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SEDIMENT-HOSTED KAOLIN DEPOSIT FROM CAKMAKTEPE (USAK, TURKEY):
ITS MINERALOGY, GEOCHEMISTRY, AND GENESIS

A. YILDiz AND C. BASARAN¥*

Afyon Kocatepe University, Engineering Faculty, Department of Geological Engineering, Afyonkarahisar, Turkey

Abstract—Because of their geochemical properties, the Cakmaktepe (Usak) kaolin deposits have been
considered as primary. New sedimentological, mineralogical, and geochemical data suggest that the
Cakmaktepe kaolins are secondary deposits of sedimentary processes after hydrothermal alteration of the
source rocks. The kaolins in the Cakmaktepe deposit were formed from the hydrothermal alteration of calc-
alkaline Karaboldere volcanics (KBV). The kaolinized materials were then reworked and accumulated in a
lacustrine basin. The argillic alteration zones were associated with faults, and lateral zonation of minerals
was observed in the KBV. Smectite was the major phyllosilicate in the ‘outer zone’. The alteration
mineralogy of the ‘inner zone’ was similar to that of the Cakmaktepe kaolins and consisted mainly of
kaolinite with minor amounts of smectite and alunite. The trace-element abundances in the kaolinized
volcanics and the Cakmaktepe kaolins indicated hypogene conditions. The 3'*0 values of the Cakmaktepe
kaolins ranged from 0.2 to 5.92%o, which indicated that the Cakmaktepe kaolinites were formed at
temperatures between 92 and 156°C, and the 6D values ranged from —91.68 to —109.45%.. The irregular
edge-to-face morphology, the variation in grain-size, a few broken crystals of kaolinite, the deficiency of
dissolution-replacement and crystallization mechanisms, and the the low sphericity, very angular, and
poorly sorted quartz crystals in the kaolins all result from transport processes. The sedimentary structures,
including trough cross-lamination, tool marks, and load casts, indicate transportation by turbulent waters

and deposition of kaolin layers in a shallow lake.
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INTRODUCTION

Kaolins are clays composed mainly of kaolinite
minerals. Kaolin deposits are classified as primary and
secondary. Primary kaolins include hydrothermal and
residual kaolins, and secondary kaolins include sedi-
mentary deposits (Bristow, 1987; Murray, 1988; Murray
and Keller, 1993). The primary kaolins are derived from
the in situ alteration of crystalline rocks, such as
granites, rhyolites, andesitic tuffs, and arkosic sand-
stones. Alterations in primary kaolins may also originate
from surface weathering (Supergene Type), hydrother-
mal activity (Hypogene Type), or a combination of the
two. Secondary kaolins are consequences of sedimentary
processes and are altered, transported, and deposited as
beds or lenses in lacustrine or lagoonal environments.
Some primary kaolins are indicators of precious-metal
deposits (Hedenquist et al., 2000; Dominquez et al.,
2010), and secondary kaolins generally have greater
economic value than primary kaolin due to their low
alunite and Fe-Ti oxide contents (Murray, 1980, 2000;
Ekosse, 2000).

The production of kaolin in Turkey increased by 7%
in 2011 to ~775,000 metric tons (TUIK, 2014). The most
important kaolin deposits in Turkey are located in
western Anatolia. Balikesir-Sindirgi-Diivertepe,
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Canakkale-Saribeyli-Sigirli-Bodurlu and Canakkale-
Can-Caltikara-Bahadirli, Bursa-Mustafa Kemalpasa,
Kiitahya-Emet-Hisarcik-Yiyliik-Akgakalan-Yagmurlar,
Bilecik-Sogiit, and Usak-Karagayir are the main primary
kaolin-producing provinces in western Anatolia. Most of
these kaolins are are derived from the hydrothermal
alteration of volcanic rocks (Seyhan, 1978; Celik et al.,
1999; Karakaya et al., 2001; Ece and Schroeder, 2007;
Ece et al., 2008; Kadir and Kart, 2009; Karakaya, 2009;
Kadir et al., 2011; Kadir and Erkoyun, 2012; Ece ef al.,
2013). The kaolins in Istanbul-Sile are secondary
deposits that were formed by hydrothermal alteration,
weathering, transportation, and deposition processes
(Ece et al., 2003). The types and amounts of impurities,
such as alunite and Fe-Ti oxides, affect adversely the
quality of kaolin (Prasad et al., 1991). The greatest
problem in Turkish kaolin is kaolins left unprocessed
due to such contamination (DPT, 2001).

Numerous studies have been conducted in the study
area regarding the distribution and mapping of active
fault zones, the hydrogeochemical and geophysical
properties of geothermal waters, and the geology,
mineralogy, and geochemistry of boron and kaolin
deposits (Helvaci, 1986; Tasdelen, 1987; Fujii et al.,
1995; Aydogan et al., 2006; Sayin, 2007; Kogyigit and
Deveci, 2007; Davraz, 2008). Hydrothermal kaolin
deposits in Usak-Karacayir, Kiitahya-Simav-Hisarcik-
Yiylik-Gediz, and Balikesir-Diivertepe-Turplu are
located in the same region and have similar geological
properties to those of the Cakmaktepe deposit regarding
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their country rocks, tectonic evolution, and volcanism
(Kadir et al., 2011; Kadir and Erkoyun, 2012; Ece et al.,
2013). The Cakmaktepe kaolin deposit is located 50 km
southeast of Usak (western Turkey) and has been
exploited for ceramic purposes. The genesis of the
Cakmaktepe kaolin deposit has been debated. The
genesis of the kaolin deposit was linked by Fujii ef al.
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(1995) to sedimentary processes, but kaolinization was
stated by Erkoyun and Kadir (2011) to have occurred as
a result of acidic hydrothermal fluids and controlled by
tectonic activity. The aims of the present study were to
resolve the controversy regarding the genesis of the
Cakmaktepe kaolin deposit and to contribute to discus-
sions on geology, mineralogy, geochemistry and the

HLACK SEA
iy

[y a

: . : -]{-El.ﬂhyu: -
i - Ciruben ..

ik
Ha
26"
y Pre-Neogene Neogene
& Basement Sediments {Present}

o 2043 46" 29°59" 2!}"
= A
@ b
b
& —T—T

1

38" 43 28

Limesione

Venikoy
Formation

EC i T.acusirine
=77 Limestone

Figure 1. (a) Outline geological map of southwestern Turkey (from Bozkurt and Mittwede, 2002, reproduced with permission), and
(b) simplified geological map of Banaz (Usak) and the surrounding area (from Konak, 2002, reproduced with permission).
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origin of kaolin deposits in western Anatolia and around
the world. The kaolin mine in the Cakmaktepe district
provides an excellent opportunity for geological study
because the mature production faces allowed detailed
studies and sampling of clay sedimentology. In the
present work, the lithological characteristics of the
kaolin deposit were elucidated to explain its transporta-
tion and sedimentation conditions. The mineralogical
and chemical results from various stratigraphic intervals
of the Cakmaktepe deposit and the alteration zones of
volcanic rocks in the study area were used to determine
the genesis of the deposit. Our results suggest the
presence of new kaolin deposits with similar geological
properties in western Anatolia that will provide kaolins
with small alunite and Fe-Ti oxide contents to the
ceramic, paper, rubber, paint, plastic, and pharmaceu-
tical industries in Turkey.

GEOLOGICAL SETTING

Western Turkey has experienced N—S-oriented con-
tinental extension since the latest Oligocene—Early
Miocene (Bozkurt and Mittwede, 2005). Graben and
associated normal fault systems are therefore the
dominant structural elements in this region (Figure la)
(Yilmaz et al.,, 2000; Kogyigit and Deveci, 2007;
Bozkurt Ciftci and Bozkurt, 2009). The basement rocks
in the study area are Paleozoic metasedimentary rocks in
the Menderes Massif and the Cretaceous Muratdagi
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Mélange (Figure 1b), and Lower—Middle Miocene
granite intrudes the metamorphic and ultramafic rocks
(Aydogan et al., 2006). The Yenikdy formation uncon-
formably overlies the basement rocks and consists of
conglomerate, sandstone, siltstone, marl, and limestone.
Based on paleontological data, Ercan et al. (1978)
demonstrated that these rocks were deposited in fluvial
and lacustrine environments and that the Yenikdy
formation formed during the Middle—Late Miocene.
The Karaboldere volcanics (KBV) showed lateral and
vertical gradations with the sedimentary rocks of the
Yenikdy formation (Figure 1b).

According to Ercan et al. (1979, 1996), Yilmaz et al.
(2001), Basaran (2009), and Karaoglu et al. (2010), the
volcanic rocks around Usak and the surrounding area
were formed during the Early—Middle Miocene due to
the collision of the African plate with the Eurasian plate.
The KBV formed from trachyandesitic lavas and
pyroclastics (e.g. agglomerates) in a subduction-related
tectonic setting and are calc-alkaline (Bagaran, 2009).
These volcanites were spheroidally weathered, and are
considered to be the source of the Cakmaktepe kaolins.
The volcanites have been subjected to NE—SW-oriented
normal faults in the Sivasli-Banaz fault zone (Kogyigit
and Deveci, 2007). Fault-related argillic alterations were
observed in the KBV outcrops in the Kozdren district
5 km from the Cakmaktepe region (Figure 2).
Elongation of the alteration zones was conformable
with the orientation of the normal faults (strike N60OE
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Figure 2. Detailed geological map of Cakmaktepe region.
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and dip 80SE). Three alteration zones were recognized
in the KBV. In the outer parts of the alteration, smectite-
rich zones (Zone-1) were formed from the alteration of
the glassy matrix of the host rock (Oan-7 and San-6). In
the inner parts, a glassy matrix and feldspar phenocrysts
were altered to form kaolinites (Zone-2: Oan-3, Oan-4,
and San-3). In the kaolinitic zone, smaller abundances of
smectite minerals were associated with the kaolinites.
Fe-oxide and gypsum zones (Zone-3: San-9) nearly
20—30 cm thick and which were consistent in orienta-
tions with the fault planes observed in the kaolinite-rich
area.

ANALYTICAL METHODS

Twenty four samples were collected from the wall of
a kaolin mine in the Cakmaktepe district (Figure 2).
Seventeen fresh/unaltered and altered volcanic rock
samples were also obtained from the argillic alteration
zones of the KBV. The locations of these samples are
shown in a detailed geological map of the Cakmaktepe
region (Figure 2).

The clay mineralogy was determined by studying
<2 pm particles. After dispersing the samples in distilled
water overnight, the <2 um size fraction was separated
by sedimentation and subsequent centrifugation.
Oriented samples were prepared from the clay fraction
spread on glass slides and allowed to dry under
atmospheric conditions. The dried samples were satu-
rated with ethylene-glycol vapor at 60°C and heated at
550°C for 2 h. The X-ray diffraction (XRD) analyses of
the oriented samples were performed on air-dried,
ethylene glycol-solvated, and heated samples (Brown,
1972; Brown and Brindley, 1980; MacEwan and Wilson,
1980) to identify the mineral abundances in the kaolins,
the kaolinite-bearing samples (KBS), and the altered
volcanic rocks, and to determine the degree of structural
disorder in the kaolinites. To differentiate halloysite
from kaolinite, a formamide test was applied to the clay-
sized samples before XRD analysis (Churchman et al.,
1984). Bulk samples as random powders and the oriented
<2 um fractions were examined using a Shimadzu XRD-
6000 diffractometer (computerized control unit operat-
ing at 40 kV and 30 mA using Ni-filtered CuKa
radiation). The scanned range was 2—70°20 in bulk
samples and 2—30°20 in oriented samples at a scanning
speed of 2°20/min for all samples.

The mineral abundances of the samples were deter-
mined using a standardless semi-quantitative analysis, as
described by Chung (1974). The Hinckley crystallinity
indices of kaolinite were measured on un-oriented XRD
patterns from powder samples of the clay fraction.

Freshly broken samples were attached using carbon
adhesive on an aluminum substrate, coated with carbon,
and surfaces examined using a JEOL-6400 Scanning
Electron Microscope with an energy-dispersive X-ray
spectrometer (SEM-EDX, Rontec Xflash Detector Type
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1105) for morphological studies and microchemical
analyses.

Major- and trace-element analyses, including the rare
earth element (REE) abundances, of the volcanic rocks,
bulk kaolins, and KBS were performed in the ACME
analytical laboratory in Canada. The total abundances of
the major oxides and several minor elements were
reported for a 0.1 g sample that was analyzed using
inductively coupled plasma-optical emission spectrometry
(ICP-OES, Arcos-Spectro, Germany) following lithium
metaborate/tetraborate fusion and dilute nitric acid diges-
tion. The loss on ignition (LOI) was measured after
heating to 1000°C. The trace and rare earth element
concentrations were determined using inductively coupled
plasma-mass spectrometry (ICP-MS, Elan-Perkin Elmer,
USA) following lithium metaborate/tetraborate fusion and
nitric acid digestion of a 0.1 g sample. The detection
limits for the analyses were between 0.01 and 0.1 wt.%
for the major elements, 0.1—5 ppm for the trace elements,
and 0.01—0.5 ppm for the REE.

The major and trace-element abundances of the
altered volcanics were normalized with respect to the
fresh volcanic rocks to identify elemental behaviors
during alteration. Zr was considered to be an immobile
element in these calculations based on its relative
correlation coefficients with other elements. The mass
changes were calculated from the following relation-
ships described by MacLean and Kranidiotis (1987) by
using an average starting mass of 100 g of fresh volcanic
rock due to the low density differences between the fresh
(2.54 g/cm®) and altered volcanics (2.37 g/em® for the
smectitic zone, 2.32 g/cm3 for the kaolinitic zone). The
following equation for (AC) applies to SiO;:

Si0, wt.% of altered rock

AC (Si0O,) = x Zr ppm of fresh rock

Zr ppm of altered rock

The losses and gains of all the major elements, trace
elements, and REEs (RC) were computed as the
differences between the (AC) values of the altered and
fresh samples. The (La/Yb).,, (cn: Chondrite normal-
ized) (La/Sm).,, (Gd/Yb).,, and (Eu/Eu*)., parameters
were normalized according to Sun and McDonough
(1989). The (Ce/Ce*)., ratio was calculated as
Cecn/(Lag, X Prcn)l/2 (McDonough and Sun, 1995).

Oxygen- and hydrogen-isotope analyses were per-
formed on seven pure kaolin samples (Kao-2, Kao-4,
Kao-5, Kao-6, Kas-1, Kas-3, and Slt-2) obtained from the
<2 um fractions. The oxygen-isotope analysis was
conducted using a Thermo Delta V isotope ratio mass
spectrometer (IRMS) interfaced with a Temperature
Conversion Elemental Analyzer (TC/EA) in the isotope
laboratory at Cornell University (USA). The samples were
pyrolyzed at 1375°C and converted to CO gas. The CO
was analyzed against several internal and international
standards, and the '80/'°0 ratios were measured.
Hydrogen isotope analysis was also performed by way
of pyrolysis using the TC/EA interfaced with the Delta V
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IRMS. Both of the isotopic ratios were analyzed from the
same sample matrix in dual analysis mode. The isotopic
ratios of oxygen and hydrogen are presented as the permil
deviation with respect to the Vienna Standard Mean
Ocean Water (VSMOW) standard. The results were
reproducible with standard deviations (6D) of >3%o for
hydrogen and 0.4%o for oxygen.

RESULTS

The lithology of the kaolin deposit

Clastic sedimentary rocks in the Yenikdy formation,
such as sandstone and siltstone, host the deposit, which
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displayed nearly horizontal stratification. The extension
of the ESE—WNW-trending normal faults associated
with the fault system of western Turkey controlled the
distribution of the kaolin deposit (Figure 2). The
lithology of the kaolin intervals was laterally uniform.
The classifications of Dunham (1962) and Nichols
(2009a) for carbonate and clastic sediments, respec-
tively, were applied to identify the sedimentary rocks in
the study area (Figure 3).

The deposit consisted primarily of poorly sorted
terrigenous clastic sediments, kaolins, and carbonate
rocks. In the stratigraphic profile of the deposit, the
layers of siltstone (SLST), kaolin (KAO), sand bed

LIMESTONES
= S, . 4z 2 MINERALOGY
— = o o5 = w o
o E I 2 BE & o
| Z A c .8 = =
< | LITHOLOGY| | | | ] | o) = E
[ ] , o
] MUD SAND GRAVEL = 58 2|2 sl 2| 4 5 g g =
= = B g = | & £ = &
Pevimve 8B E s«s%—*:%g-acgg
E:.—"ﬂ"tmvcgnmoc £l == ?25_'57:1"6 E
T E[fe] Pepd s|8|C|2|=|S|2|S|A|=|E
35—
53— SL Csi-1
KA0 TN B s O | 5
LS
KBSL Slt-2
KBSL Slt-3
SDST Snd-1
KBST Kas-1
KAO Kao-2
SNB Current Ripple Snd-2
KBSL Kas-2
KAO Cross Lamination | Kag-3
[ KBST Kas-3, Kas-4
[ SNB nd-
KBST Load Cast Kas-5
KAOD Kao-4
KAQ Kao-5
KAQ Current Ripple Kao-6
KBST Kas-f
KBSL Kas-7
| SNB Snd-4
KAD Current Ripple Kao-7
SLST Slt-4
SLST Sht-5

Figure 3. Lithology and mineral logs of the Cakmaktepe kaolin deposit, Banaz region. Abbreviations: siltstone (SLST), kaolin
(KAO), sand bed (SNB), kaolinite-bearing siltstone (KBSL), kaolinite-bearing sandstone (KBST), sandstone (SDST), limestone

(LS), and the silica layer (SL).
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(SNB), kaolinite-bearing siltstone (KBSL), kaolinite- the bottom to the top (Figures 3, 4a). The siltstone
bearing sandstone (KBST), sandstone (SDST), limestone consisted primarily of very fine silt, fine silt, and minor
(LS), and the silica layer (SL) can be distinguished from kaolinite at the KBSL level. The thickness of the siltstone

Figure 4. Outcrop photos of the Cakmaktepe kaolin deposit: (a) the open pit showing kaolin units in sedimentary rocks of Yenikdy;
(b) the sharp contact between siltstones (SLST) and kaolin (KAO) levels and microfolds within the siltstones; (c) sole marks and
trough cross laminations between kaolin and KBSL levels; (d) load casts and cusps between kaolin and KBSL levels; and (e) current
ripples between kaolin and SNB levels.
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layers ranged from 1 to 3 m. Erosional surfaces and soft
sediment deformation were observed at the contacts of
the siltstones with kaolin (Figure 4b). The kaolin units
were interbedded with the SNB, KBSL, and KBST
intervals. The thicknesses of the kaolin layers ranged
from 1.5 to 4 m. The grain sizes in the kaolin layers
varied and generally decreased from the base to the top.
Finer grain sizes typically result in darker kaolin layers.
The lowest layer consisted of cream-colored kaolin with a
gray kaolin layer above. Trough cross-lamination and
tool marks were observed at the top of the light-gray and
cream-colored kaolin layers (Figure 4c). The kaolin units
were weakly consolidated, and the surfaces of kaolins of
the KBST and SNB intervals were distinguished by load
casts, cusps, and asymmetric current ripples (Figures 4d,
4e). The sand bed consisted primarily of 18—67 pum
quartz grains (medium silt to very fine sand). The quartz
grains were very angular and were loosely cemented with
a kaolinitic matrix. The bed was interbedded with kaolin,
KBST, and KBSL, and the thickness ranged from 1 to
3 m. The sandstone layer was composed of quartz,
feldspar, muscovite, and minor rock fragments, with a
thickness of ~3 m. The grain sizes in the sandstone layer
ranged from 31 to 227 um (coarse silt to fine sand) with
very angular clasts. The KBST interval was located in the
middle of the sequence and consisted mainly of quartz
crystals, subordinate muscovite, feldspar, and lithic
fragments. The sizes of components were between 68
and 683 pum (very fine sand to coarse sand), and kaolinite
was identified as the matrix. The limestone (LS) layer,
with a thickness of 5 m, was yellow and cream colored
with a micritic texture. This level was composed of
plaque-shaped strata and included minor clay compo-
nents. The SL overlying the LS was a reddish brown to
black fine-textured and brittle silica layer that consisted
of microcrystalline quartz crystals. The silica level was
distinct from the limestone levels, and silicification and
replacement textures were not observed within the lower
layers of the deposit. Lens-shaped kaolin levels (Kao-1)
were observed along the boundary between the SL and
LS layers.

Mineralogy

X-ray diffraction studies. The argillic alteration zones in
the KBV were composed of acidic mineral assemblages
and an intermediate alteration with similar mineralogical
composition to Cakmaktepe kaolins (Table 1). Zonation
of the minerals was recognized in the argillic alteration
zones. Smectite (30—55%) was the major phyllosilicate
present in the outer zones of the argillic alteration. The
inner zone, which represents advanced alteration, was
distinctive due to the presence of minor to moderately
abundant kaolinite (10—40%) and minor smectite
(12—15%). Illite-mica (I1t-M), gypsum, alunite, quartz,
feldspar, calcite, dolomite, and hematite were identified
as subordinate minerals in all of the alteration zones
(Table 1).
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The mineral distributions in the kaolins and the KBS
from various stratigraphic intervals in the Cakmaktepe
deposit are shown in the litholog and mineral logs of the
Cakmaktepe kaolin deposit (Figure 3). The common
minerals identified at all levels included kaolinite,
smectite, quartz, and feldspar, and some samples included
illite-mica, calcite, and dolomite as secondary (Figure 5).
The kaolins and KBS contained abundant kaolinite
(55—70%), minor smectite (15%), and minor alunite
(2—15%) and hematite (1—2%). Kaolinite abundances
were inversely correlated with the quartz abundances in
the kaolin units and the KBS interval. Larger kaolinite
abundances were observed in the kaolin layers than in the
KBS intervals. This variation in the kaolinite abundance
was observed in all strata near the contacts between the
kaolins and clastic sedimentary rocks. The light gray and
gray kaolin intervals (Kao-4 and Kao-5, respectively),
which contain sedimentary structures, contained more
kaolinite than the KBST and KBSL intervals (Kas-6 and
Kas-7). Minor smectite abundances were observed in the
kaolin layer (Kao-1) at the top of the stratigraphic profile.
The SLST layers in the lower portions were distinguished
from other stratigraphic levels in the Cakmaktepe deposit
because they contain minor to intermediate amounts of
chlorite (20—25%), minor illite-mica (15%), and minor
feldspar (5%) (Figure 5). Quartz (65—93%) was identified
as a common detrital component in the SNB layers
(Snd-2, Snd-3, and Snd-4). In addition, minor and
intermediate kaolinite (5—25%) and minor calcite
(5—15%) abundances were detected in these layers. The
SL layer consisted of 100% quartz minerals. The alunite
contents and the Hinckley crystallinity indices (HI)
decreased gradually from the bottom to the top of the
stratigraphic profile.

Diffraction intensities at 7.17, 4.48, 3.58, 2.50, and
2.35 A are characteristic of kaolinite in kaolin units.
Sharp diffraction peaks at 7.17 and 3.58 A and the
presence of peaks at 4.18 and 3.87 A indicate the
presence of ordered kaolinite (MacEwan and Wilson,
1980; Wilson, 1987; Arslan et al., 2006). The kaolinites
in the Cakmaktepe region (except for samples Kao-1 and
Kao-7) were observed to have HI values >1.00, which
indicated a high degree of crystallization (Table 1). Well
crystallized kaolinites are formed from hydrothermal
alteration, whereas the presence of sedimentary kaoli-
nites with low, moderate, and high crystallization is
related to supergene alteration (Patterson and Murray,
1975; Galan et al., 1977; Nakagawa et al., 2006).

The peak at 7.17 A in the kaolin and the KBS samples
remained unchanged by the ethylene glycol treatment.
This peak collapsed completely after heating to 550°C due
to dehydroxylation (Figure 6). The formamide test was
applied to highlight the occurrence of the kaolinite
minerals in the Cakmaktepe samples and to differentiate
kaolinite from halloysite. These minerals can be differ-
entiated from each other by dyo; diffraction because the
doo, diffraction of kaolinite occurs at 7.2 A and that of
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Table 1. Semi-quantitative analysis results (%) and Hinckley crystallinity index value of samples from the study area.

Sample Sample Sme Ilt-M  Chl Gp Kin Alu  Crs-Opl  Qz Fsp Cal Dol Hem HI
code type

Csi-1 SL 0 0 0 0 0 0 0 100 0 0 0 0 -
Kao-1 KAO 15 0 0 0 70 3 0 10 0 1 0 1 0.92
Slt-1 SLST 10 30 25 0 0 0 0 20 5 2 0 8 -
Slt-2 KBSL 0 10 0 0 60 0 0 20 3 5 2 0 -
Snd-1 SDST 0 5 10 0 0 0 0 50 10 20 5 0 -
Kas-1 KBST 0 0 0 0 60 3 0 35 0 0 0 2 1.15
Kao-2 KAO 0 0 0 0 65 2 0 33 0 0 0 0 1.07
Snd-2 SNB 0 0 0 0 20 0 0 65 0 15 0 0 -
Kas-2 KBSL 0 5 0 0 60 2 0 25 5 0 3 0 —
Kao-3 KAO 0 0 0 0 70 3 0 20 5 2 0 0 1.18
Kas-3 KBST 0 0 0 0 60 3 0 35 0 0 0 2 1.05
Kas-4 KBST 0 0 0 0 60 5 0 35 0 0 0 0 1.17
Snd-3 SNB 0 0 0 0 25 0 0 70 0 5 0 0 -
Kas-5 KAO 0 3 0 0 60 10 0 20 5 0 2 0 1.00
Kao-4 KAO 0 0 0 0 70 5 0 20 3 2 0 1 0.96
Kao-5 KAO 0 0 0 0 65 3 0 30 0 0 0 2 1.04
Kao-6 KAO 0 0 0 0 70 15 0 15 0 0 0 0 1.39
Kas-6 KBST 0 0 0 0 55 5 0 40 0 0 0 0 1.45
Kas-7 KBSL 0 0 0 0 60 5 0 35 0 0 0 0 1.25
Snd-4 SNB 0 0 0 0 5 0 0 93 0 0 0 2 —
Kao-7 KAO 0 0 0 0 70 13 0 15 0 0 0 2 1.38
Slt-4 SLST 0 15 20 0 0 0 0 45 5 5 0 10 -
Slt-5 SLST 0 15 25 0 0 0 0 50 5 2 3 0 —
Ttf-1 TUFF 35 10 0 0 0 0 20 15 20 0 0 0 -
Oan-2 TAN 15 5 0 0 10 2 0 25 35 2 3 3 -
Oan-3 TAN 0 20 0 0 40 0 0 40 0 0 0 0 -
Oan-5 TAN 30 10 0 0 0 0 15 15 25 2 3 0 -
San-2 TAN 15 10 0 0 15 1 0 25 30 1 2 1 —
San-3 TAN 12 13 0 0 15 2 0 25 30 0 2 1 —
San-6 TAN 50 10 0 15 0 5 0 10 10 0 0 0 -
San-9 TAN 55 2 0 5 0 15 10 3 5 0 0 5 -

Mineral-name abbreviations after Whitney and Evans (2010).

HI: Hinckley crystallinity index, SL: silica layer, KBST: kaolinite-bearing sandstone, KBSL: kaolinite-bearing siltstone,
SLST: siltstone, SDST: sandstone, SNB: sand bed, and TAN: trachyandesite.

halloysite occurs at 10.0 A (Churchman et al., 1984). In
the present study, the dyo; diffraction observed at 7.2 Ain
the XRD analysis performed after the formamide test
indicated the existence of kaolinite in the Cakmaktepe
samples (Figure 6).

SEM-EDX determinations. Platy kaolinite crystals with
pseudo-hexagonal forms were observed in all of the
kaolin and KBS samples (Figure 7a). Large vermiform
kaolinite booklets and stacks were absent, however. The
kaolinite crystals exhibited an edge-to-face arrangement
with irregular outlines and crystals of 0.4—2.6 pm. A few
kaolinite crystals were broken and showed rounded
morphologies. The crystal size of the kaolinites was
related indirectly to the kaolinite contents in the different
layers of the Cakmaktepe deposit. The crystal sizes
(<1 um) of the kaolinites in the kaolin layers were
smaller than those in the KBS levels (> 1 pm). Subhedral
alunite crystals were observed at the bottom (Kao-7) of
the deposit (Figure 7b). The lower level (Kao-1) of the
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deposit, however, contained smectite crystals in the form
of flakes (Figure 7c). The kaolinite particles cling tightly
to the subhedral and low-sphericity quartz crystals and
muscovite particles with platy crystals and books
(Figures 7d,e,f). Microcrystalline quartz was present
within the silica intervals in the uppermost portions of
the kaolin deposits. In certain parts, the quartz minerals
varied in size from 2 to 6 um (Figure 7g, 7h). No textural
or microscopic evidence was noted for dissolution-
precipitation or replacement mechanisms of the muscovite
minerals in the kaolin intervals. The compositional
differences were significant between the muscovite and
kaolinite crystals in the microchemical analytical (EDS)
studies. The lack of Fe, lowest Mg, and highest Al
contents characterized the muscovite in kaolin layers
(Figure 8a). The aluminum, silica, potassium, and sulfate
abundances of the Kao-7 (Spectrum 2) reflected the
alunite content in Kao-7 (Figure 8b). The aluminum,
silica, calcium, and magnesium contents in Kao-1
(Spectrum 2) were related to the smectite (Figure 8c).
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Figure 5. Representative powder XRD patterns

Geochemistry
Geochemistry of kaolinization in Karaboldere Volcanics

(KBV). Cakmaktepe kaolins were alteration products of
KBV from Lower—Middle Miocene volcanic rocks in
western Anatolia. Elemental behavior during alteration
was determined using major- and trace-element analyses
(Table 2).

The Zr/TiO, vs. Nb/Y diagram produced by
Winchester and Floyd (1977) was used to discriminate
between the magmatic compositions (Pearce ef al., 1984)
and to identify the precursor materials of the kaolins
(Dill et al., 1997; Arslan et al., 2006; Karakaya, 2009)
and bentonites (Christidis ez al., 1995; Yildiz and Kuscu,
2004; Y1ldiz and Dumlupunar, 2009). This technique can
be used because Zr, Nb, Y, and Ti show immobile
behavior during various petrological processes (i.e.
hydrothermal alteration, metamorphism, weathering,
and sedimentation). The Zr/TiO, vs. Nb/Y discrimina-
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60 70

of bulk samples of the Cakmaktepe kaolins.

tion diagram showed that the kaolins and volcanic rocks
plotted in the andesite and trachyandesite fields
(Figure 9). The sedimentary origins of kaolin deposits
in the Cakmaktepe region could therefore be attributed
to andesitic and trachyandesitic source rocks associated
with KBV.

The elemental abundance of the fresh/unaltered
volcanic samples was compared with that of the altered
samples in an attempt to identify elemental behaviors
during alteration. The TiO, and Al,O3 were immobile or
minimally mobile, respectively, in all alteration zones
(Figure 10), and SiO, was enriched both in the smectitic
zone (Oan-7 and San-6) and in the kaolinitic samples
(Oan-3, Oan-4, and San-3). Significant leaching was
observed for CaO, Na,O, and Fe,O5 in altered volcanics
relative to fresh/unaltered rocks, especially in the
kaolinitic zones compared with the smectitic zones.
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Figure 6. Representative XRD patterns of the clay fraction of Cakmaktepe kaolins. Abbreviations: AD — air dried; EG — ethylene
glycolated; 550 — heated at 550°C; and FM — treated with formamide.

Enrichments of K,O and MgO were observed in the
smectitic zone; these elements were depleted signifi-
cantly, however, in the kaolinitic zone. In kaolinitic
alteration, primary Ca-, Na-, and K-bearing silicates are
replaced by Al-rich clay minerals. The Na' and K" ions
that occupy the interlayer positions in the smectite are
readily ion-exchanged for dissolved Ca®" (Ross and
Hendricks, 1945). The roles of the LILEs (large ion
lithophile elements), including Ba, Rb, and Sr, are closely
related to the rock-forming minerals in the the parent
rock. The Sr content is decreased by the alterations of K-
and Ca-bearing minerals. The breakdown of K-feldspar

and hornblende results in a reduction in the amount of Ba,
Rb, and K,O (Arslan et al. 2006; Karakaya, 2009). In the
study area, the Rb content was increased in the smectite
zone (Oan-5 and Oan-7), and the amounts of Ba, Rb, and
Sr (Oan-3, Oan-4, and San-3) in the kaolinitic zone
decreased (Figure 10). Two explanations are proposed for
the mobility of HFS elements (e.g. Hf, Nb, Ta, Zr, and Y)
during different geological processes (magmatic, meta-
morphic, and hydrothermal). According to Floyd and
Winchester (1978), Corfu and Davis (1991), Salvi et al.
(2000), and Jiang et al. (2003), HFS elements are
immobile. Others (Saunders et al., 1980; Jiang, 2000;

Figure 7 (facing page). SEM images of Cakmaktepe kaolins and the silica layer: (a) platy kaolinite crystals (Kln) with
pseudohexagonal borders; (b) subhedral alunite (Alu) crystals with kaolinites; (¢) smectite (Sme) crystals in the form of flakes;
(d,e) kaolinite crystals surrounding cleaved sheets of muscovite (Ms); (f) subhedral quartz crystals (Qz) accompanied by kaolinite;

(g,h) octahedral microcrystalline quartz minerals.
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Figure 8. EDS spectra of Cakmaktepe kaolins. Abbreviations after Whitney and Evans (2010).
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Figure 9. The discrimination plot of Zr/TiO, vs. Nb/Y for the Karaboldere volcanics (KBV) and the Cakmaktepe kaolins.
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Figure 10. Mass changes of major elements (g) and trace elements (ppm) during alteration of Karaboldere volcanics (KBV).
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Table 2. Whole-rock chemical composition of argillic alteration zones in Karaboldere volcanics (SiO, to S in wt.%; Ba to Sb

in ppm).

Sample code  Ran-1* Oan-1* Oan-2* Tan-2* Kan-1* San-1* Oan-3 Oan-4 Oan-5
Sample type  TAN TAN TAN TAN TAN TAN TAN TAN TAN
SiO, 60.50 61.30 61.12 61.92 58.08 63.18 75.44 75.54 67.19
TiO, 0.52 0.54 0.53 0.59 0.52 0.63 0.57 0.52 0.59
Al,04 13.26 13.64 14.11 13.45 11.94 14.77 13.51 14.01 14.13
Fe,03 4.83 4.99 4.93 5.94 4.88 5.68 1.49 1.06 1.76
MnO 0.11 0.07 0.08 0.08 0.09 0.04 0.01 0.01 0.01
MgO 3.69 3.07 2.47 3.97 4.19 1.53 0.46 0.36 1.15
CaO 5.36 4.63 423 5.46 6.65 3.74 0.28 0.07 1.34
Na,O 2.48 2.52 2.60 2.32 1.75 2.61 0.13 0.04 1.42
K,0 2.45 2.83 3.01 2.31 1.84 3.22 0.99 1.02 3.63
P,0s 0.13 0.13 0.11 0.14 0.09 0.16 0.01 0.04 0.04
Cr,04 0.02 0.02 0.01 0.04 0.02 0.03 0.01 0.01 0.02
Total S 0.02 0.02 0.05 0.02 0.02 0.02 0.27 0.31 0.04
LOI 6.40 6.10 6.40 3.50 9.80 4.20 7.10 7.3 8.60
Total 99.81 99.81 99.63 99.72 99.80 99.77 99.95 99.95 99.85
Ba 621.00 672.00 724.00 907.00 551.00 897.00 474.00 325 768.00
Co 14.00 14.60 12.00 18.90 12.90 16.60 1.30 0.9 3.80
Cs 3.50 6.00 6.40 7.80 3.30 7.70 7.60 8.4 5.30
Hf 3.60 4.40 3.90 4.60 3.40 5.00 5.30 4.5 5.50
Nb 12.30 11.70 13.40 11.70 10.90 13.10 14.50 13.5 13.90
Rb 89.80 98.20 108.40 77.20 68.60 112.50 48.90 65.6 123.60
Sr 381.40 380.10 1708.30 567.30 375.60 476.50 42.50 19.1 269.80
Ta 1.00 1.00 0.90 0.90 0.70 1.00 1.00 0.8 1.20
Th 11.60 12.30 13.60 14.30 11.10 16.70 13.80 14.2 15.80
U 4.60 4.70 4.40 5.00 3.80 5.70 4.00 4.6 8.30
\% 94.00 95.00 89.00 106.00 89.00 99.00 87.00 68 48.00
w 2.50 1.90 1.90 1.50 2.00 1.90 5.60 35 2.30
Zr 136.20 152.80 148.30 150.70 136.60 155.00 179.70 145.7 186.70
Y 18.40 19.60 19.80 22.30 18.60 18.20 16.30 31.7 15.10
La 29.50 32.30 33.40 34.10 25.60 40.50 29.30 30 24.60
Ce 52.00 57.30 55.20 66.90 48.10 73.30 52.60 55.4 50.60
Pr 6.08 6.81 6.73 7.67 5.67 8.13 5.89 5.85 5.68
Nd 21.00 24.00 22.50 27.60 21.60 30.10 22.70 21.3 22.50
Sm 3.90 433 4.03 4.69 3.95 5.07 3.53 3.81 3.45
Eu 0.91 0.96 091 1.12 0.85 1.01 0.84 1 0.76
Gd 3.36 3.68 3.60 4.46 3.50 3.98 3.35 3.99 3.19
Tb 0.56 0.62 0.60 0.71 0.55 0.64 0.49 0.76 0.46
Dy 3.24 3.29 3.45 4.18 3.15 3.50 2.70 4.78 2.54
Ho 0.63 0.66 0.65 0.79 0.61 0.70 0.59 1.02 0.51
Er 1.87 1.92 1.85 2.16 1.83 2.02 1.70 3.03 1.49
Tm 0.30 0.32 0.35 0.32 0.28 0.31 0.27 0.46 0.26
Yb 1.80 2.11 1.96 2.09 1.75 2.11 1.80 3.05 1.53
Lu 0.28 0.32 0.32 0.33 0.27 0.30 0.28 0.45 0.26
Mo 2.10 1.90 3.30 3.20 0.80 0.80 2.40 4.1 1.20
Cu 20.60 13.60 14.40 28.60 19.60 21.60 3.60 34 11.50
Pb 13.90 10.20 9.00 11.30 11.70 4.80 32.70 16.8 8.40
Zn 49.00 56.00 52.00 36.00 42.00 42.00 8.00 4 23.00
Ni 46.60 53.40 24.90 50.20 52.10 41.80 9.80 9.9 15.90
As 8.00 7.20 2.80 3.50 12.00 3.60 594.70 389.8 251.90
Sb 0.20 0.30 0.30 0.40 0.10 0.70 1.80 2.1 0.10

TAN (trachyandesite), and marked samples (*) are fresh/unaltered.

Jiang et al., 2005; Karakaya, 2009; Karakaya et al., 2012),
however, suggested that HFS elements are mobile and that
the mobility of HFS elements is controlled by various
actors, such as P-T conditions, pH, and solution chemistry
during alteration processes. In the study area, HFS
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elements showed relatively immobile behavior in differ-
ent alteration zones at the Kozoren district.

Similar element mobility occurred for the LILE
(large-ion lithophile elements; e.g. Ba, Sr, K), and HFS
elements were observed in the hydrothermally formed
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Table 2. Continued.

Sample code Oan-7 Tan-3 San-2 San-3 San-6 San-8 San-9 Ttf-1
Sample type TAN TAN TAN TAN TAN TAN TAN TUFF
SiO, 57.3 55.89 61.36 68.54 60.48 64.62 32.37 65.66
TiO, 0.53 0.46 0.46 0.48 0.49 0.59 0.28 0.26
Al,O3 12.74 13.28 13.21 13.78 13.97 12.56 4.25 13.34
Fe, 03 4.71 4.64 3.73 4.15 3.16 3.18 30.34 2.29
MnO 0.14 0.03 0.09 0.06 0.02 0.01 0.01 0.04
MgO 3.23 3.65 2.19 0.89 2.11 1.56 0.59 1.46
CaO 5.7 1.75 4.19 0.57 2.01 1.27 0.72 1.64
Na,O 1.84 0.23 0.57 0.64 0.84 1.09 1.76 1.36
K,O 2.92 3.18 4.82 5.15 2.75 3.04 2.01 3.87
P,Os 0.12 0.09 0.11 0.13 0.12 0.05 0.08 0.05
Cr,03 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Total S 0.02 0.02 0.08 0.03 0.45 0.50 5.86 0.02
LOI 10.6 16.60 9.10 5.50 13.90 11.90 27.30 9.90
Total 99.83 99.80 99.81 99.84 99.84 99.83 99.76 99.89
Ba 758 684.00 807.00 889.00 630.00 737.00 509.00 471.00
Co 12.2 11.50 8.20 8.20 16.60 3.10 1.70 3.80
Cs 4.6 21.20 10.10 10.30 2.00 7.30 5.00 21.90
Hf 4.2 3.90 4.20 4.10 3.90 5.60 2.50 4.70
Nb 12.3 11.40 12.80 14.20 11.80 11.80 6.30 18.00
Rb 102.6 101.90 205.10 222.50 74.50 109.10 72.70 215.60
Sr 377.3 328.70 234.30 99.60 178.40 282.30 1089.10 166.40
Ta 1 0.90 1.20 1.30 1.10 1.10 0.50 1.40
Th 15.1 10.60 16.60 17.00 14.80 11.80 6.00 24.90
U 4.1 2.50 11.20 5.00 7.00 3.60 2.80 7.20
\% 42 70.00 80.00 78.00 68.00 49.00 36.00 27.00
w 1.1 0.90 2.00 2.30 1.30 3.10 1.60 2.00
Zr 147.4 143.40 139.20 135.50 130.60 201.60 82.80 128.30
Y 21 13.10 19.80 20.50 14.70 5.90 7.80 27.30
La 32.2 26.10 36.10 37.70 28.20 28.00 13.70 25.40
Ce 63.2 51.80 65.90 68.80 55.40 43.80 22.80 51.90
Pr 7.12 5.71 6.90 7.36 5.93 3.62 2.96 5.85
Nd 27.2 20.40 26.20 27.90 21.20 10.80 12.20 19.80
Sm 4.68 3.26 4.32 4.55 3.74 1.81 1.86 3.87
Eu 1.01 0.81 0.96 0.98 0.75 0.38 0.39 0.59
Gd 4.64 3.19 3.89 3.92 3.33 1.39 1.59 4.30
Tb 0.69 0.48 0.63 0.64 0.52 0.21 0.24 0.75
Dy 3.78 2.55 3.19 3.27 2.70 0.93 1.36 4.65
Ho 0.71 0.47 0.69 0.74 0.58 0.21 0.27 0.93
Er 2.1 1.27 2.08 2.18 1.78 0.73 0.79 2.72
Tm 0.31 0.20 0.33 0.32 0.24 0.11 0.13 0.44
Yb 2.1 1.26 2.05 2.27 1.67 0.80 0.88 2.99
Lu 0.29 0.19 0.28 0.35 0.24 0.13 0.13 0.46
Mo 0.6 0.60 1.40 1.90 0.50 1.40 152.10 1.00
Cu 26.1 12.20 17.40 13.50 15.60 3.00 7.90 7.60
Pb 7.5 14.00 12.80 25.20 16.30 7.80 15.50 13.90
Zn 61 40.00 43.00 56.00 17.00 9.00 11.00 21.00
Ni 34.6 52.70 9.20 11.90 37.00 4.70 4.80 18.60
As 14.3 4.30 11.40 44.40 36.10 105.00 2738.20 2.20
Sb 0.9 0.20 0.30 1.20 0.80 0.30 6.50 0.10

TAN (trachyandesite), (TUFF): tuff.

alteration zones in Lesbos, Greece (Kelepertsis and
Esson, 1987), in Erenler Dag1 (Karakaya, 2009), Eastern
Pontides (Karakaya ef al., 2012), and in the sedimentary
kaolin deposits in the Sile region, Turkey (Ece and
Nakagawa, 2003). The total amount of As increased
significantly during the progressive alteration. The
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abundances of transition metals, such as Co, Cu, Pb,
Zn and Ni, in the altered samples were the most
important indicators for determining the origins of the
pore solutions relative to the parent rocks (Oan-1, Oan-2,
and San-1) (Yal¢in and Giimiiger, 2000) because element
enrichment in clays during alteration results from
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structural incorporation, adsorption, and co-precipitation
with secondary phases. (Zielinski, 1982). The Pb was
enriched four- to fifteen-fold, and Co, Cu, Zn, and Ni
were moved from the smectitic to the kaolinitic zones.
The enrichment of Pb indicated precipitation by means
of channeling of the hydrothermal solutions through
ultramafic sources. The ultramafic rocks below the
Yenikdy formation have been noted from geothermal
drillings in the Hamambogazi region and 20 km SW of
the study area (MTA, 2005).

The chondrite-normalized REE patterns showed
enrichment of the light rare earth elements (LREE)
relative to C1 chondrites. Smectitic and kaolinitic zone
samples all contain lower REE abundances than the
fresh/unaltered volcanics. The HREE abundances in the
kaolinitic zone are greater than in the smectitic zone or
in the fresh/ unaltered volcanics. Slightly negative Eu
anomalies occur: Eu/Eu* = 0.69—0.74 in fresh/unaltered
volcanics, 0.44—0.77 in the smectitic zone, and
0.75—0.79 in the kaolinitic zone (Figure 11). The
(La/Sm)¢,, (Gd/YDb)e,, and (La/Yb)., ratios were calcu-
lated to explain the fractionation of the REE during
hydrothermal alteration. Specifically, LREE fractiona-
tion was calculated based on the (La/Sm).,, and HREE
fractionation was calculated based on (Gd/Yb).,. The
depletion of the LREE with respect to HREE was
quantified as (La/Yb).,. Minor changes were observed in
the LREE and HREE fractionations and in the (La/YDb).,
ratio of fresh/unaltered volcanics, smectitic, and kaoli-
nitic zone. The LREE and HREE fractionation was
[(La/Sm)., = 4.69—-5.16; (Gd/YDb)., = 1.44—1.76] for
fresh/unaltered volcanics, [(La/Sm)., = 4.24-5.17,;
(Gd/Yb)e, = 1.19-2.09] for the smectitic zone, and
[(La/Sm)., = 5.08—5.36; (Gd/YD)., = 1.08—1.54] for the
kaolinitic zone. The (La/Yb), ratio ranged from 10.98
to 13.77 in the fresh/unaltered volcanics, from 6.09 to
14.86 in the smectitic zone, and from 7.06 to 11.68 in the

Yildiz and Basaran
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kaolinitic zone. The Eu anomaly may indicate origin,
mobility, or fractionation. Eu®" is mobile and removed
from feldspar in parent rocks by hydrothermal fluids
(Honty et al., 2008; Karakaya et al., 2012; Genna et al.,
2014). In the evolution of magmatic rocks, the negative
Eu anomaly reflects plagioclase fractionation in source
rocks (Temizel and Arslan, 2009; Maurice et al., 2013).

Geochemistry of the Cakmaktepe kaolins. The major and
trace elements and 8'80 values were plotted as a
function of the stratigraphy in the litholog and the
chemologs of the Cakmaktepe kaolin deposit (Figure 12,
Table 3). SiO, and Al,O; were identified as important
components of the kaolins and kaolinite-bearing samples
(Table 2). SiO, abundances in the kaolins were smaller
(41.09-59.39 wt.%) than those of the KBSL and KBST
intervals (60.96—66.91 wt.%). The SiO, abundnace was
related to the predominance of medium silt-size and very
fine sand-size quartz and increased progressively toward
the sand beds (Snd-3 and Snd-4). The behavior of the
Al,O5; was opposite that of silica and decreased
gradually from the kaolins (26.74—31.90 wt.%) to the
KBSL and KBST levels (19.27—23.99 wt.%). When high
Al,O3 and low SiO, abundances were observed in the
light gray and gray kaolin levels (Kao-4, Kao-5, and
Kao-6) with sedimentary structures, the SLST (SlIt-4 and
S1t-5) and SDST (Snd-1) intervals were distinguished by
their low Al,O5 and high SiO, contents (Figure 11).
The TiO, content in the kaolins and the KBS ranged
from 0.24 to 0.95 wt.% and from 0.22 to 0.91 wt.%,
respectively. TiO, was the key component that con-
strained the origin of the kaolins because it was
generally <1.00 wt.% in the hypogene kaolins and
became concentrated in the supergene kaolins and the
sedimentary Georgia kaolins (6 wt.%) in the Coastal
Plain region in the southeastern USA (Hurst and
Pickering, 1997). The TiO, abundance increased by up
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Figure 11. Chondrite-normalized abundances of average REE for the Karaboldere volcanics (KBV) and the Cakmaktepe kaolins.
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Figure 12. Litholog and chemologs of the Cakmaktepe kaolin deposit in Banaz region.

to 1.37 wt.% in the sedimentary Sile-Istanbul kaolin
deposits (Ece et al., 2003), and the Fe,O5 concentration
decreased slightly in the kaolins. The direct correlation
between Fe,O; and K,O and the inverse correlation
between Fe,O3; and Al,O; indicated that the Fe,Os
contents were generally related to the illite-mica and
hematite contents. The Ti, Fe, and K abundances were
hosted by argillaceous detrital material and indicated the
influx of detritus at the KBST and SLST levels. The total
S content varied from 0.14 to 7.28 wt.%, and the P,Os
content varied from 0.29 to 0.70 wt.% (Table 2). The
abundances of total S, K,O, and Na,O were greater in
the lower intervals than in the upper levels of the
stratigraphic profile (Figure 12). The similarities in the
behaviors of the total S, K,O, and Na,O abundances in
the kaolin intervals and their large total S, K,O, and
Na,O abundances resulted from the presence of alunite,
as indicated by the XRD results of the kaolins (Figure 3;
Table 1).

The concentrations of S, Ba, and Sr were enriched in
hydrothermally altered rocks. The Cr, Nb, Ti, and REE
abundances are greater in rocks that have been subjected
to supergene alteration (Dill e al., 1997; Marfil et al.,
2010). The (Ba+Sr) concentration ranged from
1073.70 ppm to 7637.50 ppm in the kaolinites and
from 344.10 ppm to 2432.30 ppm in the KBV rocks. The
(CetY+La) concentrations ranged from 105.90 to
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281.30 ppm in the kaolinites and from 77.70 to
132.00 ppm in the KBV rocks. The Zr concentrations
ranged from 37.90 to 335.00 ppm in the kaolinites and
from 128.30 to 186.70 ppm in the KBV rocks. The
(Ba+Sr) vs. (CetY+La) and Zr vs. TiO, graphs are
presented in Figure 13.

The 3'%0 and 3D values of the Cakmaktepe kaolins
varied from 0.20 to 5.92% and from —91.68 to
—109.45%o, respectively (Table 4). High 8'*0 values
(5.92%0 for Kao-5) were detected in the kaolin intervals
near the base of the Cakmaktepe deposit. These values
decreased from the bottom to the top of the deposit
(0.21%o for S1t-2; Figure 12). The isotopic compositions
of the kaolins in this study were compared with the
isotopic compositions of clay minerals from the El
Salvador porphyry copper deposit in Chile (Sheppard
and Gustafson, 1976), the Andacollo Pb-Zn deposit in
Neuquen (Dominguez, 1990), the Chubut River valley
kaolin deposits in Patagonia (Cravero et al, 1991), and
the Lastarria kaolins in south-central Chile (Gilg et al.,
1999) in a diagram of §'®0 vs. 8D (Figure 13). The
formation temperature for kaolinite was between 92 and
156°C for the Cakmaktepe kaolins and was 80°C for the
kaolinitic zone in the KBV (Table 4) according to the
5'%0 values and the isotopic fractionation factor
between kaolinite (o) (1000 In (o) = 2.76%10%/7* —
6.75) and water, as suggested by Sheppard and Gilg
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Table 3. Major- (wt.%) and trace-element (ppm) data for samples from the Cakmaktepe region.

Sample code  Csi-1 Kao-1 Slt-2 SIt-3 Snd-1 Kas-1 Kao-2 Kas-2 ~ Kao-3 Kas-3 Kas-4
Sample type SL KAO KBSL SLST SDST KBST KAO KBSL KAO KBST KBST
SiO, 82.32 47.89  60.96 66.53 51.95 64.78 59.39 62.24 54.21 63.19 66.91
TiO, 2.02 0.24 0.83 0.75 0.49 0.26 0.40 0.91 0.73 0.22 0.48
ALO; 1.92 31.90 2399 9.71 6.82 21.58 26.74 2333 31.25 23.51 21.90
Fe,05 11.17 0.48 1.93 16.20 2.37 0.27 0.20 2.14 0.10 0.32 0.21
MnO 0.03 0.01 0.01 0.12 0.09 0.01 0.01 0.01 0.01 0.01 0.01
MgO 0.08 0.63 0.36 0.66 3.32 0.05 0.04 0.32 0.03 0.09 0.05
CaO 0.36 0.76 0.53 0.30 16.00 0.14 0.09 0.16 0.09 0.22 0.06
Na,O 0.08 0.02 0.26 0.21 0.13 0.03 0.04 0.33 0.03 0.03 0.05
K,0 0.18 0.07 1.67 1.54 0.92 0.07 0.07 2.23 0.05 0.05 0.22
P,0s 0.10 0.42 0.09 0.10 0.10 0.49 0.29 0.19 0.30 0.54 0.30
Cr,05 0.01 0.05 0.02 0.03 0.02 0.07 0.06 0.05 0.06 0.07 0.08
Total S 0.04 0.16 0.05 0.02 0.02 0.22 0.14 0.05 0.16 0.23 0.20
LOI 1.60 17.00 9.20 3.70 17.60 11.60 12.20 7.90 12.70 11.00 9.30
Total 99.86 99.49  99.82 99.85 99.86 99.37 99.58  99.78 99.58 99.29 99.56
Ba 794.00  105.00 300.00 267.00 181.00  232.00 106.00 540.00  193.00 289.00  172.00
Co 2.30 7.30 2.10 15.00 10.80 0.80 1.40 2.40 0.40 1.40 0.80
Cs 0.90 6.80 6.00 10.50 4.60 0.10 0.10 5.00 0.10 0.10 0.30
Hf 8.50 1.00 6.70 6.90 4.00 2.60 3.70 6.00 5.50 1.40 5.50
Nb 47.40 520  16.90 15.40 9.60 4.70 7.90  18.80 15.70 4.50 9.30
Rb 7.60 5.50  72.50 73.40 44.00 1.60 2.00  83.80 0.60 0.50 6.40
Sr 140.10  3491.50 843.60 141.50 314.10 4812.40 3264.00 539.00 2590.80 5266.70 2927.50
Ta 2.40 0.40 1.20 1.10 0.70 0.30 0.60 1.50 1.00 0.30 0.60
Th 7.10 19.40 1730 9.30 6.10 15.60 13.10  18.00 14.50 10.10 11.90
U 4.80 1.30 2.70 3.30 2.00 1.00 1.90 2.80 3.50 0.90 1.40
\% 52.00  108.00 104.00 75.00 49.00  285.00 211.00 88.00  135.00 327.00 95.00
W 7.30 1.00 1.40 1.20 0.80 0.90 1.80 1.90 1.70 0.60 0.90
Zr 301.10 37.90 25280 264.60  154.50 78.30  137.10 204.00  183.80 61.10  206.70
Y 26.80 520  23.80 35.90 18.10 7.30 9.90  27.00 13.70 8.90 8.70
La 19.50 57.90  46.50 33.30 23.70 51.20 38.80  42.80 41.30 54.40 26.50
Ce 39.80  157.40  93.70 64.30 46.20 95.70 74.60  99.20 92.80 95.00 81.50
Pr 5.03 1929  11.99 8.01 5.89 9.46 873  11.27 9.26 11.04 9.85
Nd 20.80 75.30  41.80 30.30 22.30 25.10 26.80  48.90 29.60 49.90 36.70
Sm 3.39 10.26 6.07 6.17 3.82 3.25 545  13.05 4.48 12.02 4.37
Eu 0.74 1.80 1.12 1.41 0.82 0.83 0.92 2.99 0.79 221 0.63
Gd 3.08 3.38 4.29 6.92 3.43 3.63 2,68 11.77 2.96 6.44 1.96
Tb 0.59 0.28 0.64 1.05 0.54 0.41 0.29 1.21 0.43 0.67 0.29
Dy 3.94 1.13 4.02 5.86 2.84 1.45 1.65 5.52 2.37 2.29 1.60
Ho 0.87 0.18 0.78 1.10 0.57 0.26 0.32 1.03 0.50 0.29 0.34
Er 2.85 0.44 2.29 3.28 1.69 0.66 1.01 3.15 1.61 0.67 0.99
Tm 0.48 0.09 0.41 0.50 0.26 0.10 0.15 0.50 0.25 0.11 0.15
Yb 3.00 0.63 2.49 2.74 1.54 0.63 1.06 3.42 1.82 0.66 1.05
Lu 0.48 0.09 0.37 0.42 0.25 0.09 0.16 0.52 0.28 0.09 0.17
Mo 11.30 0.10 1.40 6.30 1.90 0.80 0.50 0.20 0.10 0.60 0.20
Cu 12.80 19.00 9.20 14.30 9.30 4.80 410  12.90 47.00 3.90 13.50
Pb 18.50 1.60 8.10 12.90 8.90 3.70 2.10 1.30 2.70 7.40 1.90
Zn 24.00 5.00  13.00 199.00 47.00 11.00 14.00 3.00 3.00 17.00 1.00
Ni 34.10 1480  13.70  120.60 50.10 19.90 11.70 5.70 1.90 20.90 1.30
As 36.10 6.20  17.70 84.00 7.00 7.40 0.80 5.90 4.90 16.90 4.70
Sb 1.60 0.10 0.30 0.60 0.10 0.10 0.10 0.60 0.10 0.10 0.10

SLC: silica layer, KAO: kaolin, KBSL: kaolinite-bearing siltstone, SLST: siltstone, SDST: sandstone, KBST: kaolinite-bearing

sandstone.

(1996). The formation temperature of kaolinite increased
gradually from the bottom to the top of the Cakmaktepe
deposit (Table 4). The formation temperature of smectite
in the smectitic zone in the KBV was calculated as 87°C
by using the 8'0 values and the isotopic fractionation
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factor between smectite (o) (1000 In (o) = 2.58%10%/72
— 4.19) and water, as suggested by Savin and Lee
(1988). The 8'80 value of meteoric water in the
formation-temperature calculations was assumed to be
—8%o for the Miocene period (Ozyurt and Bayari, 2005).
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Table 3. Continued.

Sample code  Snd-3 Kas-5 Kao-4 Kao-5
Sample type SNB KBST KAO KAO

Kao-6 Kas-6 Kas-7 Snd-4 Kao-7 Slt-5
KAO KBST KBSL SNB KAO SLST

Si0, 7028  64.02  54.01 5484 3251 6330 6124  95.05 41.09  57.71
TiO, 0.82 0.79 0.88 0.95 0.60 0.46 0.60 1.08 0.62 0.97
Al,O5 1826 23.60 3027 2883  31.62 1927 21.89 226 3077 18.69
Fe,0s 0.10 0.33 0.15 0.16 0.15 0.24 0.15 0.23 0.07 534
MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.05
MgO 0.05 0.03 0.22 0.10 0.02 0.02 0.02 0.02 0.01 2.77
Ca0 1.47 0.11 0.39 0.22 0.12 0.04 0.06 0.03 0.06 2.07
Na,0 0.02 0.01 0.02 0.04 1.59 0.78 0.69 0.02 047 0.46
K>0 0.05 0.02 0.05 0.09 297 0.99 0.64 0.03 2.66 3.48
P,0s 0.32 0.20 0.36 0.70 0.33 0.14 0.13 0.07 0.38 0.14
Cr,04 0.06 0.05 0.07 0.09 0.05 0.03 0.04 0.01 0.08 0.04
Total S 0.13 0.11 0.18 0.28 7.28 3.11 2.32 0.07 4.67 0.19
LOI 810  10.50 13.00  13.00  29.70 1450 14.40 1.10 23.30 7.90
Total 99.55  99.63  99.39 9899  99.65  99.83  99.84  99.92 99.49  99.73
Ba 15400  600.00  541.00  259.00  421.00  185.00  166.00 18.00  374.00  472.00
Co 1.00 0.80 1.10 1.00 0.30 0.30 0.40 0.70 0.50  154.50
Cs 0.20 0.10 0.20 0.20 0.30 0.10 0.10 0.10 0.10  21.00
Hf 10.00 8.50 630 5.60 4.00 4.80 5.80 9.80 4.10 5.80
Nb 1560  16.00 19.50  21.60  13.30 8.00  11.30 19.00 1270 21.30
Rb 1.00 0.50 1.70 210 57.00 1720 16.50 0.60 31.60  181.20
Sr 303470 210820 3886.50 7378.50 202530 1069.90  907.70  466.70  3210.10  132.40
Ta 1.20 1.10 1.30 1.60 0.90 0.70 0.80 1.50 0.90 1.40
Th 1880 1590  17.30  21.40 14.20 1070 16.50 7.10 1310 15.70
U 3.50 2.40 3.20 470 2.70 1.40 2.10 4.60 3.00 6.70
\ 231.00  127.00  282.00  368.00  193.00  89.00  74.00 5500 33500  151.00
w 1.70 1.70 2.60 3.10 1.50 0.80 1.30 1.80 0.60 2.50
Zr 36230 335.00 21420 18670 14500  178.40  219.80  336.50  134.40  207.00
Y 1920 1940  19.10 1990  12.80 9.50  12.50 17.80 1120 28.80
La 6130 5600  62.10 10470 4970  31.00  30.50  25.70 5020 43.10
Ce 9270 106.80  129.10 15670  101.80  66.50  62.90  49.40  110.70  95.90
Pr 926  13.87 14.97 15.30 10.95 7.04 736 5.20 1151 10.09
Nd 29.60 5440 5190  52.50  38.00 2420  26.40 19.00 3480 40.30
Sm 5.09 6.88 6.48 10.65 5.55 337 3.29 2.52 278 7.67
Eu 0.97 0.90 1.16 227 0.89 0.54 0.62 0.44 0.42 1.59
Gd 3.68 331 4.06 6.80 2.54 1.77 2.08 220 1.69 7.19
Tb 0.55 0.48 0.61 0.80 0.37 0.25 031 0.41 0.28 1.02
Dy 3.22 278 327 3.87 1.97 136 1.67 2.63 1.73 5.79
Ho 0.66 0.64 0.69 0.69 0.44 033 0.42 0.60 0.40 1.07
Er 1.92 1.91 2.11 2.12 1.40 0.93 1.33 2.03 1.29 3.20
Tm 031 0.33 034 0.35 0.25 0.15 0.20 0.33 021 0.46
Yb 2.07 2.11 2.27 2.20 1.49 118 1.44 2.24 1.32 3.09
Lu 0.30 0.33 0.35 0.34 0.24 0.15 021 0.35 021 0.45
Mo 0.10 1.00 0.10 0.10 0.10 1.00 0.20 0.40 0.30 1.30
Cu 1.80 2.60 4.80 5.40 1.70 3.10 2.10 1.80 1410 40.20
Pb 13.60 8.40 5.70 14.60 420 1.40 1.00 1.10 3.00  18.50
Zn 400  49.00  12.00 13.00 4.00 2.00 2.00 4.00 2.00  139.00
Ni 1.50 1130 14.30 11.80 1.70 1.20 1.20 2.00 310 510.00
As 4.90 3.50 6.00 380 12.90 .10 11.40 1.70 11.80  17.90
Sb 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.60

SNB: sand bed, KBST: kaolinite-bearing sandstone, KAO: k:

DISCUSSION

Kaolin deposits are formed from two different
geological processes: (1) hydrothermal and residual
alteration of crystalline rocks (primary kaolins); and
(2) alteration, erosion, transportation, and deposition of

https://doi.org/10.1346/CCMN.2015.0630401 Published online by Cambridge University Press

aolin, KBSL: kaolinite-bearing siltstone, SLST: siltstone.

kaolinite elsewhere (secondary kaolins). Hydrothermal
and weathering processes influence the occurrence of
kaolinites before transportation in secondary deposits
(Murray, 1988; Kitagawa and Koster, 1991; Montes et
al., 2002; Ece et al., 2003; Dominguez et al., 2008; Dill,
2010; Marfil et al., 2010). The geology and geometry of
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Figure 13. Data plot of Karaboldere volcanics and Cakmaktepe kaolins. Data for supergene, mixed, and hypogene kaolins are from
Dilletal.(1997). (a) Binary diagram discriminating between hypogene and supergene genesis of altered volcanics and Cakmaktepe
kaolins with the hypogene—supergene (dotted) line of Dominguez et al. (2008); and (b) relation between total TiO, and Zr contents
in the Karaboldere volcanics and the Cakmaktepe kaolins.

Table 4. 3'%0, 8D, and formation-temperature values of samples from the Cakmaktepe region.

Sample code Sample type 5'%0 oD Formation temperature
(%o) (%0) O
Sit-2 KBSL 0.21 —109.45 156
Kas-1 KBST 2.41 —104.1 139
Kao-2 KAO 1.18 —109.37 142
Kas-3 KBST 1.69 —102.32 136
Kao-4 KAO 1.85 —91.68 134
Kao-5 KAO 5.92 —105.51 92
Kao-6 KAO 4.98 —104.15 100
Kas-7 KBSL 4.75 —67.79 102
San-2 TAN 7.26 —79.82 80
San-9 TAN 6.52 —111.13 87

Note: KBSL: Kaolinite-bearing siltstone, KBST: Kaolinite-bearing sandstone, SLST: Siltstone, SDST: Sandstone, SNB: Sand
bed, and TAN: Trachyandesite.
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the deposit, the presence and distribution of certain
mineral phases such as alunite and Fe-Ti oxide, the
major and trace elements, and the stable isotope
compositions of kaolinite may provide information
regarding the origin of kaolinization (Kelepertis and
Esson, 1987; Boulvais et al., 2000; Siddiqui and Ahmed,
2008). Unlike the primary kaolin hypothesis of Erkoyun
and Kadir (2011), the present authors suggest that
Cakmaktepe kaolins are secondary-type kaolins. The
following data support our argument: (1) the stratified
shape of the deposit; (2) the intercalation of kaolin
intervals with sedimentary units, such as limestone,
sandstone, siltstone, and sand layers (3); sedimentary
structures in the kaolin and KBS levels; (4) similarities
in the mineralogical and geochemical compositions of
the alteration zones in the KBV and Cakmaktepe
kaolins; (5) decreasing §'%0 values from the bottom to
the top of the deposit; and (6) the microscopic properties
of the Cakmaktepe kaolins.

The argillic alteration zones in KBV have similar
mineralogical composition to Cakmaktepe kaolins and
contain kaolinite, smectite, cristobalite/opal-CT, alunite,
and hematite. The zonation of the minerals from the
outer zone to the inner zone in the argillic alteration
serves as the most important indicator of the hydro-
thermal origin of the kaolins in the KBV. Such lateral
zonation of clay minerals has been observed in many
hydrothermally altered magmatic rocks due to the
irregular distribution of the discontinuous horizons
with different permeabilities and porosities (Karakaya
et al., 2001; Kadir and Akbulut, 2009; Kadir and
Erkoyun, 2012). Physicochemical and environmental
conditions controlled the formation of kaolinite, alunite,
and smectite in these kaolins (Sayin, 2007; Kadir et al.,
2011; Ece et al, 2013). Alunite is a characteristic
mineral of hydrothermal kaolins formed under acidic
conditions from the reaction of SO3 -bearing solutions
with volcanic glass and feldspar in volcanic rocks. When
the pH of the solution is 4—5, kaolinite precipitates with
or without alunite (Karakaya et al., 2001). Smectite
occurs under alkaline conditions with high cation/H"
ratios and is converted to kaolinite as the pH and cation/
H" ratios decrease in various environments (Christidis
and Marcopulos, 1995). According to Pevear et al.
(1980) and Senkayi ef al. (1987), smectite and cristoba-
lite are the initial alteration products of volcanic
materials, and kaolinite represents an advanced stage
of alteration. Fe, Mg, Ca, Na, and K were leached
extensively, and Al was enriched during kaolinization
(Kelepertsis and Esson, 1987). The loss of alkalis and
Mg enrichment are required for the formation of
smectite when the pore fluids have low salinity and
alkalinity (Christidis, 1998; Yildiz and Kuscu, 2004).
The depletion of the alkali elements, Fe, Mg, Zr, LREE
relative to the fresh/unaltered volcanic rocks; the
enrichment of Hf, Nb, Ta, and HREE; and the presence
of negative Eu anomalies are closely related to the
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alterations of K-feldspar, plagioclase, hornblende, and
volcanic glass in altered volcanics as shown in
Figures 10 and 11.

The trace-element abundances and the ratios of Zr to
TiO, and (Ba+Sr) to (Cet+Y+La) are useful tools for
distinguishing between hypogene and supergene kaoli-
nization in source areas of sedimentary kaolins. The
REE and HFS element concentrations, such as Zr and Ti,
in sedimentary clays may reflect the compositions of
their protoliths. These elements show relatively low
mobility during weathering, transport, diagenesis, and
metamorphism (Taylor and McLennan, 1985; Saleemi
and Ahmed, 2000). Kaolin deposits of hypogene origin
have high Ba and Sr contents because the Ba and Sr are
primarily bound in barite, which typically occurs in
hypogene kaolin deposits (Dill ef al., 2008; Marfil et al.,
2010; Grecco et al., 2012). The Ba and SO; contents
indicate the presence of barite, which was verified in the
Cakmaktepe kaolins (Figure 8d). Barite, however, was
not detected in XRD studies due to its lower concentra-
tion in the Cakmaktepe kaolins. In contrast, Ce, Y, and
La are enriched during supergene kaolinization (Dill et
al., 1997; Cravero et al., 2001; Marfil et al., 2010). The
altered volcanics, Cakmaktepe kaolins, and hypogene
kaolin samples from northwestern Peru plotted in the
hypogene area (Figure 13a). Under near-atmospheric
conditions, Zr is immobile and serves as a good indicator
of the degree of weathering of the parent rock. During
hypogene or supergene alteration, Ti may be released
from primary minerals in the parent rock and precipitate
as anatase or rutile in the nanocrystalline form
(Schroeder and Shiflet, 2000). The high Zr and Ti
contents in the kaolin samples demonstrate the super-
ficial environment of formation (Dill et al., 1997), and
the Fe,O3 + TiO, contents of the hypogene kaolinites
have been shown to be <1% (Marfil et al., 2010). In the
Zr vs. TiO, diagram (Figure 13b), the Zr and TiO,
contents of the Cakmaktepe kaolins and altered volca-
nics are comparable and show trends similar to those of
hypogene kaolins from northwestern Peru.

The isotopic composition of kaolinite relates to the
conditions (i.e. supergene, sedimentary, and hydro-
thermal) during alteration because it was not affected by
deposition (Savin and Lee, 1988). Thus, the oxygen
isotopic composition ranges from +19 to +23%o in
kaolinites of sedimentary origin, from +15 to +19%o in
kaolinites of residual origin, and from +15 to —9.2%o in
kaolinites of hydrothermal origin (Murray and Janssen,
1984; Sheppard and Gilg, 1996; Marfil et al., 2005). The
oxygen isotope results from the Cakmaktepe kaolins are
consistent with a hydrothermal origin. Sheppard et al.
(1969), Marumo et al. (1982), and Sheppard and Gilg
(1996) discriminated between supergene and hypogene
kaolins using stable oxygen and hydrogen isotopes.
Cakmaktepe kaolins, Karaboldere volcanics, kaolinites
from El Salvador and Andacollo, and Lastarria kaolins are
scattered to the left of the hypogene-supergene line
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(Figure 14), indicating that the kaolins in the Cakmaktepe
deposits are of hypogene origin. Low 3D values result
from mixing meteoric waters during magmatic events
(Taylor, 1992; Hedenquist, et al., 1998). The distribution
of the Cakmaktepe kaolinites parallel to the kaolinite line
in Figure 14 indicates that the kaolinite crystals formed at
different temperatures and under different water composi-
tions (Meunier, 2005). The calculated formation tempera-
tures of the Cakmaktepe kaolinites were between 92 and
156°C when using their 8'%0 values. These data were
comparable with those from the kaolinitic zone in the
KBV (80°C), the hydrothermally altered kaolinite deposits
in western Anatolia (Kadir et al., 2011; Kadir and
Erkoyun, 2012), and the reservoir temperatures
(81—130°C) of the thermal waters in the Hamambogazi
region, which is located <20 km southwest of the study
area (Davraz, 2008). The trend of the formation
temperature values of the kaolinites from the base to the
top of the Cakmaktepe deposit revealed that the kaolins
were not derived from the in sifu alteration in the
Cakmaktepe region and that the hydrothermal alteration
products of KBV were deposited in the Cakmaktepe
region (Table 4; Figure 12). Meunier (2005) suggested
that the formation temperatures of clay minerals in
hydrothermal systems show an increase which is more
or less consistent with depth. The mineralogical, trace-
element, and isotope data suggested that the Cakmaktepe
kaolins were derived from argillaceous alteration zones in
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volcanic rocks of the Kozoren district. The textural
features and distributions of kaolinite crystals observed
in the SEM images provide information regarding the
origins of the deposits (Keller, 1976, 1989; Bauluz et al.,
2008). The dissolution-decomposition and replacement-
crystallization mechanisms representing the alteration of
parent minerals are major textural features of primary
kaolins (weathering, diagenesis, and hydrothermal)
(Keller, 1976; Kitagawa and Koster, 1991; Ekosse,
2000; Bauluz et al., 2008; Dominguez et al., 2008;
Kadir et al., 2011). Kaolinites in secondary deposits,
however, occur within more tightly packed aggregates and
exhibit irregular arrangements and grain-size fractionation
(Henning and Storr, 1986; Keller, 1977). The deficiency
of dissolution-decomposition and replacement-crystalliza-
tion mechanisms, which reflect in situ alteration; the
irregular edge-to-face arrangement of the kaolinite
crystals; a few broken kaolinite crystals; low sphericity,
very angular, and poorly sorted quartz crystals; and the
variations in the grain-size of the kaolinite crystals in
different kaolin layers, all indicate that transportation and
sedimentation processes occurred after hydrothermal
alteration.

The alternations in the SNB and KBST levels and the
graded and cross-bedding structures in the kaolins reflect
sedimentary processes, such as fluctuations in source type,
rainfall, temperature, topography, and depositional-
energy. Most of the clay was carried in suspension in
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the river systems. The flow velocity and relief affected the
sizes of the suspended materials (Weaver, 1989; Hillier,
1995). A slow flow velocity was associated with surfaces
with low relief. Fine-grained materials, such as kaolinites,
were transported in these environments. Turbulent flow
regimes in high-relief areas generally result in the
transport of coarse-grained sand and silt. The presence
of detrital minerals, e.g. quartz, feldspar, and micas, in the
high-relief regions of the study area, indicate that physical
weathering occurred. The sand layers in the Cakmaktepe
deposit resulted from the alteration products of granitic-
rock outcrops on the NW side of the study area. Similar
sandy sediments were observed in the kaolinite deposit of
Sile (northern Istanbul), and Ece et al. (2003) revealed
that sand intervals within the clay deposit reflected river
sedimentation. The alternation of kaolin inervals with
sand layers within the Cakmaktepe deposit and the
increasing kaolinite abundances in the kaolin layers
from the bottom to the top of the section (from Kas-7 to
Kao-4) suggested seasonal variations in rainfall. Kennedy
(1964) suggested that the amount of clay in the suspended
load was not only a function of flow velocity, but also of
the degree of alteration, amount of runoff, and position in
the river channel. Kennedy (1964) also reported an
increase in the suspended clay content in Georgia
(U.S.A.) rivers after intensive rainfalls. According to
Nichols (2009b), load casts, cusps, tool marks, and current
ripples between the kaolin and the KBST and SNB levels
indicated turbulent flow. Potter er al. (2005) suggested
that these sedimentary structures represented the sinking
of fine sand and silt into less dense, soft, and water-
saturated clay-rich levels. Clastic sediments (such as clay,
silt, and sand), limestone intervals, erosional surfaces
(Figure 4b), and current ripples (Figure 4e) at the contacts
of terrigenous clastic sediments with kaolins in the
Cakmaktepe kaolin deposits indicated that deposition
occurred in different regions of the lake. Coarse clastic
sediments were deposited in shoreline and shallow-lake
environments, and carbonates settled in the deeper portion
of the lake.

The silica level in the uppermost part of the
Cakmaktepe deposit was formed by the deposition of
dissolved silica under neutral and basic conditions in a
shallow-lake environment depending on the pH, temp-
erature, and silica concentrations as chert. Silicification
is associated with hydrothermal processes that serve as a
possible source of dissolved silica in volcanic areas
(Hesse, 1989). Opal-A is a hydrated amorphous silica
phase and occurs in the early stages of conversion from
opal-A to opal-CT during diagenesis. Next, dissolution-
precipitation reactions resulted in the transformation of
Opal-CT to microcrystalline quartz (Knauth, 1994;
Marin-Carbonne et al., 2014). The rate of the silica
transformation is higher in carbonates than in clays.
Silica either precipitates residually at selected sites due
to a lack of flow pathways or accumulates within the
lake environment after being carried by rivers (Miretzky
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et al., 2001; Rodgers et al., 2004). Excessive alkali and
Mg concentrations in the lakes contribute to the
conversion of opal-A to a-quartz. Hence, opal-CT does
not occur in lakes (Williams and Crerar, 1985). The
existence of microcrystalline quartz and the absence of
opal-CT from XRD and SEM determinations at the silica
level of Cakmaktepe deposits indicate the silica level
deposited in the alkali-lake environment.

CONCLUSIONS

New data from mature production faces in the
Cakmaktepe mine and from the volcanic alteration
zones in the surrounding areas support the suggestion
that the Cakmaktepe kaolins were formed by hydro-
thermal alteration of the Karaboldere volcanics (KBV).
Kaolinized material was then eroded and transported to
the Cakmaktepe region and deposited with other
Yenikdy Formation components in a lacustrine environ-
ment. The lateral zonation of alteration minerals, the
presence of alunite with kaolinite, and the high degree of
crystallinity of the kaolinites suggest the effects of
hydrothermal fluids on Cakmaktepe kaolins and KBV.
The combination of trace-clement and §'80- and 3D-
isotope data indicated that the Cakmaktepe kaolin
deposits were of hypogene origin and were formed
during alteration of the KBV by hydrothermal fluids.
These hydrothermal fluids were formed when the
meteoric-magmatic waters were mixed at between 92
and 156°C, and these data correspond with the kaolinitic
zone in the KBV (80°C) and the reservoir temperatures
(81—130°C) of the thermal waters in the Hamambogazi
region. The stratified geometry of the kaolin deposit,
intercalation of the kaolin intervals with the terrigenous
sediments and limestone, sedimentary structures
between different kaolin layers, microscopic properties
of the kaolinite and quartz grains in the Cakmaktepe
kaolins, and higher formation-temperature values of the
kaolinites from the bottom to the top of the Cakmaktepe
deposit can only be explained by transportation and
deposition processes after hydrothermal alteration.
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