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Mineralogie and organic responses to stratigraphie irregularities:
an example from the Lower Paleozoic very low-grade meta-

morphic units of the Eastern Taurus Autochthon, Turkey

by Omer Bozkaya1, Hiiseyin Yalçin' and M. Cemal Göncüoglu2

Abstract

The paleogeographic and diagenetic-metaniorphic evolution of Lower Paleozoic (meta-) sedimentary rocks in the
Eastern Taurus Autochthon were studied by means of pétrographie and XRD methods. Parameters such as illite
crystallinity index, b0 and % 2M, proportion of K-white micas are characterized by an increase in grade from
diagenesis at the top to epizone at the bottom. Organic data show a good correlation with phyllosilicate crystal
chemical parameters. Three main zones and five sub-zones with distinct breaks at boundaries were distinguished
throughout the Lower Paleozoic series. These boundaries seem to correspond to stratigraphie gaps, unconformities
and/or irregularities that may have important implications regarding as yet unknown deformation events. The data
indicate that the Eastern Taurus Autochthonous Unit was initially not only affected by typical sedimentary burial,
but also preserved vestiges of an earlier regional thermal and/or deformational history. Alpine tectonic movements
and related deformations caused but limited textural changes, thus did not completely erase some fingerprints of the
Paleozoic minéralogie and organic transformations. The metamorphic evolution and relationships between the
minéralogie, textural and organic properties and stratigraphic/metamorphic discontinuities in the Lower Paleozoic
succession are controlled by diagenetic-metamorphic reactions and detrital input related to orogenic activity in the
hinterland.

Keywords: clay mineralogy, very low-grade metamorphism, stratigraphie irregularities, Paleozoic. Taurus.

1. Introduction

Mineralogie (illite crystallinity IC, d(aaXy basal
intensity ratios, polytypes of K-micas and chlorite
and bu of white micas) and organic matter maturation

(organic matter reflection OMR, cono-
dont alteration index CAI) studies of diagenetic
to very low-grade metamorphic argillaceous
sedimentary rocks have been used to reconstruct the
thermal histories and the structural evolution of
sedimentary basins and orogenic belts (i.e. Frey
et al., 1980; Hesse and Dalton, 1991 ; Warr et al„
1991; Yang and Hesse, 1991). High-grade diagenetic

to low-grade metasedimentary rocks mainly
originate either from depositional burial and
subsidence in sedimentary basins, from tectonic
burial and heating in orogenic belts, or from
hydrothermal alteration within contact metamor¬

phic aureoles (Hesse and Dalton, 1991). Different

tectonometamorphic settings at diagenetic to
low-grade metamorphic conditions may be separated

from one another by differences in their P-
T-t paths (England and Thompson, 1984; Robinson,

1987; Bevins and Robinson, 1988; Robinson
and Bevins, 1989).

The Tauride-Anatolide Platform or the Tau-
ride-Anatolide Composite Terrain (TACT,
Göncüoglu et a!., 1997) represents an Alpine
continental microplate (Fig. 1). Surrounded by the
northern and southern branches of the Neotethys,
the TACT experienced crustal thickening related
to the Latest Cretaceous Alpine closure of the
Neotethyan ocean branches and subsequent collision

with the surrounding continental microplates
(e.g. Sengör and Yilmaz, 1981). The commonly
accepted scenario for the evolution of the TACT
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is that nappes or tectonostratigraphic units at the
northern margin of the platform were sliced and
emplaced towards the south onto a relatively
autochthonous central part (Geyikdagi Unit of
Özgül, 1976). These nappes can be followed in
Turkey from the Aegean coast in the west to the
Iranian border in the east.

In contrast to the allochthonous units of the
Taurides, the relatively autochthonous Geyikdagi
Unit contains better-preserved successions, in
which Precambrian and Lower Paleozoic meta-
sedimentary-sedimentary sequences can be studied

in detail. Since the 1990s the overall assumption

was that the Infracambrian to Permian deposition

in this unit was continuous (e.g. Demirtasli
et al., 1983). More detailed biostratigraphic studies

(Dean and Monod, 1990; Göncüoglu and
Kozur, 1998; Göncüoglu and Kozlu, 2000)
have since identified important stratigraphie
discontinuities within the Precambrian to Devonian
successions of this unit. These findings may have
critical implications on the Lower Paleozoic
evolution of the Gondwanan margin. Preliminary
pétrographie studies in different parts of the
Taurides, on the other hand, indicated that these
stratigraphie irregularities are also reflected in
the mineralogical composition of the lithostrati-
graphic units (e.g. Bozkaya and Yalçin, 1995,
1998).The aim of this study is to establish the thermal

evolution by means of minéralogie and or¬

ganic parameters, to explain the paleogeographic
and diagenetic-metamorphic history, and finally
find its response within the stratigraphie variations

of the Lower Paleozoic rocks of the Geyikdagi

Unit as a representative unit of the TACT.
The minéralogie properties of the Upper Devonian

to younger units including abundantly mixed-
layer clays are beyond the scope of the present
study due to the uselessness of the phyllosilicate
parameters such as IC and bn (e.g. Bozkaya and

Yalçin, 1998).

2. Geological Setting and Stratigraphy

Tectono-stratigraphic units of the TACT and their
paleogeographic setting relative to the Geyikdagi
Unit can be distinguished and differentiated by
their stratigraphie and structural characteristics,
as well as depositional and metamorphic features
(Özgül, 1976). These units are called the
"allochthonous units". Palinspastically restored from
north to south, they consist of: Bozkir, Bolkardagi,
and Aladag units (Fig. 2a). The Bozkir Unit, the
uppermost tectonic unit of the allochthonous
nappe pile, mainly consists of Mesozoic slope to
passive margin deposits. Within the Aladag Unit,
the lowermost successions are Devonian in age,
hence no information regarding the Early Paleozoic

can be obtained. Detailed work on the
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Fig. 2 (a) Tectono-stratigraphic overview of the Eastern Taurides, as proposed by Özgül (1976). 1 - Bolkardagi
Unit, 2 - Aladag Unit, 3 - Bozkir Unit, 4 - Geyikdagi Unit, 5 - Antalya Unit, 6 - Alanya Unit, 7 - Misis Unit, (b)
Geologic map of the Eastern Taurus Autochthonous Unit between Sariz and Feke (simplified from Metin et al.,
1987), with sampling localities.

stratigraphy of the Bolkardagi Unit (also known
as the Kütahya-Bolkardag Belt; Göncüoglu et
al., 1997) indicated that a siliciclastic turbidite unit
of mid-Late Silurian (middle part of Late
Silurian) age is gradually followed by Early-Middle
Devonian platform-type carbonates (Göncüoglu
and Kozur, 1998; Göncüoglu and Kozlu, 2000).

The study area is located between Kayseri and
Adana in the western part of the Eastern Taurides
(Fig. 2). The Eastern Taurus Autochthonous Unit
(Metin et al., 1987) or the eastern part of the
Geyikdagi Unit (Özgül, 1976), shows a relatively
well-exposed section in the Sanz-Tufanbeyli-
Saimbeyli area (Fig. 2b). In this area the Geyik¬

dagi Unit is overthrusted by Kireçlikyayla melange
(Erkan et al., 1978), Andirin melange (Metin et
al., 1987) and Göksun metamorphics (Demirtasli
et al., 1983).

The Lower Paleozoic parts of the
autochthonous units, which were investigated in this
study, consist of Emirgazi, Feke, Çaltepe, Seydisehir,

Sort Tepe, Halit Yaylasi, Pusçu Tepe, Yukari
Yayla and Ayitepesi formations from bottom to
top. The names of the formations were taljen from
previous studies (Demirtasli, 1967; Özgül et al.,
1973; Dean and Monod, 1990; Kozlu, 1990).

The Emirgazi formation is mainly made up of
phyllitic slates and/or phyllites, alternating with
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metasiltstone, metasandstone and rarely recrys-
tallized limestone (Fig. 3). The Feke formation is

composed of purplish red colored metasand-
stones with yellow-green colored slate laminations.

It overlies the Emirgazi formation with a

sharp contact that is interpreted as a parallel
unconformity (Kozlu and Göncüoglu, 1997). The
overlying Çaltepe formation is characterized,
from bottom to top, by white-gray dolomite, dark
gray recrystallized limestone and green-pink nodular

metalimestone of Upper Cambrian age
(Göncüoglu and Kozur, 1998). A transitional
boundary exists to the overlying Seydisehir
formation, which contains slate-metasiltstone
alternations, intercalated with bands of recrystallized
nodular limestone at the lower part, and shales
alternating with siltstones at the middle to upper
part. The lower part of this formation yields cono-
donts of Tremadocian age (Göncüoglu and
Kozur, 1999). Rocks of this member are more bright
and cleaved than the overlying Arenigian parts
and they show a distinct mineral orientation. After

a stratigraphie gap including the Middle Ordo-
vician and probably the lower part of the Upper
Ordovician, the shales of the Ashgillian Sort Tepe
formation unconformably overly the Seydisehir
formation. Recent Darriwilian conodont findings
from the Geyikdagi Unit in the southern Taurides
(Sarmiento et al., 1999) indicate that the Middle
Ordovician rocks have been eroded in the studied
area during the Ashgillian transgression.

The Late Ashgillian Halit Yaylasi formation
paraconformably overlies the Sort Tepe formation,

and is made up of glacial conglomerates
(Ghienne et al., 2001) and sandstones including
silty shale alternations. The Lower Silurian Pusçu
Tepe formation includes shale and black shale-
siltstone alternations. The Yukari Yayla formation
includes shales with limestone interlayers and was
deposited during mid-Silurian. After a stratigraphie

gap, that may cover the Upper to uppermost
Silurian, the Lower Devonian Ayitepesi formation

unconformably covers the older units. It is

followed by the Middle Devonian Safaktepe
formation, represented by dolomitic limestone and
limestone with sandstone-shale alternations that
also include layers with conglomerate and
sandstone with volcanic detritus in its upper part in
some local areas (Bozkaya and Yalçin, 1995). It
is unconformably overlain by Gümüsali (Upper
Devonian) and Ziyarettepe (Lower Carboniferous)

formations respectively. The Yigiltepe
formation unconformably overlying the Devonian
rocks, is of Permian age and contains sandstone-
limestone-dolomitic limestone with shale laminations.

3. Material and Analytical Methods

A total of 290 rock samples were collected along
the measured sections (Fig. 2) across the Lower
Paleozoic formations and were analyzed by X-ray
diffraction (XRD) techniques and optical methods

(optical microscopy, OMR and CAI). Minerals

and their textural properties were also
determined by optical microscopy. XRD whole-rock
analyses were conducted on a Rigaku X-ray dif-
fractometer (type DMAX IIIC) with the following

settings: CuKa, 35 kV, 15 mA, slits
(divergence^0, scatter=l°, receiving=0.15 mm, receiv-
ing-monochromator=0.30 mm) and scan speed
2°20/min.The scan speed was l°20/min for oriented

clay minerals and illite crystallinity measurements

as recommended by Kisch (1991). Sample
preparation and clay fraction separation processes

were performed in the Geological Engineering
Department of Cumhuriyet University (CU). Total

rock and clay fraction (<2 pm) of fine grained
metasedimentary rocks were described and the
semi-quantitative percents of their mineral phases

were calculated by the use of multi-component
mixtures as external standards sensu Brindley
(1980). Clay fractions separated by the sedimentation

method were analyzed at normal (air
dried), glycolated (remained in a desiccator at 60
°C for 16 hours) and heated (heating at 490 °C for
4 hours) conditions. Quartz was used as an internal

standard for the measurements of d-spacing of
clay minerals.

The width of the 10-Â illite peak at half-height
(illite crystallinity IC) was measured as A°20
values based on the Kiibler index (Kübler, 1968,
1984). For the calibration of the IC measurements,
the crystallinity index standards (CIS) supplied
by Warr and Rice (1994) were used. A linear
regression equation of ICCIS=1.1565xICc(J-
0.0669 with R2=0.9894 was obtained. All IC values

are indicated and plotted as recalculated
values. Since the 10-À illite peak for paragonite-
muscovite (intermediate sodium potassium mica

PM) and paragonite is widened asymmetrically
towards high angles (Frey, 1987; Frey et al.,

1988), IC values could not be measured in samples

containing these minerals. IC values were
not measured in diagenetic carbonate-rich samples

due to possible negative effects of acid-
treated calcareous samples (Krumm, 1984; Kübler,

1984). Moreover, samples with less than
approximately 50% illite in their clay fraction
were excluded from IC determinations due to
insufficient counting statistics.

The b0 parameter, an empirical indicator of
pressure (Sassi and Scolari, 1974; Guidotti and
Sassi, 1986; Ramirez and Sassi, 2001), was meas-
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Fig. 3 (a) and (b). Vertical distribution of minéralogie and organic data in the Lower Paleozoic part of the Eastern
Taurus Autochthonous Unit.



360 Ö. BOZKAYA. H. YALCIN AND M.C. GÖNCÜOGLU

mLITHO-
i LOGY

IC (A°20)
0.0 0.4 0.8 1.2

POLYTYPE ILLITEb0 OMR(Rmoil%) CAI
lllite Chlorite ° 2 4 6 0 2 4 6

t
la

lib

Fig. 3b



MINERALOGIC AND ORGANIC RESPONSES TO STRATIGRAPHIC IRREGULARITIES 361

ured on d(060) reflections using the (211) peak of
quartz (29 59.97°, d 1.541 A) as a reference.

Illite and chlorite polytypes were determined
with the diagnostic peaks between 20 16-36°
and 31-52° on non-oriented powder samples,
respectively (Bailey, 1988).To determine 2M, and/
or 1M % contents of 2Mj + lMd and/or 2MX + 1M
+ lMd polytype-bearing illite/muscovites, the
ratios of 1(2.80)^1(2.58) Â and I(3 07 â/I(2.58) Â suggested
by Grathoff and Moore (1996) were used. The
structural formulas of chlorites were calculated
by using the XRD methods (Brindley, 1961;
Brown and Brindley, 1980; Chagnon and
Desjardins, 1991). In addition, for geothermo-
metry purposes sensu Cathelineau (1988), chlorites

in two samples were analyzed by Cameca
Electron Microprobe (EMP) at the Université
Blaise Pascal of Clermont-Ferrand (France) using
mineral standards supplied by the BRGM
(Orléans). The measurement device settings were 15
kV accelerating potential, 10 nA beam current
and 10 s count time.

Vitrinite reflectance was measured in the
Devonian to Cretaceous formations. In the Precam-
brian to Silurian formations the evolution of
vitrinite plant precursors was not developed. In
these units, solid homogeneous bituminite was
used as proposed by Ciulavu et al. (2001).
Bituminite has many optical similarities to vitrinite
and due to a significant Tl-correlation
(bituminite versus vitrinite reflectance) in the range of
values between 2.0 to 6.0 Rmojl%, bituminite can
be used in the same way like vitrinite reflectance
(Ferreiro Mahlmann, 2001). The term organic
matter reflectance (Ciulavu et al., 2001 used in
our study refers to both, to the combined use of
vitrinite and bituminite reflectance (Ferreiro
Mahlmann, 1995).

The samples selected for organic matter
reflectance (OMR) measurements were first treated

with 10% HCl and then their total organic
carbon (TOC) contents were measured at CU using
a Leco SC 444 sulphur and carbon analysis instrument.

Organic matter from samples with high
TOC values was separated and polished sections
were prepared. OMR values were determined
with a Leitz-Wetzlar MPV II type microscope, 50x
objective, mercury lamp (CS 100 W-2), double
B12 filter and one B38 heating-absorbing filter,
K510 barrier filter and point counter at Hacettepe
University, Ankara. For OMR measurements,
saphire (0.551% R) and glass (1.23% R) standards

were used for calibration of the microscope.
The measurements of mean random reflectance
(Rm„,|%) were performed under oil and the rank
of coalification is based on the North American
ASTM-classification (Teichmüller, 1987). CAI

data were compiled from GÖNCÜOC.LU and Ko-
ZUR (1998,1999).

4. Petrography

4.1. COMPOSITION AND TEXTURE

Lower Paleozoic metasedimentary rocks mainly
include quartz, sericite, chlorite, plagioclase, cal-
cite, dolomite, and rarely muscovite, biotite,
zircon, tourmaline, goethite, pyrite and specular
hematite minerals. Fine-grained biotite and zoned
plagioclase, and alkali feldspar and specular hematite

are typical minerals for the Emirgazi and
Feke formations, respectively. In addition, perth-
itic orthoclase and granitic and metamorphic rock
fragments are found in clastic rocks observed in
the lowermost interval of the Late Ordovician
Halit Yaylasi formation.

(Meta-) clastic rocks show a clear metamorphic

trend from Ordovician to Precambrian (Fig.
4a-h). Phyllitic slates, phyllites and metasiltstones
are the dominant lithologies for the Emirgazi
formation in which the primary clastic texture is
commonly obliterated and a typical crenulation cleavage

is superimposed on a slaty cleavage (Figs. 4a-
b). Partly better preserved clastic texture and
weakly developed cleavages are characteristic
features for the slates of the Feke formation (Fig. 4c).

Samples from the Tremadocian and Arenigian
part of the Seydisehir formation and also the Sey-
disehir and Sort Tepe formations were
distinguished from each other by means of their characteristic

microfabrics such as bedding-parallel cleavage

with weak crenulation (Figs. 4d-f), and weak
bedding and missing orientation (Figs. 4g—h). On
the basis of the field appearance, Tremadocian
slates can be distinguished from Arenigian pencilled

mudstones and/or siltstones. The Silurian and
younger units of the Paleozoic formations entirely

comprise diagenetic textured silisiclastic and
carbonate rocks.

4.2. CHLORITE-M1CA STACKS

Chlorite-mica stacks (=CMS) are found in slates
and metasiltstones from the Seydisehir formation
(Figs. 4e-h). The CMS are cut by cleavage planes
(Sj) perpendicular to their long axes, and thus
they show shortened shapes. Long axes of the
CMS are generally parallel to the bedding (S0),
but at high angle to the poorly developed cleavage

planes (Sj).
In the Tremadocian facies, deformed ellipsoidal
and lozenge shapes of CMS and their stubby
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Fig. 4
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forms due to cutting by the cleavage (Fig. 4e) indicate

that the CMS existed in the rock prior to the
formation of the slaty cleavages. Therefore, it is
believed that these CMS developed from clastic
micas. The fact that the {001} planes of the phyllo-
silicates in most CMS are nearly parallel to the
bedding, together with the observation of chlori-
tized biotite relics and Fe-rich chlorites in some
CMS of the Arenigian part, may indicate that they
were formed by the alteration of detrital biotites.

The CMS anomalously increase in the Trema-
docian part compared with the Arenigian part. In
addition, biotites of the CMS were completely
chloritized in the Tremadocian facies, but they
were partly transformed into chlorites in the
Arenigian facies. These observations indicate
another pétrographie criterion for distinguishing
these facies, besides the above mentioned micro-
fabric differences.

5. X-ray Mineralogy

5.1. BULK AND PHYLLOSILICATE MINERAL
ASSEMBLAGES

Lower Paleozoic formations mostly contain, in
the order of abundance, phyllosilicates, quartz,
alkali feldspar, plagioclase and little amounts of cal-
cite and dolomite. The amounts of quartz are
enhanced in the Halit Yaylasi formation, of feldspar
in the Emirgazi and Feke formations, and of
carbonates in the Çaltepe and Yukari Yayla formations

(Fig. 3a). Metacarbonates and carbonate
rocks are composed of calcite, dolomite and detrital

clasts such as quartz, plagioclase and
phyllosilicates.

With respect to their relative amounts,
phyllosilicates show a wide variety in mineral contents
of illite, chlorite, mixed-layered chlorite-vermicu-
lite (C-V), chlorite-smectite (C-S), illite-smectite
(I-S), PM and paragonite. The different mixed-
layer mineral phases were identified using the
methods by Moore and Reynolds (1997).
Among the phyllosilicate minerals, illite/musco-
vite is found in all units. Chlorite is mostly detected

in the Cambrian-Ordovician, while C-V oc¬

curs in the Silurian-Devonian and the Cambrian-
earliest Ordovician. C-S, PM and paragonite are
only detected in the Emirgazi formation (Fig. 5),
while I-S is only observed in the Ayitepesi formation.

The vertical distribution of the phyllosilicate
minerals from Devonian to Cambrian shows a
progressive evolution with stratigraphie depth.
Three zones are distinguished on the basis of clay
mineral associations (Fig. 3a): illite + chlorite ± C-
S ± PM ± paragonite (Emirgazi formation main
zone I), illite + chlorite + C-V (Feke, Seydisehir,
Sort Tepe, Halit Yaylasi, Pusçu Tepe and Yukari
Yayla formations main zone II), illite + I-S
(Ayitepesi formation main zone III).

Increasing amounts of chlorite and illite, while
decreasing C-V and I-S towards depth, indicate
that C-V and I-S reflect an intermediate stage in
transformation of vermiculite to chlorite and
smectite to illite during burial diagenesis (Hoffman

and Hower, 1979; Chang et al., 1986; Boz-
kaya and Yalçin, 1998). Among the other inter-
layering clay minerals, C-S appears locally in the
Emirgazi formation including volcanogenic material

and therefore a similar alteration process
from biotite to C-S is assumed as described by In-
oue et al. (1984) and Inoue and Utada (1991).
On the other hand, PM and paragonite appear
only in the Emirgazi formation.

5.2. ILLITE CRYSTALLINITY

Data on IC of the Lower Paleozoic units are
presented in Figs. 3b and 6 showing values from high
grade diagenesis to epizone. There is a clear trend
of the I(002)/I(001) ratio towards higher values
with decreasing metamorphic grade (Fig. 6).

The Emirgazi and Feke formations entirely
show epimetamorphic IC values (A°20 0.19-
0.22). The Çaltepe formation and Tremadocian
parts of the Seydisehir formation are formed of
high grade anchizonal and epizonal degrees (A°20

0.19-0.36). The Arenigian parts of the Seydisehir
formation contain low-grade anchimetamor-

phic crystallinity degrees (A°20 0.38-0.42),
whereas the IC of the Ashgillian Sort Tepe formation

points to highest grade diagenetic conditions.

<~Fig. 4 Typical textural features of diagenetic and very low-grade metamorphic rocks from the Eastern Taurus
Autochthon, (a) Crenulation folds and weak cleavage in phyllitic slates (TFK-1095) of the Emirgazi formation, (b)
Distinct crenulation type of the slaty cleavage in phyllites (TFK-1105) of the Emirgazi formation, (c) Weak cleavage
planes in slates (TFK-1129) of the Feke formation, (d) Weak crenulation folds in slates (TTB-227a) in the Tremadocian

parts of the Seydisehir formation, (e) Weak cleavage planes in the slates with chlorite-mica stacks (TTB-226) in
the Tremadocian parts of the Seydisehir formation, (f) Weak cleavage planes in the metasiltstones including
abundantly chlorite-mica stacks (TTB-237) in the Arenigian parts of the Seydisehir formation, (g) Oriented grains parallel

to S(, in the metasandstones (TTB-241) in the Arenigian parts of the Seydisehir formation, (h) Unoriented detrital
constituents in the metasandstone (TTB-250) in the Arenigian parts of the Seydisehir formation.
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Fig. 5 Typical XRD patterns of oriented clay fractions from the Emirgazi formation (I=Illite/muscovite,
C=Chlorite, C-S=Mixed layer chlorite-smectite, Pa=Paragonite, PM=Na-K mica).

The Halit Yaylast, Pusçu Tepe and Yukart Yayla
formations have highest grade diagenetic IC values

(A°20 0.27-0.63), while the Ayitepesi formation

yielded high- to low-grade diagenetic crystal-
linities (A°20 0.53-1.21). The relatively high IC
values in the Halit Yaylast formation is controlled

by the abundance of detrital micas as determined
by optical microscopy. On the basis of the IC values,

three main zones and three subzones with
sudden transition boundaries are determined.
The diagenetic-metamorphic grades corresponding

to these zones are summarized in Table 1.
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Table 1 Zoneography of diagenetic-metamorphic grade of the main zones and subzones
in the Lower Paleozoic section of the Eastern Taurus Autochthonous Unit.

Zone Diagenetic-Metamorphic Grade IC (°A20)
III Lower part of high-grade diagenesis IC>1.0

Higher part of high-grade diagenesis 1.00 > IC > 0.62
Highest-grade diagenesis 0.62 > IC > 0.42
Lower part of anchimetamorphism 0.42 > IC > 0.33
Higher part of anchimetamorphism 0.33 > IC > 0.25

Epimetamorphism IC < 0.25
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Fig. 6 IC versus I(002)/I(001 diagram of the Lower Paleozoic units in the Eastern Taurus Autochthonous Unit.

5.3. ba VALUES OF K-WHITE MICAS

The d{m)) or ba values of illites or their octahedral
Mg+Fe contents (determined on the basis of the
regression equation suggested by Hunziker et
ai., 1986) increase from upper to lower parts in the
Lower Paleozoic section (Fig. 3). They show a

moderately positive correlation with IC.This
correlation indicates a direct relationship between
diagenetic-metamorphic grade and illite composition.

Moreover, 4(060) or b0 values are grouped as
main zones I, II and III. similar to the phyllosili-
cate paragenesis and IC data (Fig. 3b). The d((l60)
values of illites are 1.5037-1.5087 A (average
1.5064 Â), 1.5009-1.5022 Â (average^ 1.5016 A)
and 1.4991-1.5011 À (average 1.5002 Â) in zones

I, II and III, respectively. High d(060) values of the
Feke formation are related to the presence of 1M
celadonitic mica.

According to these evaluations, the average
Mg+Fe contents of illites are 0.33,0.39 and 0.63 in
the three main zones, respectively, and increase
with metamorphic grade. With respect to these
data, the illites show a progressive evolution
towards a more phengitic composition (Bozkaya
and Yalçin, 1999), from the upper to the lower
parts of the succession. On the other hand, a rise
in Mg+Fe content of illites together with
metamorphic grade caused lower I(002)/I(001 ratios
(Fig. 6), as previously determined by Esquevin
(1969).
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Table 2 Microprobe analyses of major elements and
structural formulas of chlorites (Numbers are mean values

and numbers of measurements are given in brackets.
All Fe is given as FeO).

Sample No TTB-226(6) TTB-259(5)

Si02 24.91 25.52

TiOz 0.07 0.01

ai2o3 22.04 22.38
Feb 26.18 26.52
MnO 0.30 0.43

MgO 12.70 11.11

CaO 0.23 0.13

Na20 0.02 0.07

K,0 0.05 0.06
H,0 11.19 12.05

I 97.69 98.28

Tetrahedral
Si 2.68 2.75

Al 1.32 1.25
T.C. -1.32 -1.25

Octahedral
Al 1.47 1.59

Ti 0.01 0.00
Fe2* 2.35 2.39
Mn2+ 0.03 0.04

Mg 2.03 1.78

o.e. 1.26 1.20
T.O.C. 5.89 5.80

Interlayer
Ca 0.03 0.02
Na 0.00 0.01

K 0.01 0.01

I.L.C. 0.06 0.05
T.L.C. -0.06 -0.05

T.C. Tetrahedral Charge, O.C. Octahedral Charge,
T.O.C. Total Octahedral Cation,
ILC Interlayer Charge,T.L.C. Total Layer Charge.

5.4. STRUCTURAL FORMULAS OF CHLORITE

The tetrahedral Al and octahedral Fe+2 contents
of chlorite were calculated from XRD basal
reflections based on the equations of Brindley
(1961), Brown and Brindley (1980) and Chag-
non and Desjardins (1991). Average structural
formulas on the basis of 14 oxygen were
determined to be (Si30 Al10) (Mg.3.4 Al^ Fe+2,.6) O10

(OH)4 for neoformed chlorite and (Si30 All0)
(Mg.3.4 Al, o Fe+2,6) O10 (OH)4 for CMS origin in
the main zone I. Some neoformed chlorite in the
sandstones in the Halit Yaylasi formation (sub-
zone 4g) contains excess Fe+2 (> 5).

5.5. CHLORITE THERMOMETRY

EMP analyses of authigenic or neoformed chlorites

in the samples with no C-V and/or C-S inter-

stratifications as detected by XRD, from the Sey-
disehir and Sort Tepe formations, were calculated
on the basis of 14 oxygen and their structural
formulas are given in Table 2. The empirical equation
of Cathelineau (1988), using the Fe/(Fe+Mg)
corrections of Xie et al. (1997), were applied for
the determination of chlorite thermometry data.
The samples with no C-V and/or C-S interstratifications

as detected by XRD were selected for
chlorite thermometry considering the criticism of
various authors (Schmidt et al. 1997; Merriman
and Peacor, 1999; Ferreiro Mählmann, 2001).
Chlorite (n 6) in sample TTB-226 from the Tre-
madocian part of the Seydisehir formation (low
epizone-high anchizone; subzone 2d) give a mean
temperature of 265 ± 25 °C. Data for chlorite (n
5) in sample TTB-259 from Sort Tepe formation
(low-anchizone-high grade diagenesis; subzone
4f) correspond to a temperature of 229 + 15 °C.

5.6. SMECTITE CONTENTS AND CRYSTALLITE
SIZE OF K-WHITE MICA

Contents of swelling smectitic layers in illite/mus-
covite were determined using the XRD methods
of Srodon (1984) and Eberl and Velde (1989).
Smectite contents of illite increase from Cambrian

to Devonian. Proportions of smectite layers of
illite/muscovite are 0-2,3^1 and 4% in Cambrian-
Ordovician, Silurian and Devonian formations,
respectively.

The crystallite size of white K-mica decreases
from metamorphic to diagenetic units from 20-50
nm for Cambrian-Ordovician, to 15-17 nm for
Silurian, to 10 nm for Devonian rocks also using the
XRD method proposed by Eberl and Velde
(1989).

5.7. POLYTYPES

Different illite/muscovite polytypes were found
in the Lower Paleozoic units showing combinations

of 2M,, 2M, + lMd and 2M, + 1M. 1M
polytypes are restricted to the Feke formation (Fig. 7).
2M,-contents of illite increase from Devonian to
Ordovician formations (Fig. 3).There is a positive
correlation between % 2M, and IC data. On the
other hand, two sudden transitions were found
between Tremadocian-Arenigian parts of the
Seydisehir formation, Pusçu Tepe and the Yukari
Yayla formations as well as at the boundaries of
the IC main zones I-III. Chlorites are only la
polytypes in the Halit Yaylasi formation, whereas

lib polytypes occur in the older formations
(Fig. 7).
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Fig. 7 Unoriented XRD patterns of illite and chlorite polytypes (dashed lines for 2M], triangles for 1M reflections).

6. Organic Petrography

6.1. ORGANIC MATTER REFLECTIVITY

The Silurian (Pusçu Tepe), Carboniferous (Ziya-
rettepe) and Permian (Yigiltepe) units contain a

higher amount (1.44-14.46%) of TOC with
respect to the other Paleozoic units. OMR values of
the Lower Paleozoic samples increase from
Devonian to Ordovician formations (Table 3, Figs. 3b
and 8). The rank of coalification of the Emirgazi
formation is of the meta-anthracite stage, for the
Seydisehir to Yukart Yayla formations it is of the
anthracite stage, and for the Ayitepesi formation
of the low volatile bituminous stage. From the
overlying formations, the Devonian Gtimtisali
formation is coalified in the high volatile bituminous

stage, whereas the Carboniferous Ziyaret-
tepe and the Permian Yîgiltepe formations show a
rank of the sub-bituminous to high volatile
bituminous coalification stage. OMR values show a

positive correlation with IC data (Fig. 3b), there
are, however, two drastic drops between the Emirgazi

and Seydisehir formations, and between the
Yukari Yayla and Ayitepesi formations.

6.2. CONODONT ALTERATION INDEX

Conodonts of the Çaltepe and Seydisehir formations

have CAI values around 7. The next cono-

dont-bearing unit is the Yukari Yayla formation
with a CAI value of 5 (Göncüoglu and Kozur,
1998). Further up, Devonian formations have a

distinctly lower CAI (2-3) with respect to the
underlying formations (Göncüoglu and Kozur,
1999).

7. Regional Geological Comments

The presence of volcanic rocks together with the
high amount of zoned plagioclase and C-S in the
clastic rocks of the Emirgazi formation indicate a

period of extensive magmatic activity during the
Precambrian. This aspect was previously recognized

in the Western Taurides (e.g. GÜRSU and
Göncüoglu, 2001a), but overlooked in the Eastern

Taurides. Moreover, the association of para-
gonite, PM and C-S is a minéralogie response of
the Emirgazi formation having been deposited in
an extentional-transtentional basin characterized
by relatively high heat flow and associated with
active volcanism, as stated by Kozlu and
Göncüoglu (1997). Felsic volcanic rocks in the
Western Taurides have geochemical fingerprints
of A-type felsic extrusives, formed during a post-
collisional extensional event (Gürsu and
Göncüoglu, 2001a), not only in the Taurides but
also in different parts of the NW Gondwanan
pericratonic margin (e.g. Göncüoglu, 1997;
Saleh, 2001) during the late pan-African orogen-
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Table 3 VR data from the Lower Paleozoic section of the Eastern Taurus Autochthonous Unit.

Zone Formation Sample No Mean Rm% n S.D.

III 5j Ayitepesi TTB-314 1.64 4 0.13

II
4i
4h
3e

Yukari Yayla
Pusçu Tepe
Seydisehir

TTB-287
TTB-281a
TTB-238

3.61

3.79
4.16

50
52

6

0.47
0.50
0.98

I la Emirgazi

TFK-1103
TFK-1104
TFK-1105
TFK-1123

5.94
5.87
6.47
6.07

28
11

31

9

0.68
0.70
0.67
0.83

n measurement number, S.D. standard deviation.

ic event. In the Western Taurides, GÜRSU and

Göncüoglu (2001b) also showed that the pre-
Lower Cambrian slates were affected by distinct
deformation and very low-grade metamorphism,
prior to deposition of Lower to Middle Cambrian
Feke-type clastic rocks. Textures (Figs. 4a-b) and
mineral assemblages in the Emirgazi formation
indicate a post-sedimentary very low-grade meta-
morphic event predating the deposition of the
Feke formation, which has not been recognized
previously.

The isolated appearance of 1M polytype cela-
donitic mica in the Feke formation may be related
to an enrichment of magmatic (probably volcanic)

detritus (Merriman and Roberts, 1985;

Lopez-Munguira et al.. 1998).These studies also

suggest that, prior to the deposition of the Feke
formation, a period of rapid uplift occurred in the
source region, by which the relatively deep-seated
rhyolitic/quartzporphyritic rocks of the Emirgazi
formation were eroded. This interpretation
supports the idea that the lower boundary of the Feke
formation represents an erosional unconformity
overlying a pan-African basement (Göncüoglu,
1997; Göncüoglu and Kozlu, 2000).

Anomalously different phengite contents or b0

cell parameters and high 2M, % ratios of white K-
micas in the Çaltepe formation with respect to the

underlying Feke formation (relatively low b0 values

but the presence of 1M celadonitic mica) and
the Tremadocian parts of the Seydisehir formation

may be interpreted as minéralogie evidence
for an important difference in the source regions.
This may indicate regional paleotopographic
irregularities or a change in the sediment transport
direction during the Late Cambrian, as proposed
by Göncüoglu (1997).

Sudden changes in IC, polytype variations and
different b0 values between the Tremadocian and

Arenigian parts of the Seydisehir formation (Fig.
3b: subzone 2d-3e) can be interpreted in different
ways. They may correspond to an important
event, not yet identified by lithostratigraphic or

biostratigraphic means in the Taurides. The anomalous

increase of CMS in the Tremadocian part of
the Seydisehir formation, on the other hand, may
be interpreted by accommodation of volcano-
genic biotite detritus into the depositional
environment. However, there are no known biotite-
rich pre-Lower Ordovician volcanic rocks in the
Taurides. The only possible source for this kind of
detritus are the Late Cambrian-Early Tremadocian

island-arc volcanic rocks in the basement of
the Istanbul Terrane in the north (Göncüoglu et
al., 1997). This volcanism is assumed to result
from southward subduction of the Iapetus oceanic

plate beneath the northern Gondwana margin
that gave way to the opening of a back-arc basin,
in which the Seydisehir formation was deposited
(Göncüoglu, 1997).

More critical are the obvious differences in
mineral contents (Fig. 3b) between the Arenigian
parts of the Seydisehir formation (subzone 3e)
and the Ashgillian SortTepe formation (subzone
4f). An important stratigraphie hiatus encompassing

the whole Middle Ordovician and lower Late
Ordovician is recorded by paleontological data

(Dean and Monod, 1990). We assume that the
mineralogical variations at this boundary together

with the regional anomalies such as strati-
graphic hiati, unconformities and irregular
distribution of the Ordovician units in the different
parts of the Taurides reflect an important and yet
unknown tectonic event in the Taurides that may
record the Sardian movements in the peri-Gond-
wana shelf (Kozur and Göncüoglu, 1998).
Recently, von Raumer et al. (2002) suggested that
this event is recorded in many other places in
southern Europe and may be ascribed to the
amalgamation of some continental terranes with
Gondwana prior to the opening of an Early Paleozoic

Tethys (Paleo-Tethys sensu Stampfli, 1996).
The latest Ordovician period, represented by

the Halit Yaylasi formation (subzone 4g) is
characterized by the deposition of fluvio-glacial and

glacio-marine deposits with high amounts of exot-
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Fig. 8 Frequencies of OMR (Rm,„,%) measurements in the Lower Paleozoic formations of the Eastern Taurus
Autochthonous Unit.

ic pebbles, such as two-mica gneisses, granites- at the top and the bottom of the formation are
rhyolites and quartzites (Ghienne et al., 2001). caused by detrital micas. Also the enrichment in
The relatively low TC values compared to the data detrital quartz grains is indicative for an external
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source that may very probably be the "Panafri-
can" basement of the Northern Africa/Arabian
Peninsula. It is important to note that in previous
studies (e.g. Dean and Monod, 1990; Kozur and
Göncüoglu, 1998) the Halit Yaylasi formation
was assigned to an Early Silurian age and the glacial

coarse elastics in this formation were considered

to be the basal conglomerates indicating an
Early Silurian unconformity (e.g. Demirtasli,
1967).

The Early Silurian in theTaurides is characterized

by a regional transgression that was ascribed
to rapid sea-level changes following the latest Or-
dovician glacial event (Göncüoglu and Kozur,
1998) at the Perigondwana margin. This event is

represented by the deposition of black shales with
a very high content in organic matter in the Pusçu
Tepe formation that has TOC values of up to
14.5%. Such very unusual TOC values are typical
for the "hot shales" in N Gondwana (Lünnig et
al., 2000) and may be used for a paleoclimatologic
and paleogeographic correlation.

The Yukari Yayla formation shows typical
features of the higher parts of the high-grade diagen-
esis with low £>0, but high CAI and OMR. The
Ayitepesi formation has the lowest IC with lower
parts of high-grade diagenetic degree and OMR
values of the Lower Paleozoic formations. The
sudden change in the CAI value of the Yukari
Yayla formation (CAI=5), compared with that of
the overlying Devonian rocks (CAI=2-3) and the
stratigraphie gap during the latest Silurian is

indicative for a distinct event that has been ascribed
to a Caledonian-time thermal alteration by
Kozur and Göncüoglu (1998). This event is also
recorded in the peri-Gondwanan terranes in
Eastern Europe and ascribed to the high heat-
flow, related to the rifting along the northern
Gondwana margin and the opening of the Paleo-
Tethys (e.g. von Raumer et al., 2002).

8. Conclusions

Due to an increase in the grade of diagenesis/meta-
morphism, the degree of textural, minéralogie,
chemical and organic parameters are increased
depending on the stratigraphie age towards lower
parts of the Lower Paleozoic succession. Based on
minéralogie and organic data we have differentiated

three main zones and five subzones in the
Lower Paleozoic units and correlated the minéralogie

data with the established stratigraphie gaps
and/or unconformities ascribed to different
geologic events during the Lower Paleozoic.

The CMS are generally parallel to the (S0), but
at high angle to the (S[) in the autochthonous

units. However, allochthonous rocks of the Tau-
rides have varying angles among these (Yalçin
and Bozkaya, 1997; Bozkaya and Yalçin, 1997,
2000). These differences are due to significant de-
formational propagation of stacks during
allochthonous transportation, emplacement and thrusting

to the south, as pointed out by the above-mentioned

authors. This is an important criterion for
differentiating between allochthonous and
autochthonous units in the Taurides. Microfabric
variations and also the abundances of the CMS and
chloritization degree of biotites in the CMS is

pétrographie evidence for distinguishing the Trema-
docian and Arenigian facies of the Seydisehir
formation.

The percentage of 2Mb illite/mica polytypes
and b0 increases with decreasing IC values. There
are good correlations among IC, % 2Mj and b0 of
illites/micas. These data indicate that the diage-
netic-metamorphic characteristics of the Eastern
Taurus Autochthonous unit were mainly caused
by sedimentary burial at the initial site of deposition.

The increasing b0 values of the illites may
also indicate increasing pressures towards the
lower part (Sassi et al., 1976; Guidotti and Sassi,
1986), except for the Feke, Çaltepe and Halit Yaylasi

formations because of the dominance of their
detrital nature.

The IC pattern in the Lower Paleozoic formations

shows a general trend with distinct irregularities.

Furthermore, the marked changes (Figs. 3b
and 6) in white K-mica chemistry, polytype
composition, illite/muscovite h0-parameter, organic
matter OMR and CAI between Emirgazi-Feke
(subzone 1-2), Tremadocian-Arenigian part of
Seydisehir (subzone 2-3), Seydisehir-Sort Tepe
(subzone 3^1), and Yukari Yayla-Ayitepesi (4-5)
formations correspond to more or less well established

geologic events. Mineralogic/compositional
difference of phyllosilicates between subzones 1

and 2, 3 and 4 as well as 4 and 5 are interpreted as

metamorphic hiati or discontinuities reflecting
stratigraphie unconformities. These hiati may be

explained by regional correlations of tectono-
metamorphic events known from other parts of
the Taurides (Kozlu and Göncüoglu, 2000) as
well as from some Gondwanan-peri-Gondwanan
terranes, which display a similar succession during
the Early Paleozoic. The data is yet inadequate to
explain the metamorphic jump between the sub-
zones 2 and 3. It may be related to a distinct
change in the type of the detritus and hence in the
source area or alternatively a thermal event prior
to the deposition of Arenigian facies, which has
not yet been identified by other geologic studies.

According to the CAI, there are considerable
changes between the Seydisehir and Yukari Yay-
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la, and between the Yukan Yayla and Ayitepesi
formation. A more precise discrimination based
on CAI in the former case is not possible as there
is no CAI data from the Upper Ordovician
sediments. In the second case, however, the CAI data
is in line with the minéralogie and stratigraphie
data. Considering the middle part of the Upper
Silurian being deposited in the Kiitahya-Bolkar-
dag Belt in the central Taurides, this change
indicates a distinct geological event during the latest
Silurian.

In the study area the transition from the diage-
netic to the anchimetamorphic zone is positioned
within the uppermost part of the Ordovician Sort
Tepe formation (Fig. 6), whereas in the alloch-
thonous units of northern origin in the Taurides,
the transition is between the Devonian and/or
Carboniferous and underlying units (Bozkaya
and Yalçin, 1997; Yalçin and Bozkaya, 1997;

Yalçin et al., 1999; Bozkaya and Yalçin, 2000).
These differences imply that sedimentary burial
was not exceeded by higher grades of diagenesis/
metamorphism during and after the tectonic
transport, which is the case for the northerly
derived allochthonous nappes in the Taurides (e.g.
Yalçin and Bozkaya, 1997; Bozkaya and Yalçin,

2000).
In conclusion, this preliminary study has clearly
shown the presence of minéralogie changes

within the Lower Paleozoic succession of the
Eastern Taurus Autochthonous unit that correspond

to stratigraphie irregularities. These may
help to identify preserved fingerprints of regional
geological events during the Early Paleozoic. The
later tectonic movements and related deformations

during the Cretaceous-Tertiary Alpine
orogenesis only changed some limited textural
features, but caused no extensive overprint. The
parameters to determine mctamorphic grade, in
other words the differences in the minéralogie,
pétrographie and coal petrologic data,
corresponding with stratigraphic/metamorphic
discontinuities in the Lower Paleozoic section are con-
troied by different tectono-thermal histories. A
specific tectono-metamorphic history affects each
section between two limiting unconformities, but
each section is also influenced by detrital inputs
containing fingerprints related to orogenic events
in the hinterland. Finally, the earlier orogenic
inheritances and sediment supplies should be taken
into consideration in addition to the classic diage-
netic/metamorphic processes for the construction
of the very low-grade metamorphic patterns. The
authors are aware of the fact that more detailed
multi-disciplinary studies are required for a more
comprehensive picture to decipher the very complex

succession of events in the Taurides.
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