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Abstract: The mineral chemistry of illite/mica and chlorites, together with the evaluation of textural
data of low-temperature metaclastic rocks, plays an important role in determining their origin and
metamorphic grade. This study aimed to investigate the chemical properties of phyllosilicates in early
Paleozoic metaclastic rocks in the Eastern Tauride Belt, Tiirkiye. The textural (electron microscopy)
and chemical (mineral chemistry analysis) analyses were performed on the samples representing dif-
ferent grades of metamorphism. The illites/micas and chlorites are observed as detrital (chlorite-mica
stacks) and neoformation origin. Trioctahedral chlorites (chamosite) exhibit different chemistry for de-
trital and neoformed origin as well as the metamorphic grade. Tetrahedral Al and octahedral Fe + Mg
increase, whereas octahedral Al decreases together with the increasing grade of metamorphism.
The detrital chlorites have higher tetrahedral Al and Fe contents than their neoformed counterparts.
Chlorite geothermometry data (detrital: 241->350 °C; neoformed: 201-268 °C) are compatible with
the texture and illite Kiibler index data. Illite/white-mica compositions display muscovite and Na-K
mica. Tetrahedral Al and interlayer K + Na contents of illites/micas increase with metamorphic
grade. Na-K mica and paragonite are observed as replacement-type developments within the detrital
CMS. The obtained data indicate that phyllosilicate chemistry can be used effectively for determining
the geological evolution of low-grade metamorphic sequences.

Keywords: phyllosilicate; mineral chemistry; metaclastic rocks; low-grade metamorphism

1. Introduction

Phyllosilicates in diagenetic to very low-grade metamorphic sedimentary units exhibit
textural and mineralogical features based on their occurrence in different tectonic and
burial settings; they have the potential, therefore, to be used as indicators of time and
temperature history [1,2]. The cleavage development is a common indicator for increasing
temperature and pressure for extensional and compressional settings, whereas the observa-
tion of chlorite-mica stacks (CMS: [3,4]) or intergrown phyllosilicate grains [5], related to
chloritization of detrital biotites, is a characteristic indicator of extensional basin activity
(very-low grade metamorphism) [2].

Mineralogic (mineral assemblages, illite Kiibler index, polytypes of K-micas and chlo-
rite and b cell dimension of illite/white K-micas) 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., [2,6-9]).
In addition to mineralogical data, the chemistry of detrital and neoformed (authigenic)
illite/mica and chlorites, forming the main components of metaclastic rocks, plays an im-
portant role in determining their origins and diagenetic-metamorphic grades, respectively.
During the progressive transformation of illite to white K-mica, the interlayer K and tetra-
hedral charge increase due to AI** substitution for Si**, and the octahedral charge increases
due to Fe?* and Mg2+ substitution for AI3* [10-12]. Chlorite composition is also sensitive to
the diagenetic/metamorphic grade. The tetrahedral Al (AlI'Y) and octahedral R>* (Mg and
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Fe?*) contents of chlorite increase with increasing grade [13-20]. Thus, different chemical
compositions for detrital (metamorphic) and authigenic (diagenetic) chlorites have been re-
ported in many studies (e.g., [17,21-25]). During the last 10 years, semi-empirical methods
using ratios of end-member activities to link chlorite composition to temperature through
the equilibrium constant K [26-30] have been preferred for temperature estimations from
diagenetic to very low-grade metamorphic chlorite compositions. Additionally, the new
T-R2*-5i diagram was also provided as a practical tool for thermometric, in particular for
diagenesis and low-grade metamorphism [31], based on the chlorite solid-solution model.

The Tauride—-Anatolide Platform or the Tauride—Anatolide Composite Terrain (TACT [32]),
represents an Alpine continental microplate (Figure 1a). 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 subse-
quent collision with the surrounding continental microplates (e.g., [33]). The commonly
accepted scenario for the evolution of the TACT 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 (Geyik Dag1 Unit, [34]). In contrast to the
allochthonous units of the Taurides, the relatively autochthonous Geyik Dag1 Unit contains
better-preserved successions and a wide range of grades (diagenesis to epizone), in which
Precambrian and Lower Paleozoic sedimentary sequences [35-37].
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Figure 1. (a) Tectonic map of southern Turkey (Modified from [32]). (b) Tectono-stratigraphic units
of the Eastern Tauride belt [34]. (c) Geologic map of the Geyik Dag1 Unit between Sariz and Feke
(simplified from [38]) and sample locations.
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This study aimed to investigate the mineral chemistry of illites/micas and chlorites
from the anchizonal to epizonal grade of the Precambrian—Early Paleozoic metaclastic
sequence of the Geyik Dag1 Unit. In this context, the obtained temperature conditions
of neoformed and detrital phyllosilicate minerals correlate with the relationship between
phyllosilicate chemistry and crystal-chemical data of phyllosilicates (illite Kiibler index,
polytype of illite/mica) which have been previously investigated by [36].

2. Geological Setting and Stratigraphy

Tectono-stratigraphic units of the TACT and their paleo-geographic setting relative
to the autochthonous Geyik Dag1 Unit are distinguished and differentiated by their strati-
graphic and structural characteristics [34]. Based on the palinspastic reconstruction and
interpretation of Ozgiil [34], the other units, called “allochthonous units”, are palinspasti-
cally restored from north to south as the Bozkir Unit, Bolkar Dag1 Unit, Aladag Unit, and
Alanya Unit in the Eastern Tauride Belt (Figure 1a,b).

The study area is located between Kayseri and Adana in the western part of the Eastern
Taurides (Figure 1a,b). The Eastern Taurus Autochthonous Unit [38], or the eastern part of
the Geyik Dag1 Unit [34], shows a relatively well-exposed section in the Sariz-Tufanbeyli—
Saimbeyli area (Figure 1c). In this area, the Geyik Dag1 Unit is overthrusted by the Kireclik
Yayla Complex [39], Andirin Complex [38], and Goksun Metamorphites [40]. The Lower
Paleozoic parts of the autochthonous units, which were investigated in this study, consist
of Emirgazi, Feke, Caltepe, Seydisehir, Sort Tepe, Halit Yaylasi, Puscu Tepe, Yukar: Yayla,
and Ay Tepesi formations from bottom to top.

The Emirgazi formation is composed of phyllitic slates and/or phyllites, alternating
with metasiltstone, metasandstone, and rarely, recrystallized limestone (metalimestone).
The Feke formation is mainly made up of purplish red colored metasandstones with
yellow-green colored slate laminations. It overlies the Emirgazi formation as a parallel
unconformity [41] and overlying by the Caltepe formation, which is characterized, from
bottom to top, by white-gray dolomite, dark gray recrystallized limestone, and green-
pink nodular metalimestone of Upper Cambrian age. 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 the upper part.

The lower parts of the Seydisehir formation (Tremadocian parts) are brighter and more
cleaved than the overlying Arenigian parts, and they show a distinct mineral orientation.
After a stratigraphic gap including the middle Ordovician and probably the lower part
of the Upper Ordovician, the shales of the Ashgillian Sort Tepe formation unconformably
overly the Seydisehir formation. The late Ashgillian Halit Yaylas: formation paracon-
formably overlies the Sort Tepe formation and is made up of glacial conglomerates [42] and
sandstones, including silty shale alternations. The lower Silurian Pus¢u Tepe formation
contains shales and black shale-siltstone alternations. The Yukar1 Yayla formation includes
shales with limestone interlayers and was deposited during mid-Silurian. After a strati-
graphic gap that may cover the Upper Silurian, the lower Devonian Ay1 Tepesi formation
unconformably covers the older units. It is followed by the middle Devonian Safaktepe
formation, represented by dolomitic limestone and limestone with sandstone-shale alterna-
tions. It is unconformably overlain by Gilimtisali (upper Devonian) and Ziyarettepe (lower
Carboniferous) formations, respectively.

3. Materials and Methods

Four rock samples from the Precambrian Emirgazi and Ordovician Seydisehir and Sort
Tepe formations of the Eastern Tauride Belt Unit (Figure 1b,c) were selected for electron
microscopy and mineral-chemistry analysis. Mineralogical-petrographic investigations
using X-ray diffraction (XRD, Rigaku DMAX IIIC, Applied Rigaku Technologies, Austin,
TX, USA) and optical microscopy (OM, Nikon, Tokyo, Japan), were previously carried out
by [36] at the Geological Engineering Laboratory, Cumhuriyet University, Sivas, Turkey.
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In this study, in addition to additional optical microscopic study, the electron microscopic
mineral image (scanning electron microscope—secondary electrons and backscattered
electrons/SEM-SE and SEM-BSE) and chemistry (energy dispersion spectrometry—EDS
and electron microprobe-EMP) studies were performed on the polished and carbon coated
surfaces on the samples.

SEM-SE and SEM-BSE images and EDS analyses were conducted at the Georgia
Electron Microscopy (GEM) laboratory at the University of Georgia, Athens, GA, USA. The
SEM investigations were performed using a Zeiss 1450EP instrument equipped with an
Oxford INCA EDS system. This has a variable pressure sample chamber which allows
imaging from high vacuum mode to 2600 Pa. The samples were coated with carbon and
prepared as both freshly crushed grains (for SEM-SE images) and polished rock slabs (for
SEM-BSE images). Thin-section slides were prepared using standard mounting techniques
and polished to a thickness of 30 pum.

EMP analysis of minerals on carbon-coated polished rock slabs was performed with a
JEOL 8600 electron microprobe using a 15 kV accelerating voltage and 15 nA beam current.
Mineral grains were identified qualitatively using a Bruker 5010 Silicon Drift Detector
(SDD) controlled by a Bruker Quantax energy dispersive analysis system. Quantitative
analyses were performed with wavelength dispersive spectrometers (WDS) automated
with Advanced Microbeam, Inc. EMP software, using 10 s counting times and natural
and synthetic mineral standards. Analyses were calculated using Armstrong’s Phi-Rho-Z
matrix correction model [43,44]. The BSE and SE images and X-ray maps were acquired
using the imaging software of the Quantax analysis system.

A total of 286 mineral chemistry analyses were conducted on micas/illites (117 EDS,
39 EMP) and chlorites (81 EDS, 49 EMP). Both EDS and EMP analyses of illite/mica and
chlorites were performed on the same samples so that semi-quantitative EDS data could be
calibrated with EMP data [25]. Thus, the EDS element oxide values were converted to EMP
values, and these values could be used as EMP data.

4. Results
4.1. Texture

The main mineralogical-petrographical and textural characteristics of the Precambrian—
Ordovician metaclastic rocks are given in Table 1. The grade of phyllosilicate orientation
and cleavage developments in the matrix increases toward older units, i.e., from late
Ordovician Sort Tepe formation to Precambrian Emirgazi formation (Figure 2).

Table 1. Optical mineralogical properties of the studied samples (Qz = Quartz, Pl = Plagioclase,
Chl = Chlorite, Ms = Muscovite, Bt = Biotite, Tur = Tourmaline, Zrn = Zircon, Om = Opaque mineral.

Sample/ Rock Type/ . . .
Formation Texture Optical Mineralogy Some Textural Properties
. Distinct orientation, roughly
TFK_1097. Metasﬂts’gope Qz + Pl + Ms + Chl + Om developed crenulation cleavage,
Precambrian Blastopelitic . A
scarce CMS are rich in muscovite
Microlamination, distinct
TTB-226 Chlorite slate Qz +Pl+Chl + Ms + Bt + orientation, well-developed slaty
E.Ordovician Blastopelitic Tur + Zrn + Om cleavage, abundant CMS are rich
in chlorite
TTB-237 Metasandstone Qz + Pl + Chl + Ms + Tur + Abuerant. CMS are very ArlCh mn
.. . chlorite, distinct orientation,
E.Ordovician Blastopsammitic Zrn + Om
poorly-developed slaty cleavage
Abundant CMS are rich in
TTB-1102 Silty slate chlorite, less developed
L.Ordovician Blastopelitic Qz + Fel + Ms + Om orientation formed from detrital

CMS, mica and chlorite
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Figure 2. Photomicrographs of the Early Paleozoic siliciclastic rocks from the Geyik Dag1 Unit in the
Eastern Tauride Belt. Photos on the left were taken under crossed nicols, and on the right were taken
under plane-polarized light. (a,b) Detrital CMS parallel to bedding planes (Sg) and perpendicular to
slaty cleavage planes (S1) in metasiltstone from Precambrian Emirgazi formation. (c,d) Chlorite-rich
CMS; their long axes are parallel to Sy and perpendicular to Sy in chlorite slate from lower parts of
early Ordovician Seydisehir formation, (e,f) Abundant chlorite-rich CMS which is parallel to Sy in the
anchimetamorphic sandstone from the lower-middle part of the Seydisehir formation, (g,h) White
K-mica-rich CMS in silty slate from the late Ordovician Sort Tepe formation.



Minerals 2022, 12, 1088

6 of 22

Optical microscopic investigations of the Precambrian and Ordovician siliciclastic
rocks revealed distinctive bedding orientations (Sp), formed by chloritized and illitized
groundmass and coarse detrital mica flakes, and poorly developed cleavage planes (Sq)
which are nearly perpendicular to Sy (Figure 2a-h). The schistosity and cleavage develop-
ment in the samples increased from the late Ordovician to the Precambrian, together with
an increasing degree of diagenesis/metamorphism. Intense chloritization of biotite and
lozenge-shaped CMS are encountered in all samples.

Detrital mineral (quartz and plagioclase) boundaries are sutured with a groundmass
of fine-grained micas (sericite) and chlorites in the Precambrian phyllitic slate sample
(Figure 2a,b). Chloritization of coarse-grained biotite and the presence of chlorite-bearing
mica stacks suggest that detrital biotite was altered under very low-grade metamorphic
conditions [45,46]. Similar features for early Paleozoic units were also noted in the western
and central Taurides [25,47]. CMS in the Precambrian lower parts of the Seydisehir forma-
tion are rich in chlorite components (Figure 2c—g), whereas CMS in the Emirgazi and Sort
Tepe formation have relatively low chlorite content (Figure 2a,b,g,h) and some stacks in the
Emirgazi formation consist almost entirely of white micas (Figure 2a,b).

The SEM-SE images of the phyllitic slate sample show that chlorite-muscovite-NaK
mica stacks are highly deformed and their long axes were almost angularly oriented to
the cleavage and/or shear zones (Figure 3a,b). The groundmass consists of relatively
fine-grained flaky white K-mica and neoformed chlorites. Neoformed illite and chlorites
were developed in voids and pores as fine-grained aggregates (Figure 3c). Neoformed
illites were also developed onto coarse-grained muscovite plates (Figure 3d).

- FK-1097|
NakK
mica

LY
NaK NaK
mica mica

Figure 3. SEM-SE photomicrographs of the Precambrian and late Ordovician metapelitic rocks from
the Eastern Tauride Autochthon. (a,b) Chlorite-muscovite-NaK mica stack showing its stacking
planes are parallel to bedding plane (Sp) and high angle to cleavage (shear) planes (S1). (c,d) The
association of detrital micas and neoformed illites, which developed in voids and pores and onto the
coarse-grained muscovite plates, as well.

The SEM-BSE images of the metasiltstone sample of Precambrian Emirgazi formation
exhibit coarse-grained CMS. The stacking planes of chlorite-rich CMS were distinctly
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oriented as parallel to bedding planes (Figure 4a,b), whereas stacking planes of white
mica-rich CMS, developed alongside the tectonically disturbed zones (syn-tectonic origin),
were nearly perpendicular to bedding planes which were also parallel to shear planes
(Figure 4c—f). White mica-rich and strongly disturbed CMS also contained the replacement-
type NaK-micas within the stacks (Figure 4e,f), as demonstrated by the X-ray elementary
map data (Figure 4g—j). Pore-filling neoformed illites and chlorites developed with a non-
oriented texture, suggesting post-tectonic formation during a later (post-tectonic) phase.
Additionally, the neoformed phyllosilicates were also developed on the coarse mica and
chlorites less frequently.

The SEM-BSE photomicrographs of the slate sample of the early Ordovician part of
the Seydisehir formation show that the long axes of CMS have a distinctly oriented parallel
to the bedding planes (Figure 5a—f). CMS are generally chlorite-rich and coarse-grained
(the lengths of the stacks reach 300 um and their thickness reaches 100 um) and tectonically
disturbed in places (Figure 5a,c). The neoformed illites and chlorites were developed in the
pores of the groundmass having partial orientation.

The SEM-BSE images of the metasandstone sample of the late—early Ordovician part
of the Seydisehir formation exhibit coarse (>100 um) CMS composed of almost chlorite
components, including thin white K-mica layers in rare amounts (Figure 6a—f). Elongated
and lozenge-shaped CMS have stacking planes nearly parallel to bedding planes and are
partly disturbed due to cutting by slightly developed cleavage planes in places (Figure 6b,f).

The SEM-BSE photomicrographs of the late Ordovician silty slate display distinct
orientation formed by CMS and detrital micas and chlorites (Figure 7a—f). Elongated
and lozenge-shaped CMS are rich in chlorite components and relatively less deformed
with respect to the other samples (Figure 7a—c,f). The groundmass is formed from fine-
grained quartz grains and pore-filling neoformed phyllosilicates (illites and chlorites)
without orientation.

4.2. Mineralogy

Bulk and phyllosilicate fraction and crystal-chemical data (illite Kiibler index, A°26, [48])
polytype, and b cell dimension of illite/muscovite), which were previously studied by
the current authors [36], are given in Figure 8. The main mineralogical composition is,
in the order of abundance, phyllosilicates, quartz, alkali feldspar, plagioclase, and small
amounts of calcite and dolomite. The amounts of quartz are increased in the Halit Yaylas:
formation, of feldspar in the Emirgazi and Feke formations, and of carbonates in the Caltepe
and Yukar1 Yayla formations, depending on the main lithological types (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-vermiculite
(C-V), chlorite-smectite (C-S), illite—smectite (I-S), PM, and paragonite.

In terms of the vertical distribution of the phyllosilicates, illite/ muscovite is found in
all units. Chlorite is mostly detected in the Cambrian—Ordovician, while C-V occurs in the
Silurian-Devonian and the Cambrian earliest Ordovician. C-S, PM, and paragonite are only
detected in the Emirgazi formation, while I-5 is only observed in the Ay1 Tepesi formation
(Figure 8). Increasing amounts of chlorite and illite but decreasing C-V and I-S towards
depth is related to progressive evolution with stratigraphic depth, as stated by [36].

According to illite Kiibler index data, Precambrian to early Ordovician units have
epimetamorphic, early-middle Ordovician to middle Silurian, and late Silurian to early
Devonian have anchimetamorphic and high-grade diagenetic degrees (Figure 8). The d g0
or by values of illites and 2M;-contents (2M7 /[2M7 + 1My]) of illite increase from Devonian
to Ordovician formations.
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Figure 4. SEM-BSE photomicrographs of the Precambrian phyllitic slate with locations of some
analyzed points and areas (black rectangulars). (a,b) Coarse-grained CMS oriented their long axes
along the bedding planes and post-metamorphic illite occurrences, (c,d) The associations of CMS;
both their stacking {001} planes are parallel to bedding planes and {001} are nearly perpendicular to
bedding planes, i.e., along the schistosity or cleavage planes, (e,f) Highly disturbed white mica-rich
CMS between shear zones in which {001} planes of CMS are nearly perpendicular to bedding plane
and also to the shear band planes, (g—j) X-ray elementary maps (Na, K, Fe, Mg) of the CMS displaying
the chemical differences of chlorite, white K- and Na-K mica/paragonite. Chl = Chlorite, Ilt = Illite,
Ms = Muscovite, Pg = Paragonite, Py = Pyrite, Qz = Quartz.
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Figure 5. SEM-BSE photomicrographs of the early Ordovician slate with locations of some analyzed
points and areas (black rectangulars). (a,b) Coarse-grained tectonically disturbed chlorite-rich CMS
which parallel the bedding planes within the slightly oriented groundmass, (c,d) Chlorite-rich CMS
within the quartz, neoformed illite (Ilt) and chlorite (Nf-Chl) bearing groundmass, (e,f) Muscovite-
rich CMS with long axes were almost parallel to bedding planes and widespread occurrences of
neoformed illites and chlorites in the pores of the groundmass. Chl = Chlorite, Nf-Chl: Neoformed
chlorite, Ilt = Illite, Ms = Muscovite, Py = Pyrite, Qz = Quartz.
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Figure 6. SEM-BSE photomicrographs of the early-middle Ordovician metasandstone with locations
of some analyzed points and areas (black rectangulars). (a) Elongated chlorite-rich CMS which their
stacking planes are nearly parallel to bedding planes and partly disturbed due to cutting by slightly
developed cleavage planes, (b—e) Lozenge-shaped chlorite-rich CMS cutting by cleavage planes,
(f) Elongated chlorite-rich CMS which multiple sliced by slightly developed cleavage planes within
the groundmass composed of quartz-fine grained-white K-mica and chlorite.
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F 77 TFK-1102

Figure 7. SEM-BSE photomicrographs of the late Ordovician silty slate with locations of some
analyzed points and areas (black rectangulars). (a) Elongated chlorite-rich CMS which their stacking
planes nearly parallel to bedding planes within the groundmass, including neoformed illites and
chlorites, (b,c) Lozenge-shaped and curved chlorite-rich CMS, (d,e) Elongated chlorite-rich CMS,
their long axes are parallel to bedding planes and sliced by crenulation type of cleavage planes in the
quartz-fine grained-white K-mica and chlorite groundmass, (f) Elongated and curved chlorite-rich
CMS within the groundmass containing pore filled neoformed illites and chlorites.
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Figure 8. Vertical distribution of mineralogic data in the Lower Paleozoic units (Modified from [36]).
Cal = Calcite, Chl = Chlorite, Dol = Dolomite, Fsp = Feldspar, Ilt = Illite, I-5 = Mixed-layered illite-
smectite, Ms = Muscovite, Pg = Paragonite, Qz = Quartz, C-S = Mixed-layered chlorite-smectite,
C-V = Mixed-layered chlorite-vermiculite, KI = Illite Kiibler index.

There is a positive correlation among % KI, 2M;%, and b of illites/micas, indicat-
ing that the diagenetic-metamorphic characteristics were mainly caused by sedimentary
burial at the initial site of deposition in the Lower Paleozoic part of the Eastern Taurus
Autochthonous Unit [36]. The increasing 2M;-contents and by values of the illites refer to
increasing temperature and pressure conditions toward the lower part, respectively [2,6-8].

The XRD data of studied samples are made up mainly of quartz, feldspar (plagioclase),
and phyllosilicates (Figure 9, Table 2 [36]). Phyllosilicate minerals of the samples are mainly
represented by illite/muscovite, chlorite, and scarce mixed-layer chlorite-vermiculite (C-V).
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Figure 9. XRD patterns of whole rock and clay fraction of Precambrian-Ordovician metaclastic
rocks. Chl = Chlorite, Fsp = Feldspar, Ilt = Illite, Ms = Muscovite, Qz = Quartz, C-V = Mixed-layer
chlorite-vermiculite, KI = Illite Kiibler index.

Table 2. Bulk and clay/phyllosilicate mineral composition and crystal-chemical data of illites of
studied samples.

Sample/ Whole Rock Clay Fraction Crystal-Chemical Data
Formation @z Fsp Phl It Chl CV PgPM KI by 2M; 1Mq
TFK-lO97 40 8 52 35 50 5 10 0.19 100
Precambrian

15226 5 15 65 55 45 021 9041 100
E.Ordovician

TTB-237

E.Ordovician 27 6 07 30 70 b o

TTB-1102 29 22 49 55 35 10 0.42 90 10

L.Ordovician
Qz = Quartz, Fsp = Feldspar, Phl = Phyllosilicate, Ilt = Illite, Chl = Chlorite, C-V = Mixed-layered chlorite—-
vermiculite, Pg = Paragonite, PM = NaK mica, KI = Illite Kiibler index, 2M; = 2 layers monoclinic polytype, 1My
= Disordered 1 layer monoclinic polytype.

KI (A°20) data of the samples correspond to epizone (TFK-1097, TTB-226), high-
(TTB-237) and low-anchizone (TTB-1102) grades (Table 2). b0 (A) values of illites/micas
indicate the moderate to high pressure facies series [49,50]. The dominance of 2M; polytype
illite/mica contents corresponds to anchizonal-epizonal grades [6,7]. The phyllosilicate
associations and crystal-chemical data exhibit reasonable compatibility for increasing
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diagenetic/metamorphic grades, together with increasing sedimentary burial, from late
Ordovician to Precambrian.

4.3. Mineral Chemistry

Average major element compositions obtained from EMPA and EDS data and struc-
tural formulae of phyllosilicates are listed in Tables 3 and 4 for chlorites and illites/micas,
respectively. Unit-cell compositions were calculated on the basis of 11 oxygen equivalents
for I-S and illite-mica and 14 oxygen equivalents for chlorite [51].

Table 3. Average chemical composition and structural formulae of chlorites of the early Paleozoic
rocks from the Eastern Tauride Belt (CMS: Chlorite-mica stacks, NFC: Neoformed chlorites).

EMP EDS
Sample TFK-1097 TTB-226 TTB-237 TTB-1102 TFK-1097 TTB-226 TTB-226 TTB-237 TTB-237 TTB-1102 TTB-1102
Origin CMS CMS CMS CMS CMS CMS NFC CMS NFC CMS NFC
(n) (5) (12) (6) (5) (16) (15) (18) (13) (2) (11) 3)
SiO, 22.47 24.46 23.89 22.38 26.27 28.52 29.40 26.90 29.24 26.01 30.08
TiO, 0.02 0.04 0.29 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ALO3 2497 21.75 24.96 24.28 28.34 25.73 2522 28.90 27.58 27.65 25.35
FeOxot 26.26 27.03 26.44 31.50 33.80 31.36 30.48 32.19 31.37 38.11 31.67
MnO 0.17 0.15 0.14 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 11.65 12.07 9.74 7.21 11.60 14.39 14.89 12.01 11.80 8.22 1271
CaO 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.01 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
KO 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18
Total 85.56 85.51 85.49 85.50 100.00 100.00 100.00 100.00 100.00 100 100
Si 245 2.67 2.59 251 2.48 2.66 2.72 2.52 271 2.51 2.80
AV 1.55 1.33 141 1.49 1.52 1.34 1.28 1.48 1.29 1.49 1.20
AV 1.65 1.47 1.78 1.72 1.64 1.49 1.48 1.70 1.72 1.66 1.58
T 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 239 247 2.40 295 2.67 2.44 2.36 2.52 243 3.08 2.46
Mn 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 1.89 1.96 1.57 1.20 1.63 2.00 2.06 1.67 1.63 1.18 1.76
oC 1.54 1.32 1.40 1.48 1.52 1.34 1.28 1.48 1.29 1.49 1.18
TOC 5.94 5.92 5.79 5.88 5.94 5.93 5.90 5.89 5.78 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
ILC 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TLC 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
°C >350 343 241 318 >350 343 268 321 204 >350 201

OC = Octahedral Charge, TOC = Total Octahedral Cation, ILC = Interlayer Charge, TLC = Total Layer Charge,
n = number of analyses.

The mineral chemistry data of chlorites in the early Paleozoic metaclastic rocks
(Table 3) show moderately narrow distributions of Si-R** and Al'V-Fe/(Fe + Mg) dia-
grams (Figure 10). However, the compositions of chlorites in CMS and neoformed ones
range among clinochlore/daphnite, amesite and sudoite end-members, almost places be-
tween clinochlore/daphnite and amesite (Figure 10a,b). Both neoformed and detrital (CMS)
chlorites of the sample in early Ordovician (Tremadocian) parts exhibit reasonably different
compositions than others because of the higher Si and R?>* contents. Neoformed chlorites
have higher Si contents than those of detrital (CMS) chlorites. Although the chlorites
are shown to have brunsvigite-ripidolite composition in the Al'V-Fe/(Fe + Mg) diagram
(Figure 10c,d), in accordance with AIPEA nomenclature [52], the Fe/(Fe + Mg) content of
chlorites indicate the chamosite composition (Fe/(Fe + Mg > 0.5). The detrital chlorites
have higher Al'V and Fe contents than their neoformed counterparts.
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Table 4. Average chemical composition and structural formulae of illite/micas of the early Paleozoic
rocks from the Eastern Tauride Belt (Ms = Muscovite, It = Illite, P-M = Paragonite-muscovite).

EMP EDS
Sample 1097 1097 226 237 1102 1102 1097 1097 1097 226 226 226 237 237 1102 1102 1102
Origin  Ms It Ms Ms Ms It Ms 11t P-M Ms It P-M Ms It Ms 11t P-M
(n) 3) @ (6) @ (3) (W) (14) (16) 11) (10) (22) (5) ()] (3) 11) (10) 2)
5i0, 45.44 46.60 45.46 44.99 45.04 44.90 47.87 48.65 4797 49.13 50.08 48.10 47.58 50.07 49.65 49.38 48.17
TiO, 0.30 0.22 0.55 1.37 0.54 0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ALOs;  37.67 37.14 33.32 34.84 35.45 35.31 38.28 41.03 40.56 35.67 34.39 38.28 37.51 35.59 35.37 37.79 37.58
FeOrot 0.93 0.81 2.49 3.07 293 0.83 243 0.68 2.48 2.82 3.62 1.79 3.14 2.51 2.75 1.75 3.00
MnO 0.03 0.01 0.07 0.05 0.06 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.60 0.68 1.55 1.15 0.92 1.82 1.36 0.55 1.06 191 1.93 1.46 1.68 1.79 2.09 1.43 1.69
CaO 0.01 0.02 0.02 0.01 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na,O 0.80 1.23 0.50 0.33 0.64 0.44 0.95 2.23 391 0.58 0.27 1.28 0.60 0.35 0.45 0.32 1.49
KO 7.77 7.35 9.47 8.67 7.65 9.65 9.11 6.86 4.02 9.89 9.70 9.09 9.49 9.69 9.68 9.32 8.07
Total 93.55 94.07 93.44 94.50 93.28 93.43 100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  100.00
Si 3.02 3.07 3.09 3.02 3.04 3.03 3.02 3.01 297 3.12 3.18 3.03 3.02 3.16 3.14 3.10 3.04
Al 0.98 0.93 091 0.98 0.96 0.97 0.98 0.99 1.03 0.88 0.82 0.97 0.98 0.84 0.86 0.90 0.96
N AL 1.98 1.96 1.77 1.78 1.86 1.84 1.87 2.00 1.93 1.78 1.75 1.87 1.83 1.80 1.78 1.89 1.83
Ti 0.02 0.01 0.03 0.07 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe?t 0.05 0.04 0.14 0.17 0.17 0.05 0.13 0.04 0.13 0.15 0.19 0.09 0.17 0.13 0.15 0.09 0.16
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.06 0.07 0.16 0.12 0.09 0.18 0.13 0.05 0.10 0.18 0.18 0.14 0.16 0.17 0.20 0.13 0.16
OoC 0.21 0.15 0.02 0.19 0.21 0.07 0.13 0.18 0.24 0.01 0.00 0.08 0.14 0.02 0.02 0.12 0.13
TOC 2.10 2.08 2.10 2.14 2.15 2.09 213 2.09 2.16 2.11 2.13 2.10 2.15 211 212 211 2.15
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.10 0.16 0.07 0.04 0.08 0.06 0.12 0.27 0.47 0.07 0.03 0.16 0.07 0.04 0.06 0.04 0.18
K 0.66 0.62 0.82 0.74 0.66 0.83 0.73 0.54 0.32 0.80 0.79 0.73 0.77 0.78 0.78 0.75 0.65
ILC 0.76 0.78 0.89 0.79 0.75 0.90 0.85 0.81 0.79 0.87 0.82 0.89 0.84 0.82 0.84 0.79 0.83
TLC 0.76 0.78 0.89 0.79 0.75 0.90 0.85 0.81 0.79 0.87 0.82 0.89 0.84 0.82 0.84 0.79 0.83
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Figure 10. Distribution of chlorite compositions on (a,b) Si vs. R2* (simplified from [53]), and

(c,d) AI'V vs. Fe/(Fe + Mg) diagram (modified from [54]; IIb chlorite area and compositional limits

from [55]; Ib and swelling chlorites (C-S) areas from [56]. (a,c) and (b,d) represent the analytical

results by EDS and EMP, respectively. Temperature contours on Si — R?** and A"V — Fe/(Fe + Mg)

diagrams are from [30] and [52], respectively.
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The tetrahedral and octahedral Al data of the chlorites in the sample of early Or-
dovician (Tremadocian) parts and of the chlorites from Precambrian, early-middle, and
late Ordovician units assembled in two different areas in the AIV! + 2Ti vs. Al'Y dia-
gram (Figure 11a,b). Neoformed chlorites are distributed towards the left corner of the
AV + 2Ti vs. Al'Y diagram (Figure 11a), indicating an increase in the dioctahedral substi-
tution (AM, AI** for Mg?*). Tschermak substitution (TM), e.g., A"V for Si and AI'! for Mg,
indicates higher octahedral substitution. The octhedral-element distribution of chlorites in
the Al+-Mg-Fe diagram refers to completely trioctahedral (Type I) chlorites (Figure 11c,d).
Chlorites within the phyllosilicate stacks have slightly greater Fe related to originating
from detrital biotites. The chlorites of early Ordovician (Tremadocian) parts are associated
with metapelitic rocks, whereas chlorites of the other units are accompanied by both felsic
and metapelitic rocks.
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Figure 11. Distribution of chlorite compositions on classification diagrams. (a,b) AIV! + Ti vs.
AV [57]; (¢,d) octahedral Al + 0-Mg-Fe [58]. (a,c) and (b,d) represent the analytical results by EDS
and EMP, respectively. A = AV — AV 4 2Ti, [l = Octahedral vacancy, Type I = XMg + Xpe 2> Xa1 + XD,
Type IT = Xyg + Xpe < Xa1 + X3- The TM and AM arrows point towards increasing Tschermak and
dioctahedral substitutions, respectively.

The chlorite thermometry method of [30] was used for temperature estimation (Table 3).
Temperature values from chlorite compositions were also obtained from the temperature
contours in Si-R?* [31] and Al'V—Fe/(Fe + Mg) diagrams [19] (Figure 10a,b). The tempera-
ture estimations of chlorites from these diagrams show a wide range of temperatures from
~150 °C to >350 °C (Figure 10a—c). The average temperature data of detrital (CMS) and
neoformed chlorites were calculated as 241 °C to >350 °C and 201 °C to 268 °C, respectively
(Table 3, Figure 12). The temperature conditions of detrital chlorites display differences for
individual samples, i.e., detrital chlorites in the samples from the lower parts reveal higher
temperature conditions than those of the upper parts. Similarly, the temperature condition
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of the neoformed chlorite in the epimetamorphic slate was higher than the low-grade
anchimetamorphic slate sample (Figure 12).

& CMS-EMP 1l CMS-EDS = Neoformed-EDS

400

Temperature (°C)

TTB-1102 TTB-237 TTB-226 TFK-1097

Figure 12. Average temperature distributions of detrital (chlorite-mica stacks-CMS) and neoformed
chlorites obtained from EMP and EDS data based on the thermometry method of [28]. Metamorphic
grade and stratigraphic depth increase toward the right from low-grade anchizone/late Ordovician
(TTB-1102) to epizone/Precambrian (TFK-1097).

The compositional variations of white mica and illite are shown in Table 4, Figure 13.
Mineral chemistry studies performed with SEM-BSE images revealed the presence of NaK
mica and paragonites, which could not be detected by XRD, in two samples. K-white micas
often plot in the compositional space between ideal muscovite and phengite, whereas neo-
formed illite minerals are projected in the phengitic to celadonitic compositional space in the
M*-4Si-R?* diagram (Figure 13a,b). In the Fe + Mg-Al"V-A1V! mica diagram (Figure 13¢c,d),
detrital white micas have muscovitic compositions, but neoformed illite compositions shift
to the Fe + Mg corner towards phengite and ferrimuscovite compositions. Tetrahedral Si
and total interlayer cation occupancy of detrital K-white micas, NaK micas, and neoformed
illites are clearly distinguished in the Si—(Na + K) diagram (Figure 13e,f).

Illites have relatively higher Si-, Fe-, and Mg- and lower K-content than K-white micas.
The distributions of octahedral Fe, Mg, and interlayer Na content in neoformed illites with
respect to white micas in the Precambrian unit are remarkably different from other units.
Contrary to detrital white micas, neoformed illites in the Precambrian unit have lower
Fe- and Mg- content but higher interlayer Na-content. NaK micas are distinguished by
lower Si-, Fe-, Mg- and higher Al- content than muscovite and illite, in addition to higher
interlayer Na content (Figure 13a—f).
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Figure 13. The compositional distributions of illites/micas. (a,b) M*—4Si-R%* triangular diagram [59],
(c,d) Fe + Mg—AlIV—AIVI [60], (e,f) Na + K vs. Si diagram.

5. Discussion
5.1. Chlorite Chemistry

Chlorite composition can be sensitive to the diagenetic/metamorphic grade. The
tetrahedral Al (A1'Y) and octahedral R%* (Mg and Fe?*) contents of chlorite increase with
increasing grade [13-20]. Thus, different chemical compositions for detrital (metamorphic)
and authigenic (diagenetic) chlorites have been reported in many studies (e.g., [17,21-24].

Chlorites in studied samples exhibit different compositions for the samples which
have different metamorphic grades. Tetrahedral Al and octahedral Fe + Mg increase,
whereas octahedral Al decreases together with the increasing grade of metamorphism.
Chlorites metasiltstone and slate samples from Precambrian—Early Ordovician (Tremado-
cian) parts have ripidolite, whereas metasandstone and slate samples from the early-middle
Ordovician-Silurian have brunsvigite compositions. It has been noticed that the chlorites
in Tremadocian (early Ordovician) metaclastics have different compositions with respect
to the others. It was evaluated that this difference is related not only to the metamorphic
grade but also to different detrital origins. The chemistry data of chlorites indicating a
different source for early Ordovician (see Figure 11b) also support this opinion.

Neoformed chlorites have higher Si-but lower Al'V- and Fe-contents than those detrital
(CMS) chlorites. The greater Fe content of chlorites in CMS seems to be related to originating
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from biotites. During the alteration of biotites to chlorite, the released excess Fe ions [61-63]
could be precipitated as iron oxides and/or sulfur (i.e., hematite, pyrite).

Chlorite geothermometry data for detrital and neoformed origin (Figure 12) are well-
matched with KI data (Figure 14), as well as with the textural (slaty cleavage) and other
mineralogical (phyllosilicate mineral associations, polytype) maturation data. The different
temperature data for detrital (higher temperature) and neoformed (lower temperature)
chlorites indicate that the detrital chlorites preserve their metamorphic nature even in
anchizonal conditions.

0.80
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Figure 14. Chlorite thermometry data versus illite Kiibler index data of the samples. The Diagenesis—
Anchizone-Epizone regions are drawn based on assumed temperature limits for low and upper
limits of anchizone [2,7-9].

5.2. Illite/White Mica Chemistry

Illite/mica compositions display the ranges among muscovite-phengite—celadonite.
Illites with neoformation origins represent phengitic, whereas micas have commonly
muscovitic and partly paragonitic and celadonitic compositions. Tetrahedral Al and in-
terlayer K + Na contents of illite/micas increase together with the increasing grade of
diagenesis-metamorphism and change the compositions from illite and phengite to ideal
muscovite. Increasing the interlayer K* content and layer charge (especially tetrahedral
charge) during the transformation from illite to muscovite, together with the increasing
diagenesis/metamorphism, are known in the literature [11,25].

In compensation for tetrahedral-charge change, octahedral-charge increases because
of the Fe?* and Mg substitutions for A1V, An increase in Fe’* and Mg (or phengitic)
content is mainly related to temperature-related diagenetic-metamorphic grade [10-12,64]
but may also be associated with changes in the composition of diagenetic/metamorphic
solutions [15,60]. The higher Fe and Mg contents of neoformed illite should be related to
Mg- and Fe-rich diagenetic solutions, derived from the conversion of biotite to chlorite and
then C-V, as stated for the Fe-rich (chamositic) chlorites.

NaK mica and paragonite-bearing samples in the Precambrian and Lower Ordovician
units are restricted to high anchizonal-epizonal grades. Their occurrences are characteristic
for the extensional basins [46,65], where the temperature is dominant, which are observed
as replacement type developments within the detrital CMS [25]. Na,K-mica were developed
within the CMS, amongst the {001} layers of muscovite (see Figure 4e,f). This occurrence
may be related to the replacement of muscovite with Na-rich solutions. Retrograde or
second metamorphic recrystallization occurrences of paragonite and/or mixed Na,K-mica
were documented in the early Paleozoic sedimentary unit [25,66,67].
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6. Conclusions

The Precambrian—Early Paleozoic metaclastic rocks of the Eastern Tauride Belt were
metamorphosed under low temperature (low anchizone to epizone) conditions. In addition
to textural and mineralogical changes, the mineral chemistry of phyllosilicates also affected
the metamorphism. Under low-temperature metamorphic conditions, detrital biotite—
muscovite stacks altered to CMS, in which the chlorites were derived from biotites, and
therefore their composition is rich in Fe (chamosite). In addition to the transformation of
clastic phyllosilicates, phyllosilicate neoformation processes have also taken place. The
neoformed illites and chlorites were formed in the matrix, whereas replacement type NaK
mica and paragonite minerals are also developed within the {001} planes of muscovites in
CMS. Neoformed chlorites have higher Si but lower A1V and Fe contents than detrital (CMS)
chlorites. The chlorite geothermometry data indicate that the calculated temperature values
are compatible with the metamorphic grades. The increasing degree of metamorphism was
reflected in the chlorite geothermometer, in other words, in the chlorite chemistry. In terms
of the effect of metamorphism grade on the illite/mica composition, tetrahedral Al and
interlayer K + Na contents of illite/micas increase together with the increasing grade of
diagenesis-metamorphism and change the compositions from illite and phengite to ideal
muscovite. The variations of phyllosilicate mineral chemistry data in accordance with the
textural and mineralogical data indicate that the mineral chemistry data of phyllosilicate
can be used as a useful tool for low-temperature metamorphic petrology.
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