlites in occasion. These rocks were described as
basalt and andesite according to Streckeisen (1978)
classification considering the primary magmatic
composition and their textural characteristics.

Figure 5- Optical microscopic views of carbonate rocks from the Korualan Group (crossed polarized
light; Cal: Calcite, Dol: Dolomite, Qz: Quartz, Mi: Mica, Om: Opaque minerals), a) Sparites
including coarse calcite crystals, b) Oomicrites with quartz and fossils, ¢) Micrites including
euhedral, rhombohedral and zoned calcites within the pores, d) Dolosparites including
euhedral, rhombohedral and zoned dolomite crystals within the pores and partly gel texture,
e) Angular, monocrystalline and polycrystalline quartz within the calcite cement and detrital
micas in the quartz sandstones, f) Chalcedonic quartz and gel texture within the pores of

coarse-grained dolomitic chert.

70



Bull. Min. Res. Exp. (2016) 153:63-90

In matrix and pores of the rocks, frequently the
silicification, argillization and chloritization and partly
zeolitization (analcime and heulandite/clinoptilolite)
are observed (Figure 6a-b).

Pyroclastic rocks are vitroclastic in texture
and contain quartz, plagioclase, opaque minerals
and volcanic rock fragments. In bonding material,
mainly the silicified and/or chloritized volcanic
glass and carbonate minerals are encountered
(Figure 6c¢-d). Pyroclastic rocks were defined as
tuffaceous sandstone (tuffite) according to grain
size and the ratios of pyroclastic (volcanic glass,
pumice, crystal and volcanic rock fragments) /
(epiclastic + chemical + organic) components
(Schmid, 1981).

In carbonate rocks, also the silicified and/or
carbonate textured radiolarian fossils are frequently
encountered.

5.2. Electron Microscope Studies

SEM-SE (three dimensional) and SEM-BSE (two
dimensional) views on polished surface of the rocks
of the Bozkir Unit were given in figures 7 and 8,
respectively.

Illite and chlorites are observed among quartz and
feldspar grains in the form of flaky and plumy-like groups
in shale (BZB-17) and mudstone (BZB-45) lithologies,
which possess illite + quartz + calcite + feldspar +
chlorite assemblage, of the Korualan Group (Figure 7a-
b). Illite and chlorite minerals in authigenic or diagenetic
recrystallized origin form the main components of the
rock orientation. In the altered volcanic rock sample
(BZB-100), which has illite + chlorite + quartz +
feldspar + calcite paragenesis in the Huglu Group, the
illites are plumy-like and chlorites are flaky and form
a distinctive orientation (Figure 7c). Among the coarse
grain components in siltstone sample of the Huglu
Group (BZB-182), the completely authigenic fibrous

Figure 6- Optical microscopic views of Huglu Group rocks (a-b: crossed polarized light, c-d: plane polarized light; Heu:
Héylandit, Chl: Chlorite, C-S: Mixed-layered chlorite-smectite), a) Heulandites/clinoptilolites within the matrix
and/or pores in the altered andesites, b) Chlorite and mixed-layered chlorite-smectite (C-S) within the matrix and/
or pores in the altered andesites, ¢) Chloritization, carbonatization and volcanic rock fragments in the vitroclastic
textured tuffaceous sandstones, d) Chloritizations in the vitroclastic textured tuffaceous sandstones.
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I-C minerals are also observed in addition to feather and
flaky illite and chlorites (Figure 7d).

The back scattered electron (BSE) microscope
views of sandstone and mudstone samples of the
Korualan Group have shown that the phyllosilicates,
which are the main components of the orientation,
are represented by fine grained illite and chlorite
formations infilling the spaces of calcite, quartz and
feldspar grains in addition to coarse dendritic micas
(Figure 8a-b). In addition to silicate and carbonate
minerals in mudstones, the framboidal pyrites, which
formed as a result of probable bacterial reduction,
were also observed (Figure 8b). In altered volcanic
rock sample of the Huglu Group, the pale gray-white
iron rich components (chlorite, hematite) increase
and also the orientation related with the burial can be
observed in addition to the volcanic texture (Figure
8c). In siltstone sample, in which the clastic texture is
dominant, the coarse grained platy mica (dark gray)
and chlorites (pale gray) form a distinctive orientation
(Figure 8d). The authigenic illite and chlorites are
observed in the form of fine grained constituents
which infill the grains.

=

e 3
o - JR

5.3. X-Ray Diffraction Studies

5.3.1. Whole Rock and Clay Fraction Studies

In siliciclastic and carbonate rocks of the Korualan
Group; the quartz, feldspar, clay and hematite
minerals, and calcite and dolomite minerals are
observed as dominant minerals, respectively in order
of abundance. In siliciclastic rocks of the unit, mainly
the illite, partly chlorite, smectite and mixed-layered
I-S constitute clay minerals (Figure 9a-b).

The volcanic components of volcanic and
pyroclastic rocks of the Huglu Group in order
of abundance are composed of feldspar (mainly
plagioclase), augite, hornblende, biotite and hematite,
and the post volcanic components are constituted by
quartz, clay, calcite, dolomite, analcime and goethite.
The mineralogy of silicilastic and carbonate rocks is
similar to that of the Korualan Group except for their
abundances. In volcanic-pyroclastic rocks of the unit
(Dedemli Formation), the clay minerals are represented
mainly by illite, chlorite, partly smectite and by the
mixed-layered I-S. The deep marine silicified rocks

Figure 7- Scanning electron microscopic images, a) Illites in the shale sample, b) Illites and chlorites in the mudstone sample,
c) Illites and chlorites in the altered volcanic sample, d) Illite, chlorite and mixed-layered illit-chlorite (I-C) in the

siltstone sample.
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Figure 8- Backscattered electron microscopic images, a) Orientations of the illites in the shale sample, b) Detrital mica,
authigenic illite and framboidal pyrite occurrences in the mudstone sample, ¢) Fine-grained hematites in the altered
volcanic sample, d) Orientations of the micas and chlorites in the siltstone sample.

(Mahmut Tepesi Formation) contain C-V and C-S in
addition to illite, chlorite and I-S minerals.

5.3.2. The Crystal Chemistry Studies of
Phyllosilicates

The “crystallinity” values of illite and chlorite
minerals of the Bozkir Unit obtained by the calibration
of peak values (FWHM) in semi-height measured
by means of WINFIT program were given in table
1. For illite and chlorite minerals the Kiibler index
(KI:Kiibler, 1968) and the Arkai index (Al: Arkai, 1991;
Guggenheim et al., 2002) were used, respectively.

The crystallinity measurement values for units
were assessed in KI-1(002)/(001) diagram (Figure 10),
and correspond with the Kayabasi formation 1.48-
2.31 A°26 (mean 1.82 A°26. low grade diagenesis),
the Dedemli formation 0.54-0.81 A°26 (mean 0.63
A°26, high grade diagenesis) and the Mahmut Tepesi
formation 0.35-0.76 A°20 (mean 0.53 A°26, anchizone
and high grade diagenesis) values.

The relationship between the crystallinity degree
(KI) and peak intensity ratio (Ir), which were
determined in different lithologies of the Bozkir Unit,
was given in figure 11. Accordingly; the Kayabasi
formation, the Dedemli formation and the Mahmut
Tepesi formation reflect low grade diagenesis, high
grade diagenesis and anchizone-high grade diagenesis,
respectively.

The illites, which give a peak at 10 A in N-
and EG-patterns and do not show any extension in
EG-pattern, might contain smectite even in fewer
amounts. In case when illites contain smectite layer
both the peak intensity of (003) reflection increases
and 10 A peak width decreases in EG-pattern. The
peak intensity ratio suggested by Srodon (1984)
(Ir=1(003/001),;,,,,,/1(003/001),, ....) is one of the
most widely used methods and Ir>1 means that illites
contain smectite interlayer. Using the diagram generated
according to crystallinity and Ir values of illites by
Eberl and Velde (1989), it was assessed that illites had
contained an expandable layer (smectite) (Figure 11).
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in the K-micas from the Bozkir Unit rocks.

crystallite size of K-micas in the KI-[I(OOS)/I(OOHN] /L

Figure 11- The relationship between expandable layer content (S %) and

((]03)/ I(om)a]

diagram (Eberl and Velde, 1989) from the Bozkir Unit rocks.
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Thus, the expandable layer components of illites
(smectite %) is in between 4-8 % in the Kayabasi
formation, less than 2 % in the Dedemli formation and
between 2-5 % in the Mahmut Tepesi formation.

The crystalline size of illites, according to the
formula (N, =8.059/B; =1.038949 x KI1-0.8250323)
suggested by Merriman et al. (1990), are 3-6 nm in the
Kayabasi formation (mean 5 nm), 11-17 nm (mean 14
nm) in the Dedemli Formation and 11-29 nm (mean
19 nm) in the Mahmut Tepesi formation (Table 1).
The crystallite sizes of illites in KI-Ir diagram show a
similarity with the values estimated from Merriman et
al. (1990) (Figure 11).

The polytype and d,, measurements made in
pure or nearly pure illites of the Kayabast Formation
were given in figure 12. The illites mainly form
from 2M, and 1M, polytypes, and a sample far from
rifting (BZB-8) contains 1M polytype. According to

d,,, values (1.4996-1.5007 A, mean 1.5002 A), the
illites are completely dioctahedral in composition

(Octahedral Fe+Mg=0.18 atom).
6. Geochemistry
6.1. Major Element Geochemistry

Illite, smectite and vermiculites are clay
minerals structurally related with micas, and they
are distinguished from each other by the tetrahedral-
octahedral-tetrahedral (T-O-T or 2:1) interlayer cation
to be potassium. The ones that resemble to muscovite
are dioctahedral; and the others resembling to biotite
are trioctahedral. The general formula for illite can be
expressed as; KyAl 4[Si8_y40 AlyOZO](OH) , and here y<2
and mostly around 1.5.

The chemical compositions of some mica
minerals that should be taken into consideration in the

Table 1- The results of “crystallinite”, peak intensity ratio (Ir) and crystallite size (N, mm) measurements of illite and chlorite in the Bozkir Unit.

SampleNo |  FWHM-I FWHM-C | K1 | KI-C | k) | New [ 100210001
Kayabas1 Formation

BZB-8 1.450 1.61 1.28 5 1.00
BZB-17 1.523 1.69 1.16 5 0.93
BZB-23 1.376 1.52 1.36 5 0.88
BZB-28 1.319 1.46 6 1.00
BZB-45 2.038 2.29 1.77 4 1.00
BZB-69 1.651 1.84 243 4 0.95
BZB-71 1.493 1.66 1.52 5 1.00
BZB-89 2.055 2.31 2.33 3 0.93
BZB-105 2.055 2.31 1.86 3 0.85
BZB-131 1.337 1.48 1.80 6 1.00

Dedemli Formation
BZB-100 0.621 0.65 1.00 14 0.46
BZB-117 0.592 0.62 1.00 14 0.56
BZB-140 0.755 0.81 1.08 11 0.54
BZB-144 0.549 0.57 1.18 16 0.66
BZB-161 0.526 0.54 1.17 17 0.39
BZB-164 0.566 0.59 1.09 15 0.40
BZB-165 0.622 0.65 1.08 14 0.40
Mahmut Tepesi Formation

BZB-171 0.615 0.64 1.23 14 0.61
BZB-178 0.415 0.415 0.41 0.41 1.87 23 0.63
BZB-179 0.529 0.410 0.54 0.41 17 0.80
BZB-180 0.362 0.385 0.35 0.38 29 0.82
BZB-181 0.445 0.447 0.45 0.45 21 1.00
BZB-182 0.714 0.76 1.61 11 0.91

(*) Ir = [1(003)1(001), 1/ [1(003)/1(001),, ]
(**)N001 (nm) = 8.059/B; B=1.038949 x KI-0.8250323
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Figure 12- XRD patterns of polytypes and d  values of illite in the Bozkir Unit rocks.

assessment of illites are given below. The structural
and oxide formulae of theoretical muscovite and
seladonite are successively; K Al [Si Al,O, J(OH,,),
ve K,0.3A1,0,.6S5i0,.2H,0 (SiO, 45.26 %, ALO,
38.40 %, K,0 11.82 %, H,0 4.52 %), K (MgFe*Fe*)
[Si,0,,J(OH), and K ,0O.Fe,0,.MgO.Fe0.8Si0,.2H,0
(Si0, 54.45 %, Fe,0,18.09 %, FeO 8.14 %, MgO 4.57
%,K,010.67 %, H,0 4.08 %). The structural and oxide
formulae of theoretical biotite is K Fe[Si Al O, ]
(OH), (K,0 9.20 %, FeO 42.11 %, SiO, 35.21 %,
ALO, 9.96 %, H,0 3.52 %); and for phlogopite it is
K Mg [Si AL O, J(OH), (K,O % 11.29, MgO 28.98 %,
Si0,43.19 %, Al,0,12.22 %, H,0 4.32 %).

The major element contents of illite minerals
detected by the ICP method and the structural formulae
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estimated based on 11 oxygen atom (Weaver and
Pollard, 1973) were presented in table 2. The distribution
of major oxides based on their content in illites shows
nearly 50 times increase (SiO,) and 100 times decrease
(MnO) when 1 % value is taken as reference. The most
distinctive difference according to samples is observed
in XFe O,, CaO and Na,O contents.

Illites that have dioctahedral composition possess
tetrahedral Al (0.04-0.49) substitution. The octahedral
substitution and total octahedral cation amount related
with Al, Mg, Fe, T, and Mn vary between 0.15-0.52
and 1.86-1.96, respectively. The major cation located
between the interlayer is K, and its amount ranges from
0.37 to 0.51. The tetrahedral Al and interlayered K
amount in ideal muscovite is 1, and the octahedral Al
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amount is known as 2. The tetrahedral and octahedral
substitutions and interlayer Ca and Na amounts in
illites (0.05-0.12) make us consider that they are related
with the expandable layer (smectite) component, the
presence of other mica phases in clay fraction and most
significantly with the diagenetic nature.

The major element compositions and structural
formulae of illite and mixed-layered clay minerals
(illite-chlorite I-C and chlorite-vermiculite C-V) by
EDS method were given tables 3, 4 and 5; and the
results were assessed with the ones performed by
ICP method. The structural formulae of I-C and C-V
mixed-layered clay minerals were estimated based on
12.5 atom (Weaver and Pollard, 1973).

Illites are located between montmorillonite and
muscovite in the ternary diagram of tetrahedral
substitution-octahedral mostly

in illite region (Figure 13a). Illites are located in

substitution, but

montmorillonite — I-S — seladonite — phlogopite —
muscovite pentagram in M*—4Si—R2" diagram, but
mostly between illite and muscovite (Figure 13b).

Illites are closer to AlY corner and have a
composition between muscovite — phlogopite in the
FetMg—AIV—AI"" ternary diagram (Figure 14a).
According to binary variation diagram of Na-K; Na
low, but K presents a wide compositional interval
(Figure 14b). However; they are aligned along
muscovite-seladonite line, but close to muscovite
corner in the Si-Al _  diagram (Figure 14c).

Illites are clustered in region parallel to the
muscovite-seladonite line and closer to illite in the
binary variation diagram of Si—(Na+K) (Figure 15a).
However; in the Mg-Fe diagram they were aligned as
parallel to the diagonal line of the rectangle showing a
weak positive correlation (Figure 15b).

Illites were clustered close to muscovite corner in
the binary variation diagram of Mg+Fe-Si in such a
way that it shows a positive correlation though weak
(Figure 16a). Interlayer cations possess a composition
among muscovite-illite-phengite close to muscovite

corner in Si/Al_ (Figure 16b).

total

The structural formulae of illite and mixed-layer
clay minerals estimated starting from chemical
analyses were given below:

Table 2- Major element chemical composition and structural
formulas of illite minerals (ZFeO: total iron, LOI: Loss on
Ignition, TC: Tetrahedral charge, TOC: Total octahedral
cation, OC: Octahedral charge, ILC: Interlayer charge,
TLC: Total layer charge).

Oxide% | BZB-8 | BZB-89 | BZB-131 | Mean
Sio, 60.11 54.69 5031 55.04
TiO, 0.848 0.893 0.834 0.86
ALO, 18.48 19.53 24.31 20.77
SFe,0, 5.70 7.13 4.88 5.90
MnO 0.010 0.019 0.011 0.01
MgO 1.45 1.95 1.86 175
CaO 0.72 0.88 0.34 0.65
Na,0 0.12 0.37 0.18 0.22
K,0 438 417 5.70 4.75
PO, 0.21 0.22 0.20 021
LOI 7.43 8.59 10.06 8.69
Total 99.46 98.44 98.67 98.86
Si 3.96 3.75 3.51 3.74
Al 0.04 0.25 0.49 0.26
TC 0.04 0.25 0.49 0.26
Al 1.40 133 1.51 1.41
Ti 0.04 0.05 0.04 0.04
Fe 0.28 0.37 0.26 0.30
Mn 0.01 0.00
Mg 0.14 0.20 0.19 0.18
TOC 1.86 1.96 1.98 1.93
oc 0.52 0.38 0.15 0.35
Ca 0.05 0.07 0.03 0.05
Na 0.02 0.05 0.02 0.03
K 037 0.36 0.51 0.41
P 0.01 0.01 0.01 0.01
ILC 0.54 0.60 0.65 0.59
TLC 0.56 0.63 0.64 0.61

(Ca, Na, .K , P

0.05 0.03770.41 0.01)(A11.41T10.04

[(Si, ,Al, )0, J(OH), (Illite-ICP)

FeO.}OMgO.IS)

0.26

(M.go.ozcao.(JlNao.oxK
[(Si, Al

0.77)(A11.76Ti0.02FeO.14Mg0.12)
)0,,J(OH), (1llite-EDS)

0.77

(Mg0,23ca0. 1 2I<O.07)(IAl 1 .69Fe1 .OSMg0.90) [(Si3,75A10.25)O 1 0]
(OH), (C-V-EDS)

(MgO.OlcaO. 12K0.47
(OH), (I-C-EDS)

)(A11.90F60.85Mg0.80) [(Si3.28A10.72)O 10]

6.2. Trace Element Geochemistry

The trace element contents of illite minerals by ICP-
MS method were presented in table 6. When distribution
of trace elements with respect to their content is taken
in 1 ppm reference interval; there is observed 385
times increase (Ba) and 100 times decrease (Bi and In).
Looking at REE contents; 72 times increase (Ce) and
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Table 3- EDS results (%) and structural formulas of illite minerals from the Kayabas1 formation (TC: Tetrahedral charge, TOC: Total octahedral

cation, OC: Octahedral charge, ILC: Interlayer charge, TLC: Total layer charge).

Sample No. BZB-17 BZB-45 BZB-71

Mineral No. ml ml m2 m3 ml m2 m3
Spectrum No. s3 s8 s2 sl sl s2 s6 s2 s3 s9 s2 s10
SiO, 50.234| 50.784| 48.890| 50.567| 48.075| 50.895| 50.049| 48.482| 47.145| 49.498| 47.620| 50.420
TiO, 0.685 0.593 0.361 0.613 0.642 0.368 0.450 0.400

ALO 34.668| 38.489| 37.956| 38.014| 37.200| 33.281| 35.182] 35.539| 35.029] 35.970| 38.290| 35.818
FeO 2.522 1.750 1.555 1.426 1.725 2.619 2.456 2.953 5.874 1.868 1.564 2.040
MnO

MgO 1.5681 0.921 0.701 0.828| 1.0989 2.282 1.507 1.409| 24557 1.425 0.855 1.327
CaO 0.439 0.437 0.676 0.388 1.104
Na,O 0.5530 0.639 0.560 0.708 0.895 0.644 1.112 0.656 0.984 1.213 0.728
K,0 9.772 6.980 9.747 8.087| 10.335| 10.925 9.114 9.660 7.868 9.420| 10.055 8.554
Total 100.00| 100.00| 100.00 99.99 99.33| 100.00| 100.00 99.80| 100.07| 100.00| 100.00 99.99
Tetrahedral

Si 3.18 3.14 3.08 3.14 3.07 3.23 3.16 3.09 3.02 3.12 3.02 3.17
Al 0.82 0.86 0.92 0.86 0.93 0.77 0.84 0.91 0.98 0.88 0.98 0.83
TC 0.82 0.86 0.92 0.86 0.93 0.77 0.84 0.91 0.98 0.88 0.98 0.83
Octahedral

Al 1.76 1.94 1.89 1.92 1.87 1.72 1.77 1.76 1.67 1.80 1.88 1.82
Ti 0.03 0.00 0.03 0.02 0.03 0.03 0.02 0.02 0.02

Fe* 0.13 0.09 0.08 0.07 0.09 0.14 0.13 0.16 0.31 0.10 0.08 0.11
Mn

Mg 0.15 0.02 0.01 0.10 0.22 0.14 0.13 0.14 0.13 0.06 0.12
OoC 0.04 0.00 0.01 0.00 0.01 0.12 0.03 0.02 0.01 0.06 0.00 0.08
TOC 2.07 2.01 2.02 2.02 2.06 2.08 2.07 2.08 2.14 2.05 2.04 2.05
Interlayer

Mg 0.09 0.05 0.07 0.09 0.02

Ca 0.03 0.03 0.05 0.03 0.07
Na 0.07 0.08 0.07 0.09 0.11 0.08 0.14 0.08 0.12 0.15 0.09
K 0.79 0.55 0.78 0.64 0.84 0.89 0.73 0.79 0.64 0.76 0.81 0.69
ILC 0.86 0.87 0.95 0.87 0.95 0.89 0.87 0.93 1.00 0.94 1.00 0.92
TLC 0.86 0.86 0.93 0.86 0.94 0.89 0.87 0.93 0.99 0.94 0.98 0.91
Sample No. BZB-62

Mineral No. ml mé4 m4 m6 m6 m6 mo6 mb6 m6 m7 m9

Spectrum No. s3 s10 s12 s2 s3 s5 s6 s7 s9 s6 s3

SiO, 50.574| 48.874| 49.224| 53.620| 49.140| 49.512| 48.928| 53.053] 50.318| 48.614] 49.896

TiO, 0.352 0.445 0.661 0.658

ALO, 35221 37.528| 35.092| 33.769| 36.350| 36.228| 39.355| 32.615| 36.217| 37.722| 36.690

XFeO 2.133 1.662 2.287 2.089 1.710 2.285 1.104 2.897 1.773 1.514 1.692

MnO

MgO 1.4382 0.861 1.364 2497 1.4369 1.294 0.734 1.102] 1.3107 1.110) 1.3159

CaO 1.202 0.760 0.748 0.801 0.476

Na,0 0.8706 1.092 0.4665 0.529 1.371 0.806 1.273 1.210] 0.8347

KO 9.765 9.633| 10.389 7.265| 10.237 9.406 7.710 9.052 9.070 9.174 9.570

Total 100.00| 100.000, 100.00| 100.00| 100.00/ 100.00| 100.00] 100.00 99.96/ 100.00| 100.00
Tetrahedral

Si 3.19 3.08 3.13 3.32 3.11 3.13 3.05 3.34 3.16 3.06 3.14

Al 0.81 0.92 0.87 0.68 0.89 0.87 0.95 0.66 0.84 0.94 0.86

TC 0.81 0.92 0.87 0.68 0.89 0.87 0.95 0.66 0.84 0.94 0.86
Octahedral

Al 1.81 1.87 1.76 1.78 1.82 1.83 1.94 1.76 1.84 1.86 1.86

Ti 0.02 0.02 0.03 0.03

Fe* 0.11 0.09 0.13 0.11 0.09 0.12 0.06 0.15 0.09 0.08 0.09

Mn

Mg 0.14 0.06 0.13 0.22 0.13 0.12 0.03 0.10 0.12 0.07 0.12

oC 0.07 0.01 0.12 0.00 0.00 0.03 0.00 0.22 0.06 0.00 0.01

TOC 2.06 2.04 2.04 2.11 2.07 2.07 2.03 2.01 2.05 2.04 2.07

Interlayer

Mg 0.02 0.01 0.01 0.01 0.04 0.03

Ca 0.08 0.05 0.05 0.05 0.03

Na 0.11 0.13 0.06 0.07 0.17 0.10 0.16 0.15 0.10

K 0.79 0.78 0.84 0.57 0.83 0.76 0.61 0.73 0.73 0.74 0.77

1ILC 0.90 0.95 1.00 0.69 0.91 0.88 0.96 0.89 0.89 0.95 0.87

TLC 0.88 0.93 0.99 0.68 0.89 0.90 0.95 0.89 0.90 0.94 0.86
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Table 4- EDS results (%) and structural formulas of illite minerals of the Mahmut Tepesi formation (TC: Tetrahedral charge, TOC: Total
octahedral cation, OC: Octahedral charge, ILC: Interlayer charge, TLC: Total layer charge).

Sample No. BZB-178

Mineral No. m3 m2 m8§ ml m2
Spectrum No. s4 s6 s8 s3 s9 s12 s3 s5 s8 s4
SiO, 62.490 56.650 60.410 59.544 57.676 58.292 52.140 51.760 51.074 50.347
TiO, 0.330 1.610 0.409 0.389

AL O, 22.230 23.500 25.430 20.258 22.191 20.591 27.649 31.404 29.538 32.947
FeO 2.010 6.430 1.550 4.590 6.668 7.205 3.801 2.269 4.580 3.064
MnO

MgO 2.643 3.417 3.495 3.689 2.584 2.847 2.654
CaO 0.330

Na,O 0.473 1.045 0.511
K,0 12.370 10.690 10.840 11.355 9.574 10.007 11.779 10.485 11.572 10.476
Total 99.10 97.60 98.56 100.00 100.00 100.00 99.06 99.55 100.00 100.00
Tetrahedral

Si 3.95 3.72 3.81 3.80 3.69 3.74 3.39 3.30 3.30 3.21
Al 0.05 0.28 0.19 0.20 0.31 0.26 0.61 0.70 0.70 0.79
TC 0.05 0.28 0.19 0.20 0.31 0.26 0.61 0.70 0.70 0.79
Octahedral

Al 1.61 1.54 1.70 1.32 1.37 1.31 1.50 1.66 1.54 1.68
Ti 0.02 0.08 0.02 0.02

Fe* 0.11 0.35 0.08 0.25 0.36 0.39 0.21 0.12 0.25 0.16
Mn

Mg 0.25 0.33 0.34 0.36 0.25 0.27 0.25
ocC 0.95 0.60 0.74 0.72 0.51 0.57 0.34 0.28 0.26 0.14
TOC 1.72 1.91 1.78 1.90 2.06 2.06 2.07 2.03 2.08 2.09
Interlayer

Mg

Ca 0.02

Na 0.06 0.13 0.06
K 1.00 0.90 0.87 0.93 0.78 0.82 0.98 0.85 0.95 0.85
ILC 1.00 0.90 0.91 0.93 0.80 0.82 0.98 0.98 0.95 0.91
TLC 1.00 0.88 0.93 0.92 0.82 0.83 0.95 0.98 0.96 0.93

3 times decrease (Lu) is observed. Besides; the tracing
of REE contents from La to Lu in the form of increase-
decrease indicate the consistency of analyses and that
illites are pure or nearly pure.

The chondrite-normalized distribution of trace
element contents of illites (Sun and McDonough, 1989)
was given in figure 17. The Nb and Y from Condie
(1993) and the other elements were taken from Gromet
etal. (1984) for NASC. When compared with chondrite
values; the enrichment (579 times for U) - depletion (4
times for P) in elements based on the host-rock it derived
vary and pattern minerals distinguish from NASC and
each other. In other word; the illites exhibit distinctive
differentiation / fractionation. The most distinctive
positive and negative anomalies are recorded in La, Nd
and Ti; and Sr and P elements, respectively.

The REE contents of illite minerals were normalized
according to chondrite (Sun and McDonough, 1989)
and their element abundances were compared (Figure
18). The values of the North American Shales (North
American Shale Composite, NASC) were also added
to the diagram (for Ho and Tm elements; Haskin et al.,
1968, for other elements; Gromet et al., 1984).

According to chondrite values, illite minerals and
NASC patterns resemble to each other, however; they
differentiation from each other in term of abundances and
show distinctive differentiation / fractionation. The REE
contents of illites, except the La-Ce-Pr, are lower than
NASC but increased with respect to chondrite (174 times
for La, 10 times for Ho). Besides; LREE concentrations
of illite minerals show a decrease with respect to HREE.
There is also observed a small decrease for Eu.
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Table 5- EDS results (%) and structural formulas of chlorite
interlayered minerals in rocks of the Bozkir Unit (TC:
Tetrahedral charge, TOC: Total octahedral cation, OC:
Octahedral charge, ILC: Interlayer charge, TLC: Total
layer charge).

Bozkir Unit

6.3. Stable Isotope Geochemistry

These analyses, which represent the oxygen and
hydrogen isotope geochemistry of illites, are generally
applied in two sections in order to determine the traces
of geothermometer and fluid-rock interaction. The first
is based on the differentiation between the two phases
related to the formation temperatures, and the second is
based on isotopic composition of fluid or rock in order to
assess the origin of fluid or rock protoliths. In other words;
if the origin of the water is known (sea water, meteoric,
magmatic) then temperature conditions; if temperature
conditions are known then the origin of water is detected.
Oxygen and hydrogen isotope geochemistry analyses
were carried out on 3 illite minerals (Table 7).

In addition to 8'®0 and 3D values of illite minerals,
the sea water point, meteoric water and supergene-
hypogene lines, which had been suggested by many
investigators (Craig, 1961; Sheppard et al., 1969;
Sheppard, 1986; Sheppard and Gilg, 1996; Wenner
and Taylor, 1974), were also added to figure 19. In
30 — 8D diagram according to isotopic change
of water vs. increasing temperature, the isotopic
composition of the water, which constitute I-S, is far
from the sea water composition but is located between
East Mediterranean Meteoric Water (EMMW, Gat
et al,, 1996) composition and the magmatic water
composition. In the determination of illite-water
equilibrium, which changes with temperature, R3 for
oxygen; Savin and Lee (1988) equation for I-S (90 %
I, 10 % S) and Yeh (1980) equation for hydrogen were
used. It is considered that diagenetic waters forming

Mineral C-v Cc-v 1-C
Sample No BZB-45 BZB-71 BZB-178
Mineral No 1 3 2
Spectrum No s6 s4 s6
SiO, 42.926 43.440 43.470
TiO,
ALO 25.978 29.399 29.433
FeO 17.435 15.920 13.529
MnO
MgO 11.959 8.390 7.189
CaO 1.303 1.726 1.452
Na,O
K20 0.402 1.123 4.925
Total 100.00 100.00 100.00
Tetrahedral
Si 3.24 3.25 3.28
Al 0.76 0.75 0.72
TC 0.76 0.75 0.72
Octahedral
Al 1.55 1.84 1.90
Ti
Fe 1.10 1.00 0.85
Mn
Mg 1.07 0.74 0.80
oC 0.01 0.00 0.00
TOC 3.72 3.58 3.55
Interlayer
Mg 0.27 0.20 0.01
Ca 0.11 0.14 0.12
Na
K 0.04 0.11 0.47
ILC 0.80 0.79 0.73
TLC 0.77 0.75 0.72
Muscovite

M+

®

@ ICP Dedemli Formation
9 EDS Mahmut Tepesi Formation

@ icP ;
® EDS Kayabagi Formation

Muscovite

Illite

Smectite

Deepening
X\ (Extension)
~N
~

~

/ m\ontm\orlllcemte

0.6 0.4
Octahedral Charge

02 4Si R2+

Seladonite Pyrophyllite

Figure 13- The distributions of cations from clay minerals in the triangular diagrams, a) Tetrahedral charge-octahedral charge, b) M*-4Si-R*".
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Table 6- Trace element chemical compositions of illite minerals.

1000

El : A wzpn ot 1P
emen BZB-8 | BZB-89 | BZB-131 Mean OB | rermation
(ppm) o pzp.go YA
Cr 120 150 180 150 L g/ N :
Ni 40 60 90 63 £ =N
C 6 9 13 9 g 9. 9%
- 5 10 \r/j
Sc 14 16 17 16 3
v 160 187 224 190 £
Cu 30 30 40 33 2y
Pb 15 11 15 14
Zn 150 310 130 197
Bl Ol 03 <01 02 Rb Ba Th U K Ta Nb La Ce St Nd P Hf Zr Sm Eu Ti Tb Y Yb
In <0.1 <0.1 <0.1 0.1 Element
Sn 4 > 6 > Figure 17- Chondrite-normalized trace element patterns of the illite
W 2.7 5.7 2.1 3.5 minerals (Chondrite: Sun and McDonough, 1989; Nb and
Mo < <2 <2 2 Y for NASC: Condie, 1993; other elements: Gromet et
As 85 17 16 39 al., 1984).
1000
Sb 0.8 0.4 <02 0.5 e N T
Ge 2.0 2.6 2.8 25 g | BB
Be 3 3 3 3 o BB Kayabagsi Formation
Ag 1.8 1.4 13 15 2 & o s
T o100 4 g
Rb 163 201 254 206 s %
Cs 34.1 17.5 498 338 E \\
Ba 258 385 322 322 s RSO SN
Sr 107 120 196 141 E‘ 10 4 .%;141- -
Tl 0.91 0.91 1.19 1.00 @n
Ga 24 29 36 30
Ta 1.34 1.42 1.39 1.38
Nb 18.0 194 18.4 18.6 L L e e e e e e LA
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Hf 4.1 4.0 3.5 3.9 Element
Zr 164 165 140 156
Figure 18- Chondrite-normalized REE abundances of the illite
Y 13.2 16. 16. 15.
3 6.5 68 53 minerals (NASC: Ho and Tm elements from Haskin et al.,
Th 11.6 13.1 16.7 138 1968, other elements: Gromet et al., 1984; Chondrite: Sun
U 4.04 3.56 4.63 4.08 and McDonough, 1989).
La 30.00 35.00 41.30 3543
Ce 52.3 63.5 72.0 62.6 O .
br 6.04 756 61 740 the 1111t§s. which are close}x located to the EMMW
Nd 205 263 205 254 composition are mostly originated from groundwater
Sm 3.48 421 4.47 4.05 and partly from volcanic-volcano-sedimentary waters.
Eu 0.667 0.815 0.826 0.769
Gd 2.50 3.25 3.05 2.93 According to 6 ,0,,,, — temperature (°C) diagram,
Tb 0.43 0.52 0.51 0.49 when the water forming the illites are completely
Dy 2.62 3.18 311 297 assumed as EMMW then temperature conditions
Ho 0.55 0.68 0.67 0.63 1 h 20 °C d wh L. d be th
Er 67 204 208 193 ower t 'an ; and when it is assum'e' to 'e the
Tm 0279 0322 0352 0318 magmatic water then temperature conditions higher
Yb 1.91 2.25 2.37 2.18 than 80 °C were obtained (Figure 20). The crystal-
Lu 0.301 0.342 0.342 0.328 chemical data (KI, crystallite size, d,,, polytype, etc.)

Table 7- Stable isotope compositions (5*0 ve 8D) of illite minerals.

Salr\lngle Yield% | %H,0 | dD(SMOW) | d"*O(SMOW)
BZB-8 14.8 8.6 72 20,8
BZB-89 | 14.1 10.7 -75 18.3
BZB-131| 142 12.1 -71 19.7
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of illites foresees temperature conditions higher than
20 °C and seems to be related with the mixture of two
different waters. The isotope data of illites in sample
BZB-8 representing the section away from the rifting
of the Kayabasi Formation and the illites in sample
BZB-89 representing the section close to rifting
indicate a temperature difference reaching 10 °C for
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Figure 19- The setting of oxygen and hydrogen isotope
compositions of the illite minerals in the 8O and 8D
diagram (Supergene-hypogene line: Sheppard et al., 1969;
meteoric water line: Craig, 1961).
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Figure 20- Relationships between %o "0 (SMOW) values and
temperature of water forming illites (DAMS from Gat et
al., 1996; magmatic water composition from Taylor, 1968).

the groundwater origin and 30 °C for the magmatic
water origin. This situation makes us consider that the
temperature increase of which the rifting had caused
affected the illite isotope chemistry.

7. Discussion and Results

The results obtained from volcanic, pyroclastic,
epiclastic and carbonate rocks of the Bozkir Unit
between Triassic-Cretaceous intervals are mostly related
with rifting, crustal thinning and partly with burial
diagenesis and were mentioned below (Figure 21).

Illites are different in origin in diagenetic
sediments (detritic / residual, authigenic) but there

occurs ordering in their crystal structure by means
of burial effects. With increasing diagenesis, the
crystallographic parameters of illite can be used
as the grading scale (especially KI). In addition
to increasing heat flow related with rifting from
diagenesis to metamorphism, there is observed a
decrease in KI values (peak narrowing), and 1M,
and 1M polymorphic types are replaced by 2M,. Fine
grained micas named as sericite as textural take the
place of illites (Duyoner de Segonzac, 1970). The
K,O amount and total negative interlayer capacity
of the illites increase in the direction of diagenesis
— anchizone — epizone with increasing diagenetic /
metamorphic grade (Hunkizer et al., 1986; Bozkaya
and Yalgin, 1999).

According to OM and SEM analyses, illite/mica
minerals encountered in the Bozkir Unit rocks are
widely represented by diagenetic illite, few detritic
and volcanogenic micas.

In addition to volcanic glass and/or matrix, typical
in volcanogenic rocks, it is considered by many
investigators (Yal¢in and Giimiiser, 2000; Yalgmn and
Bozkaya, 2003; Yal¢in et al., 2005), who studied in
similar environments, that the cations, which occur by
the decomposition of K-feldspars with sea water and
not used in other phyllosilicate structure, caused the
formation illite/muscovites:

(Volcanic glass and/or matrix — Aqueous Al- or Kal
siicate gel — Illite/muscovite)

38i0,2AL0,+12H,0 — 2AL(OH),3Si(OH) +K" —
KAI(Si,AlO, )(OH) +10H,0+20H"

6Si0,.3A1,0,.K,0+21H,0 —
K,0.6A1(OH),.6Si(OH),—~2KAI [AISi,0]
(OH),+19H,0

(K-feldspar or feldspar — Illite/Muscovite and/or
Quartz)

3(Na,K,Ca)Al Si,0 +4H+2K —2KAL [AISi,0, ]
(OH),+3(Na',K",Ca")

4KAISi,0,+6H —KAI(Si,Al0,,)(OH),+9Si0,
+2H,0+3K"

In all geological times, the chlorites in sedimentary
rocks are observed as residual in degradation profiles
starting from the regressive metamorphism or
diagenesis of the host-rock. However, they were
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derived either from the alteration zones or completely
from the alteration of green schists in which the
whole component is chlorite in sedimentary basins.
The chlorites are formed from irregular three layered
clay minerals as a result of aggradation in marine
environments. In the early diagenesis, irregular
chlorites are subjected to aggradation because of Mg
rich interstitial solutions. As the chlorites that occurred
in the early diagenesis are generally rich in Fe, while
the Mg content increases with increasing depth by
the increasing diagenesis-metamorphism (Ahn and
Peacor, 1985).

The chlorites in volcanic, pyroclastic and
epiclastic rocks representing the rocks of the Bozkir
Unit occur in bonding material and pores. OM and
SEM analyses show that the chlorite developed
authigenically in pores rather than dark-colored
minerals. However; in volcanogenic rocks, it can be
stated that the volcanic glass-chlorite transformation
occurred passing through an aqueous MgFeAl-
silicate gel interphase (e.g. Cerik¢ioglu and Yal¢in,
1998; Yalgin and Bozkaya, 2002; Yal¢in et al.,
2005):

Dedemli Fm.

Mahmut\Jepesi Fm.
Sea level —c T T T
Kayabasi Fm.
& |opp 5
g Dedemli lDed.emh le .
- Fm. (Vo canlc-[l)(yroc astic
Mahmut\Tepesi Fm rocks)
Too2/Too1 G0
Mahmut Tepesi Fm. | V" | = _gFZvvwvy
(Radiolarian limestone)

Possible
sample

Kayabag1 Fm. locati
(Carbonate rocks) ocation
Huglu
Group
Korualan
Group

Figure 21- Schematic display of the thermal maturation (diagenesis / metamorpism grade) differrences related to rifting of Bozkir Unit rocks.
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(Matrix and/or volcanic glass — Aqueous MgFeAl-
silicate gel — Chlorite)

75i0,.A1,0,.2Mg0.2Fe0+240H +10H"
—~9MgO.2Fec0.2A1(0OH),.7Si(OH),—
Mg,Fe Al[AISi O, ](OH), +9H,0

The diagenesis can only be possible by one
interlayered phase stage (aggradation) such as the
occurrence of these minerals, which have a special
significance in studies related with very low grade
metamorphism or by the transformation of smectite
into illite or chlorite. Non-expanding layer components
(illite or chlorite) of the mixed clay layers to increase
towards deeper parts or expanding layer components
(smectite) to decrease and the order of stacking give
important clues on advanced diagenesis (Frey, 1987;
Merriman and Peacor, 1999).

The mixed-layered clay minerals widely observed
during the late diagenesis are C-S, C-V, I-C and I-S.
Mixed-layered C-V is a stage in the aggradation of the
2:1 layered vermiculite type which shows evolution
towards chlorite (Dunoyer de Segonzac, 1970; Hoffman
and Hower, 1979). Mixed layers I-S and I-C show an
evolution towards illite or chlorite by the participation
of K or Mg and/or Fe. The permeability is also important
for the mobility of solutions in the transformation of
smectite into illite or chlorite and to play an active role.

The transformation of smectite into chlorite
mostly occurs starting from regular interlayered stage,
and 1:1 ordered C-S or C-V mixed layers called as
corrensite is formed. Corrensite is widespread in
basic and intermediate pyroclastic and volcanoclastic
rocks (Evarts and Schiffman, 1983; Brigatti and
Poppi, 1984; Inoue et al., 1984, 1987; Inoue, 1985,
1987; Bettison and Schiffman, 1988; Inoue and
Utada, 1991), especially in the laumontite zone of the
zeolite zone (Kiibler et al., 1974; Boles and Coombs,
1977; Lippmann and Rothfuss, 1980; Kisch, 1980,
1981). These minerals are located at the contact
metamorphism zones of shales (Blatter et al., 1973;
April, 1980; Vergo and April, 1982) and besides
in formations related with the burial diagenesis of
octahedral clay minerals (Hoffman and Hower, 1979;
Chang et al., 1986).

It is probable that the rocks, in which the mixed-
layered clay minerals in siliciclastic and volcanic-
volcanosedimentary units were derived, formed by

the neoformation and/or transformation rather than
detrital as being related with the origin material (e.g.
Cerikcioglu and Yalgmn, 1998; Yal¢in and Glimiser,
2000; Yal¢in and Bozkaya, 2002, 2003; Yalg¢in et al.,
2005):

(Volcanic glass and/or matrix — Aqueous MgFeAl-
silicate gel — C-S)
78i0,.A1,0,.7Mg0.FeO+11H,0+12H* —  7MgO.
FeO.2Al(OH),.7Si(OH), — Mg FeAl[AISi O, ]
(OH),,+4H,O+14H"

(Phlogopite-Biotite — I-V — Vermiculite)

K(Mg,Fe),[AlSi,0, J(OH),+0.50Ca"+4H,0 —
K,.Ca,,(MgFe), [AISi,O, J(OH),2H,0

— Ca (Fe,Mg),[AlSi,O, ](OH),.4H O+K*

(Volcanic glass — Aqueous NaKAl-silicate gel — I-S)

6Si0,.3A1,0,.Na,0.K, O+19H,0+4H* —  Na,O.
K,0.6A1(OH),.6Si(OH), — KNaAI,[ALSi O, ]
(OH),+180H"

(Sanidine/Orthoclase or plagioclase — I-S)
6KAISi,O,+Na'+4H,0 — KNaAlI,[ALSi O, ]
(OH),+128i0,+5K*+40H"

3(Na,Ca)ALSi, 0, +2H O+K*+2H" —

KNaAL([ALSi O

6 20]

(OH),+2(Na*,Ca*)+20H"

(Volcanic glass and/or matrix — Aqueous KMgFeAl-
silicate gel — I-C)

7Si0,4A1,0,2Fe0.9Mg0.K 0+25H,0+20H  —
K,0.9MgO.2Fe0.8AI(OH),.7Si(OH),

— K Mg Fe AlL[ALSi O, |(OH), +4H,0+24H"

According to KI and AI (A°20) data; The Kayabast
formation has low grade diagenesis, the Dedemli
formation has high grade formation and the Mahmut
Tepesi formation has high grade digenesis and
anchizone degree. With increasing degree of diagenesis
the smectite component of illites decreases. The illite/
micas of the Kayabasi1 formation are muscovitic and
the illite/micas of the Mahmut Tepesi formation related
to rifting are phenitic and seladonitic in composition
among pre-rift units. The chondrite based distribution
of trace and REEs contents in illites present a similar
orientation for the Kayabas1 and Dedemli formations,
but the amounts of these elements increase few in the
Dedemli formation.
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According to 3"*0-3D isotopic change of illite
minerals with increasing temperature, the isotopic
composition of the water which forms these minerals
are away from the sea water composition, but it is
located between EMMW and the magmatic water
compositions. This situation makes us consider
that the diagenetic fluids forming illites mostly
originated from the groundwater (diagenetic water
or the formation water), and partly from magmatic
water (volcanic-volcanosedimentary). According to
8'"%0,,,,-temperature relationship; when the water,
forming the illite minerals, are completely assumed
as the East Mediterranean Meteoric Water (EMMW)
then low (<20 °C) temperature conditions; and
when it is assumed as the magmatic water then high
(>80 °C) temperature conditions are satisfied. Thus;
these diagenetic conditions can be explained by the
interaction (rock-water interaction) of meteoric waters
with volcanic rocks. The isotope data show that the
probable rifting effect caused a temperature difference
reaching up to 30 °C in the formation illite, that is;
the temperature increase also reflected to the isotope
chemistry of illite.

In conclusion; clay and very few observed
zeolite minerals in the Bozkir Unit was formed by
the neoformation mechanism starting from fluids /
solutions that occur as a result of decomposition of the
volcanic material with sea water. The clay minerals
in diagenesis and very low grade metamorphism
conditions on the other hand; were re-ordered by
the transformation mechanism with diagenetic
solutions subjected to interaction with volcanogenic
rocks. The textural, mineralogical and geochemical
data of the Bozkir Unit rocks present significant
differences based on the temperature increase related
to rifting. It seems that the rifting has also affected
the chemical compositions of minerals in addition to
lithological differences and the degree of diagenesis /
metamorphism.
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