Clays and Clay Minerals, Vol. 59, No. 3, 250-276, 2011.

MINERALOGICAL AND GEOCHEMICAL CHARACTERISTICS AND GENESIS OF
HYDROTHERMAL KAOLINITE DEPOSITS WITHIN NEOGENE VOLCANITES,

KUTAHYA (WESTERN ANATOLIA), TURKEY

SELAHATTIN KADiIR*, HANDE ERMAN, AND HULYA ERKOYUN

Eskigehir Osmangazi University, Department of Geological Engineering, TR-26480 Eskisehir, Turkey

Abstract—The Kiitahya kaolinite deposits are the most important source of raw materials for the ceramics
industry in Turkey. To date, no detailed mineralogical or geochemical characterizations of these materials
have been carried out; the present study aims to fill that gap. The Kiitahya kaolinite deposits formed by
alteration of dacite and andesite tuffs related to Neogene volcanism which was associated with extensional
tectonics. The kaolinite deposits contain silica and Fe- and Ti-bearing phases (pyrite, goethite, and rutile)
in vertical and subvertical veins that diminish and then disappear upward. Mineralogical zonation outward
from the main kaolinite deposit is as follows: kaolinite + smectite + illite + opal-CT + feldspar; feldspar +
kaolinite + quartz + smectite + illite; quartz + feldspar + volcanic glass. The veins and mineral distributions
demonstrate that hydrothermal alteration was the main process in the development of the kaolinite deposits
of the area. The very sharp, intense, diagnostic basal reflections at 7.2 and 3.57 A, as well as non-basal
reflections, well defined pseudohexagonal to hexagonal crystallinity with regular outlines, ideal
differential thermal analysis-thermal gravimetric curves, and ideal, sharp, infrared spectral bands indicate
well crystallized kaolinite. Micromorphologically, the development of kaolinite plates at the edges of
altered feldspar and devitrified volcanic glass indicates an authigenic origin. Lateral increase in
(Si0,+Fe;03+MgO+Na,0+Ca0+K,0)/(Al,05+Ti0,) from the center of the kaolinite deposit outward
also indicates hydrothermal zonation. Enrichment of Sr in altered and partially altered rocks relative to
fresh volcanic-rock samples demonstrates retention of Sr and depletion of Rb, Ba, Ca, and K during
hydrothermal alteration of sanidine and plagioclase within the volcanic units. In addition, depletion of
heavy rare earth elements (HREE) relative to light rare earth elements (LREFE) in the kaolinized materials
may be attributed to the alteration of hornblende. The negative Eu anomaly suggests the alteration of
feldspar by hydrothermal fluids. The isotopic data from kaolinite and smectite indicate that hydrothermal-
alteration processes developed at 119.1—186.9°C and 61.8—84.5°C, respectively. Thus, the kaolinite
deposits formed by hydrothermal alteration of volcanic glass, feldspar, and hornblende by a dissolution-
precipitation mechanism which operated under acidic conditions within Neogene dacite, andesite, and
tuffs.
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INTRODUCTION

The Kiitahya kaolinite deposits are the most impor-
tant sources of raw material for the ceramic, tile, and
paper industries in Turkey. These deposits have
1,350,000 tons of (inferred) minable reserves and
4,371,000 tons of inferred + probable reserves (8"
Five-Year Development Plan — State Planning
Organization of Turkey, 2001). Kaolinization and
related alteration developed in Neogene volcanites as a
result of hydrothermal activity. The geology (Okut et al.,
1978; Akdeniz and Konak, 1979a, 1979b; Ozcan et al.,
1988; Ustiin and Yetis, 2007), mineralogy, and geo-
chemistry (Sener and Gevrek, 1986; Ercan et al.,
1981—-1982; 1978; Tirkmenoglu and Isik, 2008;
Coban, 2001; Isik er al., 2001; Yildiz and Kusgu,
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2001; Sayin, 2007) of the area have been studied.
Although Sayin (2007) studied the origin of the Hisarcik
(Emet-Kiitahya) kaolin deposits, no information con-
cerning the general distribution of kaolinite deposits
(besides the Hisarcik, Yiiyliik, Akgaalan, and Yagmurlar
areas) of the Kiitahya area is available, and no detailed
mineralogical (polarized-light microscopy, infrared
spectra), micromorphological (scanning and transmis-
sion electron microscopy), geochemical (modeling of
mass gains and losses of major-, trace-, and rare-earth
elements during alteration, and mineral chemistry), or
kaolinite-fraction stable isotopic (including calculation
of formation temperatures) studies of the kaolinite
deposits of the area have been carried out. The main
aim of the present study was to bridge this gap and to
elucidate the mineralogy, micromorphology, geochem-
istry, and stable-isotope geochemistry of the Kiitahya
kaolinite + halloysite and smectites within the host
volcanites of the area to explain the hydrothermal-
alteration processes suggested to have led to the
formation of kaolinite in the Kiitahya region. The
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paragenetic sequences and mineralogical distributions of
the kaolinite deposits will be correlated on the basis of
these data. The study provides new data and interpreta-
tions to guide future exploration of hydrothermal-
alteration systems and related kaolinite deposits.

GEOLOGIC SETTING

The basement of the study area comprises
Precambrian gneiss and migmatite, known as the
Kalkan Formation (Figures 1, 2), which is overlain by
the Paleozoic Menderes Massif metamorphics, com-
prising mica schist, quartzite, and garnet schist (Okut et
al., 1978). The Menderes Massif metamorphics are
overlain by recrystallized limestones. Carbonate units
and ophiolitic mélange make up Mesozoic units. A late-
Cretaceous ophiolitic mélange consists of various
ultrabasic rocks overlain by calcareous units, recrys-
tallized limestone, and schist. The ophiolitic mélange is
cross-cut by the Paleocene Egrigéz granitoid. Lower
Miocene volcano-sedimentary rocks are made up of
conglomerates and sandstones within cataclastic facies,
marl, clayey limestones (with gastropods), and volcanic
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tuff-tuffite, which in turn are overlain by Neogene
lacustrine sediments. Rhyolitic, rhyodacitic, and dacitic
lavas and tuffs were laid down in the Middle Miocene
(the Civanadag tuffs), and Upper Miocene trachyande-
site, andesite, andesitic basalt, and pyroclastic rocks
make up the Akdag volcanites (Helvaci, 1984;
Seyitoglu et al., 1997). Above these are Pliocene
lacustrine sediments and these volcanic units are in
turn overlain by undifferentiated Quaternary continen-
tal clastic rocks, lacustrine limestone, and travertine. In
the study area, rhyolitic, rhyodacitic, dacitic, and
andesitic rocks are kaolinized. Geochronological
results from the Aegean islands and western Anatolia
indicate that calc-alkaline volcanism developed in the
Middle Miocene and continued during the Late
Miocene and Pliocene (Ercan et al., 1978). Based on
stratigraphic and paleontological data, the volcanic
activity took place during the Pliocene (Okut et al.,
1978). NW—SE-oriented grabens (e.g. Kiitahya graben,
Simav graben) developed in the Menderes Massif
(Aegean region) during the Miocene, and alkaline
volcanic activity was related to normal faults (Ercan
et al., 1981—-1982; Cift¢i and Bozkurt, 2009). The
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Figure 2. Simplified general stratigraphic section for the study area (modified from Akdeniz and Konak, 1979b).

resulting volcanic rocks may have been derived from
the paleosubduction zone that developed as a result of
collision of the African and Aegean platforms in the
Early Miocene (Savagcin, 1978). K-Ar studies have
revealed the age of volcanic rocks around the Saphane
area (Kiitahya) to be 12—13 Ma (Middle Miocene)
(Mutlu et al., 2005).

GENERAL FEATURES OF THE KAOLINITE
DEPOSITS

Yiiyliik area

Dacite, andesite, and tuff exposed south of the
Yiyliik area are kaolinized (Figures 1, 3). The volcanic
units are grayish-white overall, have weak Fe (oxyhydr)-
oxide staining, are silicified, and the feldspar is
kaolinized. Silicification, brecciation, and Fe (oxyhydr)-
oxide veins occur in the lower levels of these units. A
pale gray-white to yellow kaolinized zone contains
subvertical yellowish to reddish Fe (oxyhydr)oxide-
bearing veins, 20—30 cm thick, which thin upward,
with capillary silicic veins in the lower part of the

kaolinized zone. The kaolinized zone is 10 m thick and
9 m wide. A dark brownish-red, hard, conchoidally
fractured, silicified zone occurs in the uppermost part of
the deposit.

Hisarcik area

The Hisarcik area hosts three kaolinite deposits,
namely, the Kurtdere, Ulaglar, and Saklar deposits
(Figures 1, 3). Volcanic units of the Hisarcik area
consist of dacite, rhyodacite, trachyandesite, and tuffs
having gradational contacts with white to yellowish-
white, moderately hard kaolinized and silicified zones.
The kaolinite is multicolored, soft to moderately hard,
and friable, and contains Fe (oxyhydr)oxide veins. A
yellowish-brown, Fe (oxyhydr)oxide stockwork-type
zone, 5—30 cm thick, occurs between the kaolinite and
silicified zones. The kaolinite deposit is covered by a
hard silica cap zone, 1 m thick, which is between the
kaolinite zone and volcanic materials. These veins have
a brecciated character in the Ulaslar kaolinite deposit,
cross-cutting volcanic material. This zone is also cross-
cut by secondary calcite veins 5—10 mm thick.
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Figure 3. (a) Fe (oxyhydr)oxide-bearing phases, along subvertical fractures in the Ulaglar kaolinite deposit; (b) close-up view of Fe
(oxyhydr)oxide-bearing phases in kaolinized units of the Yiiyliik kaolinite deposit; (c—d) silica cap on the Ulaslar kaolinite deposit;
(e) close relationship between a subvertical silica zone and kaolinized volcanic material in the Kurtdere kaolinite deposit; (f) close-
up view of Fe (oxyhydr)oxide-cemented brecciated volcanic material in the Ulaslar kaolinite deposit.
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Simav area

The Yagmurlar deposit is the main kaolinite deposit
in the Simav area. Dacite, andesite, and tuff and, in
particular, vitric tuff are the main host rocks of the
kaolinite deposit. The kaolinite is white to yellow, soft
to moderately hard, friable, and contains Fe (oxyhydr)-
oxide concentrations that fill dissolution voids and
fractures, and also bears relicts of gray, partially altered
tuffaceous materials. The kaolinite deposit is ~300 m
long and ~25 m thick. A brownish-red, hard, conchoid-
ally fractured silicified zone, ~3 m thick, occurs in the
uppermost part of the deposit.

Gediz area

The kaolinite deposits of the Gediz district occur in
the Akgaalan and Sazak areas. Kaolinization occurs
within a Neogene lacustrine facies and volcanic rocks
consisting of andesite, rhyodacite, and tuffs. Green and
variably dark-colored tuff is massive and hard, with
angular fracture, in volcanic units of the Akgaalan area.
Kaolinite is grayish-white to beige, moderately hard, and
laminated, coated by Fe (oxyhydr)oxide. A silica cap is
dark gray, blocky, and consists of silicified rhyodacite,
dacite, trachyandesite, andesite, and tuffs in the upper
part of the deposit.

METHODS

In order to identify the lateral and vertical distribu-
tion of kaolinite and coexisting clay and non-clay
minerals in the study areas, the kaolinite deposits were
sampled (Figures 1, 2). One hundred and thirty samples,
representing various degrees of alteration, were analyzed
using polarized-light microscopy (Leitz Laborlux 11
Pol), powder X-ray diffractometry (XRD) (Rigaku-
Geigerflex), scanning electron microscopy (SEM-EDX)
(JEOL JSM 84A-EDX), transmission electron micro-
scopy (TEM) (JEOL JEM-21007), differential thermal
analysis-thermal gravimetry (DTA-TG) (Rigaku TAS
100 E), and Fourier-transform infrared (FTIR) spectro-
scopy (PerkinElmer 100 FTIR spectrometer) in order to
determine their mineralogical characteristics. The XRD
analyses were performed using CuKo radiation and a
scanning speed of 1°20/min. The samples were ground
using an agate mortar and pestle. Randomly oriented
powders from whole-rock samples were used to deter-
mine the bulk mineralogy. The samples were treated
chemically in 1 N acetic acid, boiled for 2.5 min with
0.5 N NaOH solution, and subjected to the sodium
dithionite-citrate method (Kunze and Dixon, 1986) to
remove carbonates, amorphous silica, and free Fe
oxides. After each chemical treatment, the samples
were washed with distilled water. The clay mineralogy
was determined by separation of the <2 um fraction by
sedimentation according to Stokes Law, followed by
centrifugation of the suspension using a speed of
5000 rpm/10 min, after overnight dispersion in distilled
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water. The clay particles were dispersed by ultrasonic
vibration for ~15 min. Four oriented specimens of the
<2 um fraction were prepared from each sample, air-
dried, ethylene glycol-solvated at 60°C for 2 h, and
thermally treated at 350°C and 550°C for 2 h. Semi-
quantitative relative abundances of rock-forming miner-
als were obtained according to the method of Brindley
(1980), whereas the relative abundances of clay-mineral
fractions were determined using their basal reflections
and the intensity factors of Moore and Reynolds (1989).
The presence of Fe (oxyhydr)oxide was determined by
reflected-light microscopy (Leitz MPV-SP).
Representative clay-rich bulk samples were prepared
for SEM-EDX analysis by adhering the fresh, broken
surface of each rock sample onto an aluminum sample
holder using double-sided tape, and then coated with a
thin film (~ 350 A) of gold using a Giko ion coater.

The clay particles for TEM analysis were dispersed in
an ultrasonic ethanol bath for ~30 min, and one drop of
clay suspension was placed on a carbon-coated copper
grid and dried at room temperature. The DTA-TG curves
were obtained using 10 mg of powdered clay sample in a
Pt sample holder at an average heating rate of 10°C
min~' with an alumina reference. The FTIR spectro-
scopic analysis was performed on pressed pellets of
powdered clay samples (2 mg of <2 um fraction) mixed
with 200 mg of KBr; scans were made at 4 cm
resolution.

Chemical analyses of 42 whole-rock samples and
three purified kaolinite and one purified smectite
samples were carried out using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) for
major and trace elements at Acme Analytical
Laboratories, Ltd. (Canada). The detection limits for
the analyses were between 0.01 and 0.1 wt.% for major
elements, and between 0.1 and 5 ppm for trace elements.

Enrichments and depletions of elements were esti-
mated using the procedure of MacLean and Kranidiotis
(1987). In these calculations, Zr was assumed to be the
most immobile element based upon calculated correla-
tion coefficients with other elements. All samples were
grouped on the basis of degree of alteration (average
result from each group), and the gains and losses of
components were calculated using a starting mass of
100 g of average, fresh, anhydrous sample. The equation
used in the calculations can be written for SiO,
(MacLean and Kranidiotis, 1987) as:

Si0, = Si0, wt.% altered rock

Zr ppm altered rock x Zr ppm fresh rock

Gains and losses of mass (AC;) for each element were
determined by subtracting the calculated values (RC)
from the concentrations of components in the least-
altered samples using the formula above.

Structural formulae for kaolinite and smectite were
determined on <2 um clay-fraction samples, with the
largest kaolinite and smectite contents prepared by
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separation of the clay fraction by sedimentation,
followed by centrifugation of the suspension after
overnight dispersion in distilled water. The structural
formulae of kaolinite were calculated based on
019(OH)g, and of smectite based on O,0(OH),; using
the following assumptions: the tetrahedral sites of
kaolinite were filled with Si and Al to sum to four,
and tetrahedral sites of smectite were filled with Si and
Al to sum to eight. The remaining Al was assigned to
octahedral sites. All Fe was assumed to be ferric, and all
Mn and Ti were assigned to the octahedral site. Ca, Na,
K, and P were deemed to be exchangeable interlayer
cations. Phosphorus can be also adsorbed on the surfaces
of kaolinite and smectite crystals (Pissaridges et al.,
1968).

Five kaolinite- and three smectite-bearing samples
were purified and analyzed for the stable isotopes of H
and O by Activation Laboratories, Ltd. (Actlabs),
Canada. The H-isotopic analyses, by conventional
isotope-ratio mass spectrometry, are reported in familiar
notation, per mil (%) relative to the V-SMOW
standard. The procedure described above was used to
measure a 0D value of —65%o for the NSB-30 biotite
standard. The O-isotopic analyses were performed using
a Finnigan MAT Delta, dual inlet, isotope-ratio mass
spectrometer, following the procedures of Clayton and
Mayeda (1963). The data are reported in the standard
delta notation as per mil deviations from
V-SMOW. External reproducibility was £0.19%. (10)
based on repeat analyses of an internal white crystal
standard (WCS). The NBS 28 value is 9.61£0.10%o (15).

RESULTS

Petrography

The volcanic units of the Kiitahya kaolinite district
consist of dacite, andesite, and tuff (Figure 4). The units
are mainly porphyritic, and the phenocrysts are typically
composed of twinned and locally zoned plagioclase
(andesine-labradorite), cloudy carlsbad-twinned sani-
dine, hornblende, biotite, opaque minerals, and acces-
sory garnet, all cemented by volcanic glass and
microlitic plagioclase-type groundmass (Figure 4a—d).
Varying degrees of alteration were determined in these
units. Generally, plagioclase phenocrysts showed degra-
dation and argillization, hornblende and biotite have
been re-opacitized and chloritized, sanidine has been
sericitized and argillized, and quartz has been extremely
fragmented and cemented by micronetworks of pale
brown-yellowish, locally reddish-brown, Fe (oxyhydr)-
oxide (Figure 4c—e).

Tuffaceous units generally consist of relatively scarce
plagioclase, hornblende, opaque minerals, rock frag-
ments, glass shards, quartz, and, locally, chalcedony,
cemented by amorphous glassy volcanic groundmass
(characteristic of the vitric and lithic tuffs)
(Figure 4f—h).
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Stockwork-type fractures and fissures in the ground-
mass and enclosed phenocrysts are filled by Fe
(oxyhydr)oxide, opacitized materials, and silica (Figure
4e—g). Sieve textures, Fe oxidation, and blackish and
yellowish ‘spongy’ alteration are visible in plane-
polarized light (Figure 4h). Carbonate cement and
argillized groundmass occur locally. Volcanic glass
shards are devitrified and coexist with irregular,
blackish-brown Fe (oxyhydr)oxide phases; locally,
spherulitic texture — replaced by a chalcedony-like
mineral — is present. Thus, alteration types in the
Kiitahya volcanic units are generally kaolinization,
sericitization, Fe (oxyhydr)oxidation, chloritization,
and silicification, as well as weak zeolitization locally.

Pyrite, goethite/lepidocrocite, and hematite were
determined using reflected-light microscopy. Pyrite
was transformed locally to hematite.

Clay mineralogy

The mineral assemblages obtained by XRD for bulk
samples from the Ydyliikk, Ulaglar, Saklar, Kurtdere,
Yagmurlar, Akgaalan, and Sazak kaolinite deposits
(Table 1) reveal that kaolinite is the predominant clay
mineral and is generally associated with accessory
smectite + illite. Smectite is also locally abundant. The
clay minerals are accompanied by feldspar, quartz, and
opal-CT and, locally, alunite, pyrite, aragonite, calcite,
dolomite, and amphibole. Opal-CT predominates, but
quartz is abundant in some of the samples. An inverse
relationship exists between feldspar and clay minerals.

The kaolinite was identified by narrow, sharp peaks
at 7.20 and 3.57 10\, with less intense, non-basal
reflections consisting of triplets and doublets at 4.48,
437, 4.17; 2.56, 2.50; and 2.39, 2.34, and 2.30 A,
indicating well crystallized kaolinite (Brindley, 1980;
Wilson, 1987) (Figure 5). The basal reflection at 7.20 A
was reduced at 350°C and collapsed at 550°C due to
dehydroxylation. Smectite was identified by a peak at
1534 A (Figure 5). This peak expanded to 17.20 A
following ethylene glycol solvation, and collapsed to
9.90 A upon heating to 350°C; additional heating to
550°C caused further reduction in sharpness and reflec-
tion of the peaks. The dygo reflection may indicate the
occurrence of dioctahedral smectite (Moore and
Reynolds, 1989). Illite was indicated by reflections at
10 and 5 A.

SEM-EDX determinations

Scanning electron microscopy determinations revealed
that kaolinite + halloysite and smectite-illite were the
main alteration products of volcanic glass and feldspar in
the volcanic units (Figure 6). Kaolinite occurs either as
degraded plates in dissolution voids and fractures —
possibly due to flushing of hydrothermal fluids — or as
euhedral pseudohexagonal and hexagonal crystals, exhi-
biting book-like kaolinite locally at the edges of altered
feldspars and glass shards (Figure 6a—d). Kaolinite
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Figure 5. XRD patterns of kaolinite-rich (KURT-2) and smectite-rich (YAG-7) samples. kao — kaolinite; smc — smectite; ill —illite;

qtz — quartz; op — opal-CT; fds — K-feldspar.

crystals are 2 to 5 pm wide. Halloysite occurs as fibers,
fiber meshes, and thin rods (2—4 pm long) edging blocky,
altered feldspar crystals in volcanic units (Figure 6e—h).
Rod-like halloysite covers kaolinite plates in sample
SAK-5, suggesting a genetic relationship (Figure 6h).
Smectite with cornflake-like textures occurs as pore
bridges developed in finer-grained smectite-dominated,

altered volcanic material (Figure 6i, j). Illite occurs as
fibers at the edges of smectite plates. Alteration products
such as smectite and smectite-illite coexist with spherical
forms (5—10 pm) consisting of accumulations of lepi-
spheres or acicular crystals of opal-CT (Figure 6k.,l).
Halloysite was not detected by XRD, probably due to the
low concentrations of that mineral.

Figure 4 (facing page). Photomicrographs: (a—b) degraded plagioclase and hornblende phenocrysts in a glassy groundmass; crossed
nicols (AK-12, AK-8); (¢) kaolinization of zoned plagioclase; crossed nicols (AK-12); (d) sericitization of sanidine; crossed nicols
(S-1); (e) Fe-oxidized hornblende in a plagioclase-microlite-rich groundmass; crossed nicols (AK-13); (f) opacitized hornblende;
plane-polarized light (UL-16); (g) opacitized biotite in Fe-oxidized, altered tuff; plane-polarized light (UL-18); (h) Fe-oxidized
crystal tuff; plane-polarized light (YAG-25). Index: pl — plagioclase, gm — groundmass, hb — hornblende, sn — sanidine, bi —
biotite, kao — kaolinite, sr — sericite, i — Fe (oxyhydr)oxide. Scale bar = 0.1 mm.
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Table 1. Mineralogical variation within the Kiitahya kaolinite deposits and surrounding area. kao — kaolinite, smc — smectite,
ill — illite, gyp/anh — gypsum/anhydrite, fds — feldspar, qtz — quartz, op — opal-CT, arg — aragonite, cal — calcite, dol —
dolomite, amp — amphibole. Acc — accessory, + — relative abundance of mineral.

Sample Rock type kao smc ill  gyp/anh  fds qtz op arg cal dol  amp
YUY-2 Silicified tuff ++ Acc +++

YUY-4 Silicified tuff + Acc + +++

YUY-5 Silicified tuff + Acc + ++++

YUY-7 Silicified tuff -

YUY-8 Altered tuff ++ ++ Acc Acc + + Acc

YUY-10 Altered tuff ++++  Acc Acc Acc + Acc

YUY-11 Partially altered tuff + Acc + ++

YUY-16 Altered tuff ++++  Acc Acc + +

YUY-17 Altered tuff ++++  Acc Acc + +

YUY-18 Altered tuff + + + Acc + ++ Acc
YUY-19 Altered tuff - + Acc

YUY-20 Altered tuff H++ + Acc + +

YUY-21 Altered tuff +++ Acc Acc + ++

YUY-22 Altered tuff + Acc Acc Acc + +

YUY-23 Altered tuff + Acc Acc Acc + ++

YUY-24 Altered tuff ++ Acc + ++

YUY-28 Silicified tuff + Acc Acc Acc Acc +++

YUY-29 Silicified tuff + Acc Acc Acc +++

UL-1 Silicified tuff -+

UL-2 Altered tuff + Acc + +++

UL-3 Altered tuff ++ Acc Acc Acc + ++

UL-4 Silicified tuff -+

UL-5 Altered tuff ++ + Acc + ++

UL-6 Altered tuff +++ + Acc Acc Acc ++

UL-8 Altered tuff ++ + Acc Acc Acc ++

UL-9 Altered tuff + + + + +

UL-11 Altered tuff +++ ++

UL-15 Silicified tuff Acc Acc Acc ++++

SAK-1 Altered tuff ++ Acc Acc +++

SAK-2 Altered tuff ++ + +

SAK-4 Altered tuff ++ Acc Acc + ++

SAK-5 Altered tuff +++ + ++

SAK-10  Altered tuff ++ + Acc Acc Acc + Acc Acc
SAK-16  Altered tuff + ++ ++ + + Acc
SAK-17  Altered tuff + Acc Acc Acc +++

SAK-19  Altered tuff ++ + Acc Acc Acc +++ Acc Acc
SAK-20  Altered tuff +++ Acc Acc Acc Acc ++

SAK-23  Altered tuff +++ Acc Acc Acc Acc ++

SAK-24  Altered tuff + +H+ + Acc + Acc Acc
SAK-25  Altered tuff Acc ++ ++ + + Acc Acc
KURT-1 Partially altered tuff Acc Acc Acc Acc +++ + Acc
KURT-2 Altered tuff ++++ +

KURT-3 Altered tuff ++ Acc + +

KURT-5 Altered tuff ++ Acc + +

YAG-1 Altered tuff + ++ Acc Acc Acc +

YAG-2 Altered tuff + +++ Acc Acc Acc ++

YAG-4 Altered tuff ++ ++ Acc ++

YAG-5 Altered tuff + ++ Acc Acc Acc ++ Acc
YAG-6 Altered tuff Acc ++++  Acc Acc Acc +

YAG-7 Altered tuff + A+ Acc ++

YAG-10 Altered tuff ++ + Acc ++

YAG-11  Altered tuff + +++ Acc Acc +

YAG-12  Altered tuff ++ + Acc Acc Acc ++

YAG-15 Partially altered tuff ++ Acc Acc Acc ++

YAG-16 Partially altered tuff ++ Acc +H+

YAG-17  Altered tuff ++ Acc Acc Acc +++

YAG-19 Partially altered tuff ++ Acc +++

YAG-23  Altered tuff Acc Acc + +++ +
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Table 1 (contd.)

Sample Rock type kao smc ill gyp/anh  fds qtz op arg cal dol  amp
AK-4 Partially altered tuff + + ++ + +

AK-6 Partially altered tuff ++ Acc ++ Acc Acc Acc

AK-9 Altered tuff + + ++ + Acc

AK-10 Altered tuff ++ ++ Acc ++ Acc

AK-14 Altered tuff + + + ++ + + + Acc
AK-17 Altered tuff + + + + +

S-2 Partially altered tuff + + Acc +++ Acc
S-3 Partially altered tuff Acc ++ Acc + ++ Acc
S-6 Partially altered tuff + Acc Acc + ++

S-7 Altered tuff ++ + Acc ++

S-8 Altered tuff Acc +++ Acc + + + Acc

S-9 Altered tuff + Acc Acc + ++

S-10 Partially altered tuff Acc Acc ++ ++ Acc +

S-14 Partially altered tuff + Acc Acc Acc ++ + Acc

Energy-dispersive X-ray (EDX) analysis of fiber
meshes and thin rods of halloysite yielded nearly equally
high peaks for Si and Al. The EDX analysis of fibrous
illite crystals found at the edges of smectite revealed the
elements Si, Al, and K.

Determinations by TEM revealed that kaolinite
occurs in well defined pseudohexagonal to hexagonal
crystals with regular outlines (Figure 7a—c). The
diameters of kaolinite particles varied between 0.5 and
1.7 pm.

DTA-TG analyses

The reaction of Kiitahya kaolinite samples to DTA-
TG heating (Figure 8) yielded in sample UL-11 a
symmetrical endothermic peak between 500 and 600°C
(weight loss: 13.49%), and a sharp exothermic peak at
1008°C (weight loss: 1.0%). The peaks are attributed to
the dehydroxylation of well crystallized kaolinite
(MacKenzie, 1957; Paterson and Swaffield, 1987). The
DTA-TG curves for sample UL-11 represent ideal, well
crystallized kaolinite with typical thermal reactions
(MacKenzie, 1957; Paterson and Swaffield, 1987).

The reaction of Kiitahya smectite-dominated sample
YAG-6 to heating yielded endothermic peaks at
35—-280°C (weight loss: 6.40%), 280—750°C (weight
loss: 5.88%), and 750—1100°C (weight loss: 0.23%)
(Figure 8). The first endothermic peak is due to the
elimination of hygroscopic and zeolitic waters; the
second endothermic peak is due to dehydroxylation
(MacKenzie, 1957; Felhi et al., 2008). The last
endothermic peak is followed by an exothermic peak
due to recrystallization into a possible enstatite phase
(MacKenzie, 1957).

Infrared spectra

The FTIR spectra of a representative kaolinite
sample, UL-11, (Figure 9) are characterized by sharp
bands at 3686 and 3620 cm™' and a weak band at

3651 cmfl, all related to the inner OH-streching band of
well crystallized kaolinite rather than dickite and nacrite,
both of which have higher-frequency bands, as reported
by Johnston et al. (1990), Benco et al. (2001), and Balan
et al. (2001, 2005). The strong bands at 1115, 1026,
1004, 682, and 462 cm™ ' are attributed to the Si—O
stretching vibration (Farmer, 1974; Johnston et al.,
1990). The absorption band at 912 cm ' reflects
Al—OH, and that at 789 cm ' corresponds to
Fe—OH—Mg (Madejova et al., 2002). The bands at
750 cm ! are related to AI-OH deformation (Njoya et
al., 2006). The bands at 529 and 428 cm™' are assigned
to Si—O—Si (Al) (Bobos et al., 2001).

The FTIR spectra for smectite-dominated sample
YAG-6 revealed bands at 3696, 3624, 1637, 1118, 1006,
909, 793, 750, 685, 522, and 458 cm !, suggesting the
presence of montmorillonite (Van der Marel and
Beutelspacher, 1976) (Figure 9). The narrow band at
1637 cm™' corresponds to the vibration of adsorbed
water. The band at 793 cm ' corresponds to
Fe—OH—Mg. The bands at 522 and 458 cm™' are
assigned to Si—O-—Si (Al) deformation. The OH and
Si—O stretching bands are consistent with results from
XRD, SEM, DTA-TG, and chemical analyses of the
samples.

Geochemistry

Chemical analyses (Table 2) of whole rocks of
samples of the volcanic host rocks (and their alteration
products) of the Yiyliik, Hisarcik, Simav, and Gediz
areas revealed that fresh volcanic rocks and altered rocks
plot in the rhyodacite, dacite, trachyandesite, and
andesite fields in the Zr/TiO, vs. Nb/Y diagram
(Winchester and Floyd, 1977) (Figure 10).

Using mass gains and losses (MacLean and
Kranidiotis, 1987) of kaolinite samples from deposits
in the Yiyliik, Hisarcik, Simav, and Gediz areas, major-
and trace-clement variability appears to be related to
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Figure 6. SEM images of (a) development of kaolinite in devitrified volcanic glass (YUY-16); (b) development of kaolinite plates at
the edges of altered volcanic materials (KURT-2); (c) book-like kaolinite plates (KURT-2); (d) euhedral hexagonal kaolinite plates
in microfracture (KURT-5); (e) relationship between fibrous halloysite and volcanic materials developed via flushing of
hydrothermal fluid (KURT-2); (f) a close-up view of e; (g) a close-up view of fibrous halloysite (UL-9); (h) relationship between
kaolinite plates covered by rod-like halloysite (SAK-5); (i) cornflake-like smectite edging illite fibers developed in a microfracture
of finer smectite; smectite-illite-flake-rich volcanic material (AK-10); (j) a close-up view ofi; (k) spherical opal-CT edging smectite
plates (UL-9); (1) spherical opal-CT in dissolution voids (UL-9).
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kaolinite 1 \ : kaolinite ‘ p kaolinite

Figure 7. TEM images of: (a—c) hexagonal platy kaolinite crystals (KURT-2, UL-11, YUY-10) of various sizes; scale bar (a,c) =
100 nm; (b) = 0.2 um.

advances in hydrothermal alteration processes (Table 3; show evidence of leaching and thus were depleted;
Figure 11). Generally, SiO, (except in the kaolinite Al,O; was enriched (except in the Yagmurlar deposits)
deposits of Yiiylik and Hisarcik), K,O, NaO, and CaO during the alteration of K-feldspar, plagioclase, and
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Figure 8. DTA-TG curves for Kiitahya kaolinite (UL-11) and smectite (YAG-6) samples.
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Figure 9. FTIR spectra for Kiitahya kaolinite (UL-11) and
smectite (YAG-6) samples.

volcanic glasses in the volcanic units. MgO (except in
the partially altered Akgaalan deposits) and Fe,O3 were
depleted by leaching, except in the partially altered
Hisarcik and Akgaalan areas where enrichment occurred
related to degradation of hornblende and biotite. Thus,
increase in the Al/Si ratio and LOI with advancing

Kadir, Erman, and Erkoyun

Clays and Clay Minerals

alteration (from fresh host-rock samples to altered units)
indicates kaolinization and smectitization (Tables 2, 3).
The large amount of SiO, is related to the presence of
opal-CT, quartz, chalcedony, and feldspar. K,O reflects
the presence of illite, K-feldspar, and hornblende.

Rb and Ba were depleted by leaching, and Sr (except
in the Yagmurlar and Akgaalan deposits) was enriched
(Table 3; Figure 11). Degradation of K- and Ca-bearing
minerals (such as feldspar) at hydrothermal temperatures
resulted in Sr enrichment, and differentiation of
K-feldspar and hornblende resulted in the leaching of
Rb+Ba and K,O contents. The increase of Ba in altered
relative to the partially altered Hisarcik kaolinite deposit
was possibly related to the formation of illite and the
substitution of Ba for K. Leaching of Co was related
locally to degradation of ferromagnesian phases such as
hornblende. Negative Nb and Ti anomalies reflect partial
melting of subducted eclogite in upper crustal levels
(Ringwood, 1990).

The REE were normalized to chondrite values
(Figure 12). The REE patterns displayed an enrichment
of LREE [(La/Sm)., = 3.20—10.91 and (La/Lu)., =
5.04-96.67]; depletion of HREE [(Gd/YDb)c.n=
0.70—-8.58, (Tb/Yb).,= 0.74—4.08, and (Tb/Lu),=
0.77—4.08]; and negative Eu anomalies [(Eu/Eu*) =
0.50—0.77 and (Eu/Sm).,= 0.36—0.62] in samples from
the Yiylik, Hisarcik, Simav, and Gediz kaolinite
deposits (Table 2). The (La/Yb).,= 5.03—96.67 ratio
revealed enrichment of total REE during alteration
processes within the volcanites (Roy and Smykatz-
Kloss, 2007). The negative Eu anomalies may reflect
differentiation of plagioclase and/or K-feldspar based on
low REE values, and may have developed during
progressive hydrothermal alteration (Shikazono et al.,
2008; Kadir and Kart, 2009).
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Figure 10. Geochemical discrimination of the Kiitahya kaolinite deposits and volcanic-rock samples from the vicinity using a Nb/Y -
Zr/TiO, immobile-element diagram (Winchester and Floyd, 1977).



Table 2. Major-element (wt.%) and trace-element (ppm) compositions of fresh, partially altered, and highly altered volcanites
of the study area (see Table 1 for the mineralogical compositions of the samples).

Yiylik area

Altered Partially altered Fresh
% YUY-10 YUY-16 YUY-19 Average YUY-35 YUY-11
SiO, 55.15 47.71 44.55 49.14 69.93 73.24
AlL,O4 30.93 30.13 38.03 33.03 19.47 9.33
YFe,05 0.30 6.67 0.27 2.41 0.4 9.04
MgO 0.07 0.12 0.02 0.07 0.06 0.05
CaO 0.06 0.06 0.04 0.05 0.11 0.06
Na,O <0.01 0.02 0.01 0.01 0.04 0.02
K,0 0.04 0.09 0.08 0.07 0.04 0.14
TiO, 0.55 0.71 0.93 0.73 0.42 1.31
P,0s 0.254 0.465 0.515 0.410 0.20 0.111
MnO <0.01 <0.01 <0.01 0.01 0.01 <0.01
Cry04 0.014 0.013 0.035 0.02 0.012 0.007
LOI 12.3 13.8 14.9 13.7 9.1 6.4
Total 99.66 99.72 99.40 99.59 99.76 99.74
Ba 271 282 381 311 117 79
Be <1 1 <1 1 1 1
Co 2.5 8.8 <0.2 3.8 0.3 1.3
Cs 0.3 0.5 <0.1 0.3 1.2 1.8
Ga 27.1 27.6 39.4 31.4 24.1 15.1
Hf 43 6.3 6.9 5.8 3.6 11.9
Nb 14.2 18.3 259 19.5 9.8 34.5
Rb 1.5 33 0.2 1.7 2.3 9.1
Sn 2 3 4 3 2 7
Sr 2241 3367 5519 3709 1671 420.5
Ta 1.2 1.5 1.7 1.5 1.0 2.8
Th 17.0 24.8 325 24.8 12.4 18.2
U 12.8 12.2 9.1 11.4 1.3 17.4
\Y 180 169 233 194 67 130
w 2.9 4.0 2.3 3.1 1.7 5.5
Zr 147.8 225.7 241.7 205.1 124.8 394
Y 2.0 5.3 222 9.8 1.9 6.3
La 36.9 73.3 67.1 59.1 214 28
Ce 85.5 1743 149.4 136.4 342 44
Pr 11.66 21.10 18.64 17.1 3.69 3.97
Nd 48.7 85 73 69 13 11.4
Sm 7.24 12.49 12.12 10.60 1.75 1.76
Eu 1.0 1.82 1.94 1.60 0.32 0.35
Gd 2.76 4.96 7.02 491 1.42 1.35
Tb 0.24 0.39 0.74 0.46 0.13 0.22
Dy 0.88 1.39 3.98 2.08 0.41 1.32
Ho 0.08 0.17 0.72 0.32 0.07 0.27
Er 0.25 0.54 2.33 1.04 0.14 0.82
Tm 0.04 0.08 0.41 0.18 0.03 0.13
Yb 0.26 0.71 2.62 1.20 0.25 1.10
Lu 0.04 0.10 0.39 0.18 0.04 0.18
Pb 10.5 22.7 10.8 14.7 5 25.5
Zn 3 3 <1 2 2 12
Ni 6.5 24.1 0.9 10.5 2.3 10
Au (ppb) 36 1.6 0.9 12.8 0.5 2.6
Ag <0.1 <0.1 <0.1 0.1 0.1 <0.1
Mo 0.1 1.0 1.2 0.8 0.2 3.4
Cu 2.1 9.7 34 5.1 1.6 27.8
As 1.2 19.8 3.2 8.1 2.8 81.3
Cd <0.1 <0.1 <0.1 0.1 0.1 <0.1
Sb 0.1 0.4 0.2 0.23 0.1 0.8
XREE 195.55 381.35 340.41 305.77 76.85 94.87
(Ew/Eu*),, 0.68 0.70 0.64 0.67 0.62 0.69
(Ce/Ce)en 0.99 1.05 1.00 1.01 0.79 0.81
(La/Sm)c, 3.20 3.69 3.48 3.45 7.69 10.01
(La/Yb)en 96.67 69.74 17.27 61.22 58.00 17.17
(La/Lu)ey 96.67 76.27 17.87 63.6 55.66 16.15
(Eu/Sm)., 0.36 0.38 0.42 0.38 0.48 0.52
(Gd/Yb)en 8.58 5.64 2.16 5.46 4.60 0.99
(Tb/Yb)cn 4.08 242 1.24 2.58 2.30 0.88
(Tb/Lu)cy, 4.08 2.65 1.28 2.67 2.20 0.83

Eu/Eu*=Eun/4/(Smy * Gdy) and Ce/Ce*=3Cey/(2Lan+Ndy) (Mongelli, 1997), LOI: loss on ignition at 1050°C.



Table 2 (contd.).

Hisarcik area

Altered Partially altered —— Fresh

% UL 6 SAK-5 KURT-2  Average UL-10 SAK-13  Average UL-23 SAK-26 ~ Average
SiO, 64.02 62.48 45.01 57.17 61.64 57.62 59.63 67.58 53.04 60.31
AlLO3 23.78 23.65 38.59 28.67 14.56 16.06 15.31 15.59 14.4 14.99
2Fe,0; 0.41 1.84 0.36 0.87 5.73 4.78 5.25 2.74 7.53 5.13
MgO 0.17 0.08 0.03 0.09 2.1 2.34 222 0.97 4.97 2.97
CaO 0.14 0.22 0.31 0.22 1.01 1.06 1.03 1.66 5.79 3.72
Na,O 0.01 0.02 0.13 0.05 0.36 0.04 0.2 22 2.31 225
K,0 0.09 0.06 0.10 0.08 2.59 0.45 1.52 6.08 6.52 6.3
TiO, 0.61 0.76 <0.01 0.46 0.5 0.56 0.53 0.51 1.92 1.21
P,0s5 0.076 0.165 0.148 0.129 0.116 0.11 0.11 0.11 0.56 0.33
MnO <0.01 <0.01 <0.01 0.01 0.02 0.02 0.02 0.03 0.1 0.06
Cr03 <0.002 0.004 0.003 0.003 0.004 0.003 0.003 0.002 0.048 0.02
LOI 9.8 10.2 14.9 11.6 11.3 16.8 14.05 22 24 2.3
Total 99.14 99.44 99.59 99.39 99.95 99.79 99.87 99.69 99.63 99.66
Ba 1579 1958 2621 2052.6 666 398 532 1606 898 1252
Be <1 <1 <1 1 2 2 2 3 2 2.5
Co <0.2 7.7 0.5 2.8 5.4 5 5.2 4.1 33 3.7
Cs 37.8 15.9 0.5 18.06 66.8 31.2 49 4.7 58.7 31.7
Ga 20 22.6 3.7 15.43 13.7 18.5 16.1 16 13.9 14.95
Hf 6.8 9.4 0.2 5.46 432 6.2 5.26 6 6.5 3.25
Nb 17.5 21.6 0.2 13.1 0.91 15.5 8.2 14.2 17.2 15.7
Rb 15.7 6.9 0.7 7.76 2.66 39.7 21.18 203.6 23.1 113.35
Sn 4 5 <1 3.33 0.43 4 2.21 3 3 3

Sr 497.3 905.5 1785 1062.6 2.58 557 279.79 218.6 183.3 200.95
Ta 1.5 1.9 <0.1 1.16 0.4 1.4 0.9 1.3 1.2 1.25
Th 21.8 29.7 9.3 20.26 0.02 25 1.01 19.6 39.4 29.5
U 4.5 9.2 0.4 4.7 4.7 1.9 33 9.3 8.7 9

\% 82 116 124 82.6 77 50 63.5 60 60 60

w 6.6 3.7 0.5 3.6 8 23 5.15 2 2.1 2.05
Zr 217 322.5 5.5 181.6 142.2 216.3 179.25 200.3 227.5 213.9
Y 2.7 10.3 0.8 4.6 26.9 5.9 16.4 20.9 58.5 39.7
La 345 41.7 6.8 27.6 27.3 27.5 27.4 33.8 50.5 42.15
Ce 58.4 80.8 12.1 50.43 51.8 50.2 51 62 108.9 85.45
Pr 5.60 9.05 1.34 5.33 6.08 5.38 5.73 7.12 13.14 10.13
Nd 16.9 30.6 3.8 17.1 23.5 19.9 21.7 254 49.7 37.55
Sm 1.99 4.45 0.56 23 4.48 2.9 3.69 4.54 8.97 6.75
Eu 0.31 0.75 0.08 0.38 0.78 0.41 0.59 0.97 1.82 1.39
Gd 1.25 2.95 0.19 1.46 4.46 2.16 3.31 391 7.89 5.9
Tb 0.15 0.48 0.04 0.22 0.76 0.27 0.51 0.65 1.51 1.08
Dy 0.67 2.55 0.19 1.13 432 1.47 2.89 3.51 8.96 6.23
Ho 0.11 0.43 0.03 0.19 0.91 0.27 0.59 0.72 1.89 1.30
Er 0.38 1.26 0.09 0.57 2.66 0.84 1.75 2.1 5.96 4.03
Tm 0.06 0.22 0.02 0.1 0.43 0.14 0.28 0.35 1.04 0.69
Yb 0.47 1.45 0.09 0.67 2.58 0.99 1.78 222 6.76 8.98
Lu 0.08 0.23 0.03 0.11 0.4 0.16 0.28 0.35 1.04 0.69
Pb 10.1 95.3 2.9 36.1 10.9 15.5 13.2 10.2 6.0 8.1
Zn 9 54 <1 21.3 225 30 127.5 27 15 21

Ni 1.0 38.7 1.7 13.8 12.5 21.1 16.8 4.1 5.5 4.8
Au (ppb) 0.7 <0.5 <0.5 0.56 0.5 1 0.75 <0.5 <0.5 0.5
Ag <0.1 <0.1 <0.1 0.1 0.1 0.1 0.1 <0.1 <0.1 0.1
Mo 0.3 2.1 0.5 0.96 0.3 0.3 0.3 0.8 <0.1 0.45
Cu 0.8 21 32 8.3 43 5.7 5 3.8 0.7 225
As 117.3 674.9 14.7 268.9 11.5 11.8 11.65 17.2 7.3 6.12
Cd <0.1 0.2 <0.1 0.13 0.2 0.1 0.15 <0.1 <0.1 0.1
Sb 4.4 5.8 0.7 3.63 9.4 0.9 5.15 0.8 0.5 0.65
XREE 120.87 176.92 25.36 107.71 130.46 112.59 121.52 147.64 268.08 207.86
(Ew/Eu*),, 0.60 0.63 0.75 0.66 0.53 0.50 0.51 0.70 0.66 0.68
(Ce/Ce)en 0.86 0.86 0.89 0.87 0.89 0.88 0.88 0.88 0.98 0.93
(La/Sm)cn 10.91 5.89 7.64 8.14 3.83 5.96 4.89 4.68 3.54 4.11
(La/Yb)en 49.68 18.76 51.0 39.81 7.13 18.75 12.94 10.26 5.03 7.64
(La/Lu)cn 44.87 18.83 23.58 29.09 7.09 17.88 12.48 10.03 5.04 7.53
(Eu/Sm)cn 0.41 0.44 0.37 0.4 0.46 0.37 0.41 0.56 0.53 0.54
(Gd/Yb)en 2.15 1.64 1.69 1.82 1.39 1.76 1.57 1.42 0.94 1.18
(Tb/Yb)cn 1.41 1.46 1.95 1.6 1.29 1.32 1.30 1.29 0.98 1.13

(Tb/Lu)en 1.27 1.41 0.90 1.19 1.29 1.14 1.21 1.26 0.98 1.12




Table 2 (contd.).

Yagmurlar (Simav area)

Altered Partially altered —— Fresh
% YAG-6 YAG-7 YAG-11  Average YAG-4 YAG-15  Average YAG-26 YAG-31  Average
SiO, 63.79 70.45 67.3 67.18 74.5 72.11 73.30 73.18 76.01 74.59
AlLO3 14.28 13.5 13.7 13.82 12.31 14.47 13.39 12.33 9.83 11.08
2Fe,0; 2.03 0.69 0.97 1.23 0.56 0.26 0.41 1.76 2.47 2.03
MgO 2.94 1.65 2.16 225 1.40 0.34 0.87 0.75 0.10 0.42
CaO 1.32 0.83 1.1 1.08 0.72 0.31 0.51 0.68 0.10 0.39
Na,O 0.03 0.02 0.03 0.02 0.03 0.03 0.03 0.89 0.44 0.66
K,0 0.10 0.10 0.09 0.09 0.11 0.93 0.51 6.35 6.35 6.35
TiO, 0.28 0.26 0.26 0.26 0.27 0.31 0.29 0.43 0.31 0.37
P,0s5 0.029 0.037 0.044 0.03 0.067 0.079 0.073 0.075 0.19 0.13
MnO 0.08 0.02 <0.01 0.03 0.02 <0.01 0.15 <0.01 0.02 0.01
Cr03 <0.002 <0.002 <0.002 0.002 <0.002 <0.002 0.002 0.003 0.002 0.002
LOI 15.6 12.0 13.8 13.8 10.3 10.4 10.3 32 3.8 3.5
Total 100.49 99.52 99.46 99.96 100.28 99.23 99.75 99.68 99.67 99.67
Ba 274 90 61 141.6 489 578 533.5 1120 1571 1345.5
Be 2 1 2 1.66 2 <1 1.5 3 2 2.5
Co 0.7 0.9 1.4 1 0.5 0.7 0.6 1.7 1.8 1.75
Cs 41.7 452 36.7 41.2 55.2 16.0 35.6 29.8 35 16.65
Ga 17.0 15.1 15.2 15.76 14.9 16.7 15.8 154 11.4 13.4
Hf 6.8 6.3 6.5 6.5 6.3 7.2 6.75 4.5 3 3.75
Nb 19.9 17.6 17.4 18.3 17.4 21.2 19.3 13.8 9.3 11.55
Rb 14.3 17.3 14.1 15.23 18.4 6.1 7.25 293.5 178.6 236.05
Sn 3 3 3 3 3 3 3 1 2 1.5
Sr 236.8 238.3 220.5 231.86 432.8 510.3 471.5 202.4 493.3 347.85
Ta 1.2 1.2 1.3 1.23 1.2 1.6 1.4 0.9 0.8 0.85
Th 41.3 41.1 39.5 40.63 48.6 27.0 37.8 18.3 11.7 15
U 2.9 7.3 11.3 7.16 8.4 1.1 42.5 35 4.6 4.05
\% <8 32 22 20.6 19 22 20.5 52 44 48
w 1.7 2.8 2.7 2.4 3.6 8.0 5.8 7.3 3.7 5.5
Zr 2543 228.6 227.0 236.63 233.8 256.1 244.95 175.1 120.5 147.8
Y 30.1 42.7 54.6 42.46 353 7.1 21.2 16.8 11.6 14.2
La 55.4 65.9 85.8 69.03 1553 32.1 93.7 47.4 44.5 45.95
Ce 99.0 118.9 170.1 129.3 319.3 43.6 181.45 82.3 59.6 70.95
Pr 11.38 12.47 19.63 14.49 33.06 4.14 18.6 10.14 7.48 8.81
Nd 39.0 45.0 73.5 52.5 105.2 14.5 59.85 355 26 30.75
Sm 7.01 7.39 12.40 8.93 15.15 2.02 8.67 4.85 4.09 4.47
Eu 1.31 1.47 2.53 1.77 2.78 0.36 1.57 0.88 0.96 0.92
Gd 5.96 6.43 10.15 7.51 10.68 1.47 6.07 3.62 3.52 3.57
Tb 1.02 1.15 1.74 0.92 1.58 0.22 0.9 0.52 0.47 0.49
Dy 5.63 6.77 9.66 7.35 7.59 1.24 441 3.23 2.49 2.86
Ho 1.13 1.37 1.9 1.46 1.37 0.25 0.93 0.64 0.46 0.55
Er 3.47 424 5.95 4.55 3.65 0.83 2.24 1.90 1.24 1.57
Tm 0.59 0.72 0.98 0.76 0.64 0.14 0.39 0.29 0.2 0.24
Yb 3.71 4.36 6.38 4.81 4.11 1.10 2.60 2.16 1.32 1.74
Lu 0.57 0.7 1.01 0.76 0.58 0.19 0.38 0.34 0.19 0.26
Pb 13.2 14.6 9.7 12.5 4.5 2.7 3.6 65.3 331.5 198.4
Zn 11 4 7 7.3 6 4 5 182 27 104.5
Ni 1.5 1.3 1.6 1.46 1.4 3.4 2.4 8.7 4.9 6.8
Au (ppb) 0.7 <0.5 0.5 0.56 <0.5 <0.5 0.5 <0.5 17.1 11.05
Ag <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1 <0.1 7 3.55
Mo 0.2 <0.1 <0.1 0.13 <0.1 <0.1 0.1 0.1 10.2 5.15
Cu 0.5 0.2 0.3 0.33 0.4 1.0 0.25 1.2 17.3 87.1
As 26.4 4.9 10.2 13.83 6.2 5.0 5.6 32 286.9 145.05
Cd <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1 0.8 0.2 0.5
Sb 2.1 0.5 0.7 2.6 0.9 0.4 0.65 3.9 40.6 22.25
YREE 235.18 276.87 401.73 304.59 660.99 102.16 381.57 193.77 152.52 173.14
(Ew/Eu*),, 0.61 0.65 0.68 0.64 0.66 0.63 0.64 0.64 0.77 1.02
(Ce/Ce)en 0.87 0.88 0.93 0.89 1.00 0.69 0.84 0.83 0.66 0.74
(La/Sm)., 4.97 5.61 435 4.97 6.44 10.00 8.22 6.14 6.84 6.49
(La/Yb)en 10.06 10.19 9.06 9.77 25.48 19.68 22.58 14.80 22.74 18.77
(La/Lu)e, 10.09 9.78 8.82 9.56 27.81 17.54 22.67 14.49 24.32 19.40
(Eu/Sm), 0.49 0.52 0.54 0.51 0.48 0.47 0.47 0.48 0.62 0.55
(Gd/Yb)cy 1.29 1.18 1.28 1.25 2.09 1.07 1.58 1.35 2.15 1.75
(Tb/Yb)cn 1.21 1.16 1.20 1.19 1.69 0.88 1.28 1.06 1.57 1.31
(Tb/Lu)ey, 2.56 1.11 1.17 1.61 1.84 0.78 1.31 1.03 1.67 1.35




Table 2 (contd.).

Akgaalan (Gediz area)

Altered ————— — Partially altered — Fresh
% AK-9 AK-10 AK-14 Average AK-4 AK-7 Average AK-5 AK-8 Average
SiO, 64.64 62.82 64.80 64.08 66.34 53.24 59.79 68.52 56.12 62.32
AlLO3 18.17 20.77 17.62 18.85 15.82 18.52 17.17 14.71 18.24 16.47
2Fe,0; 0.97 0.90 1.68 1.18 2.54 5.36 3.95 2.50 5.25 3.87
MgO 0.35 0.41 0.41 0.39 1.10 3.87 3.03 0.85 2.84 1.84
CaO 1.82 1.49 1.73 1.68 2.01 5.40 3.70 1.69 5.32 3.50
Na,O 2.18 1.72 2.3 2.06 2.24 2.58 2.41 1.73 3.07 2.4
K,0 3.46 2.08 3.40 2.98 5.77 1.45 3.61 7.14 2.13 4.63
TiO, 0.36 0.46 0.36 0.39 0.36 0.73 0.54 0.34 0.74 0.54
P,0s5 0.172 0.175 0.089 0.14 0.144 0.289 0.21 0.102 0.289 0.19
MnO 0.03 0.02 0.04 0.03 0.04 0.07 0.05 0.04 0.11 0.07
Cr03 <0.002 <0.002 <0.002 0.002 <0.002 <0.002 0.002 <0.002 <0.002 0.002
LOI 7.3 8.9 7.0 7.73 33 8.3 1.8 2.0 5.6 3.8
Total 99.51 99.70 99.66 99.67 99.83 99.66 99.67
Ba 1555 1435 1903 1631 1693 1653 1673 1981 1805 1893
Be 4 3 3 33 3 2 2.5 5 3 4
Co 0.7 0.8 1.5 0.5 3.9 9.6 6.75 3.8 8.4 6.1
Cs 28.7 40.5 26.4 31.86 14.3 13.2 13.75 14.0 63.7 25.35
Ga 18.2 17.9 17.2 17.76 17.8 18.8 18.3 17.9 19.8 18.85
Hf 6.2 5.3 6.2 5.9 5.6 5.5 5.55 5.5 5.7 5.6
Nb 16.5 14.8 18 16.43 15.7 222 18.95 16.3 13.7 15
Rb 211.1 120.5 192.1 174.56 196.9 35.7 116.3 203.8 125.2 164.5
Sn 3 3 3 3 2 3 2.5 3 3 3
Sr 1169 1222 695.1 1028.7 664.3 917.1 790.7 432 900.5 666.25
Ta 1.3 1.1 1.4 5.46 1.2 1.8 2.1 1.1 1.0 1.05
Th 354 31.1 37.8 34.76 26.1 22.4 24.25 27.3 23.1 252
U 12.8 9.4 9.1 10.43 10.7 5.9 8.3 9.2 5.9 7.55
\% 64 92 41 65.66 47 89 68 41 90 65.5
w 12.8 2.9 3.7 6.46 3.0 1.6 23 1.8 1.9 1.85
Zr 222.7 188.9 230.4 214 194.3 202.9 198.6 205.4 204.9 205.15
Y 22.3 11.6 17.3 17.06 56.5 27.6 42.05 26.1 30 28.05
La 81.3 65.9 74.2 73.8 47.7 46 46.85 46.4 47.6 47
Ce 161.4 129.9 136.4 142.56 89.3 92.2 90.75 85.9 93.1 89.5
Pr 17.5 14.19 13.75 15.38 9.49 10.40 9.94 9.14 10.72 9.93
Nd 68.6 48.7 452 54.16 33.7 40.9 37.3 32.1 42 37.05
Sm 11.94 6.54 6.34 8.27 5.40 6.79 6.09 4.66 7.11 5.88
Eu 2.37 1.31 1.28 1.65 1.19 1.61 1.4 1.05 1.65 1.35
Gd 8.38 437 4.53 5.76 5.13 597 5.55 435 6.13 5.24
Tb 1.03 0.56 0.59 0.72 0.98 0.84 0.91 0.68 0.89 0.78
Dy 4.57 2.78 3.25 3.53 7.32 4.78 6.05 4.27 5.19 4.73
Ho 0.78 0.44 0.63 0.61 1.67 0.97 1.32 0.87 1.01 0.94
Er 2.28 1.29 1.79 1.78 5.47 2.78 4.12 2.71 2.80 2.75
Tm 0.37 0.20 0.31 0.29 0.90 0.45 0.67 0.44 0.45 0.44
Yb 2.57 1.36 2.11 2.01 5.85 2.98 4.41 2.78 2.84 2.81
Lu 0.39 0.19 0.32 0.3 0.86 0.43 0.64 0.41 0.42 0.41
Pb 41.1 13.3 54.6 36.3 30.5 311 30.8 29.7 20.7 252
Zn 63 72 76 70.3 26 62 44 28 42 35
Ni 1.1 0.7 1.4 1.06 2.3 4.7 35 33 1.5 2.4
Au (ppb) 4.7 1.1 3.8 32 <0.5 10.5 5.5 <0.5 3.2 0.35
Ag <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.1
Mo 0.5 0.1 0.2 0.26 0.4 0.9 0.65 0.2 0.2 0.2
Cu 2.0 2.7 22 23 35 6.7 5.1 5.0 5.0 5.0
As 4.2 4.1 7.3 52 2.5 0.7 1.6 2.9 1.2 2.05
Cd 0.2 0.4 0.2 0.26 <0.1 0.2 0.15 <0.1 <0.1 <0.1
Sb 0.3 0.2 0.2 0.23 <0.1 <0.1 0.1 <0.1 0.1 0.1
YREE 363.48 277.73 290.7 310.63 214.96 217.10 216.03 195.76 221.91 208.83
(EwEu*) 0.72 0.74 0.73 0.73 0.69 0.77 0.73 0.71 0.76 0.73
(Ce/Ce)en 0.93 0.95 0.91 0.93 091 0.93 0.92 0.90 0.91 0.90
(La/Sm)., 4.28 6.33 7.36 5.99 5.55 4.26 49 6.26 4.21 5.23
(La/Yb)en 21.33 32.70 23.72 2591 5.49 10.41 7.95 11.25 11.30 11.27
(La/Lu)e, 21.65 36.03 24.10 27.26 5.76 11.11 8.43 11.75 11.77 11.76
(Eu/Sm), 0.52 0.53 0.53 0.52 0.58 0.62 0.6 0.59 0.61 0.60
(Gd/Yb)c 2.63 2.59 1.73 2.31 0.70 1.61 1.15 1.26 1.74 1.5
(Tb/Yb)cn, 1.76 1.81 1.23 1.6 0.74 1.24 0.99 1.07 1.38 1.22
(Tb/Lu)ey, 1.79 2.00 1.25 1.68 0.77 1.32 1.04 1.12 1.43 1.27
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Ce/Ce” values of fresh, partially altered, and altered
samples vary from 0.66 to 1.05, revealing negative Ce
anomalies; these anomalies may be related to the
fractionation of the mineral zircon under oxidizing-
acidic fluid conditions (Fulignati ef al., 1999; Karakaya,
2009).

Mineral chemistry

The structural fomulae of purified clay fractions from
the highest-purity kaolinite and smectite samples were
calculated from the average chemical analysis values
(Table 4), yielding the following for kaolinite and
smectite, respectively:
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(Si3.67Al0.33)(Al3 72F€0.04Mg0.01 Tio.0oMng 01)
(Cag.01Nag 02Ko.15P0.09)O010(OH)s;
(Si7.60Al0.31)(Alz g8Fe0.45Mgo.59Tin.0sMng 02)
(Cag.34Nag 013K0.1P0.02)O020(OH)4.
The tetrahedral sites of both kaolinite and smectite
were filled mainly by Si but this was partially substituted
by traces of Al in kaolinite samples YUY-19 and
KURT-2 and smectite sample SAK-24. Al was the
dominant cation in the octahedral site, accompanied by
accessory to trace amounts of Fe(Ill), Ti, Mg, and Mn
that replaced some of the octahedral Al.
The SiO,/Al,03 ratio in pure Kiitahya kaolinite
samples varied between 0.78 and 1.36; this result is

Table 3. Mass gains and losses for the Kiitahya area samples (compositional values for the oxides are in wt.% and other
elements in ppm, and mass changes for them are in g/100 g rock and in ppm/100 g rock, respectively).

Yiylik kaolinite deposit
Partially altered samples Altered samples

Hisarcik kaolinite deposit
Partially altered samples Altered samples

(n=1) (n=23) (n=1) (n=13)
RC AG RC AG RC AG RC AG

Si0, 217.93 144.69 94.4 21.16 71.15 10.84 67.33 7.02
ALO; 61.47 52.14 63.45 54.12 18.26 3.27 33.76 18.77
YFe,0; 1.26 ~7.78 4.63 —4.41 6.26 1.13 1.02 —41
MgO 0.19 0.14 0.13 0.08 2.64 032 0.1 ~2.86
Ca0 0.35 0.29 0.09 0.03 1.22 ~2.49 0.25 ~3.46
Na,O 0.13 0.11 0.02 —0.12 0.23 -2.01 0.05 ~2.19
K,O 0.01 —0.12 0.13 —0.01 1.81 —4.48 0.09 62
TiO, 1.33 0.02 1.4 0.09 0.63 ~0.57 0.54 ~0.66
P,05 0.63 0.52 0.79 0.68 0.13 ~0.19 0.15 —0.17
Total 190.12 71.74 5.18 6.15
Ba 369.38 290.38 5974 5184 634.83 —617.16 2417.68  1165.68
Co 0.95 ~0.35 73 6 6.2 2.5 3.29 04
Cs 3.79 1.99 0.58 122 58.47 26.77 21.27 ~10.42
Ga 76.08 60.98 60.32 4522 19.21 426 18.17 3.22
Hf 11.37 ~0.53 11.14 ~0.76 6.27 3.02 6.43 3.18
Nb 30.94 ~3.56 375 2.96 9.78 ~5.91 15.43 026
Rb 7.26 —1.84 327 ~5.83 25.27 —88.07 9.14  —104.2
St 5275.43 4854.9 7125 6704.5 333.87 132.92 1251.59  1050.64
Ta 3.16 0.36 2.88 0.08 1.07 —0.17 136 0.11
Th 39.15 20.95 47.64 294 1.2 ~28.29 23.86 ~5.63
U 4.1 ~13.3 219 45 3.93 ~5.06 5.53 ~3.46
v 211.52 81.52 372.7 242.7 75.77 15.77 97.29 37.29
w 5.37 —0.13 5.96 0.46 6.14 4.09 424 2.19
Zr 394 0 394 0 2139 0 2139 0

Y 6 03 18.82 12.52 19.57 ~20.12 541 ~34.28
La 67.6 39.6 113.53 85.53 32.69 —9.45 325 —9.64
Ce 108 64 262.02 218.02 60.85 2459 59.39 ~26.06
Pr 11.65 7.68 32.85 28.9 6.83 ~3.29 6.27 —3.85
Nd 41.04 29.64 132.55 121.15 25.89 ~11.65 20.14 ~17.4
Sm 5.52 3.76 20.36 18.6 44 234 27 —4.04
Eu 1.01 0.66 3.07 272 0.70 —0.68 0.44 —0.94
Gd 448 3.13 9.43 8.08 3.94 ~1.95 1.71 —4.18
Tb 0.41 0.19 0.88 0.66 0.60 —0.47 0.25 —0.82
Dy 1.29 ~0.03 3.99 2.67 3.44 —2.78 133 —4.89
Ho 0.22 ~0.05 0.61 0.34 0.70 ~0.59 0.22 ~1.07
Er 0.44 ~0.38 1.99 1.17 2.08 ~1.94 0.67 ~3.35
Tm 0.09 —0.04 0.34 0.21 0.33 —0.35 0.11 —0.57
Yb 0.79 ~0.31 23 12 2.12 —6.85 0.78 ~8.19
Lu 0.13 —0.05 0.34 0.16 0.33 —0.35 0.12 —0.56
Total REE 147.8 489.39 ~67.28 ~85.56

n: number of samples, RC: reconstructed compositions, AC;: net mass changes
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Table 3 (contd.).

Kadir, Erman, and Erkoyun

Clays and Clay Minerals

Yagmurlar kaolinite deposit (Simav area)
Partially altered samples Altered samples

Akgaalan kaolinite occurrence (Gediz area)
Partially altered samples Altered samples

(n=2) (n=3) (n=2) (n=23)

RC AG RC AG RC AG RC AG;
Si0, 44.22 ~30.36 41.96 —32.62 61.76 —0.55 61.42 —0.89
ALO; 8.07 ~3.0 8.63 —2.44 17.73 1.26 18.07 1.6
YFe,0; 0.24 ~1.78 0.76 ~1.26 4.08 0.21 1.13 —2.73
MgO 0.52 0.1 1.4 0.98 3.12 1.28 0.37 —1.46
Ca0 0.3 ~0.08 0.67 0.28 3.82 0.32 1.61 ~1.88
Na,O 0.01 —0.64 0.01 —0.64 248 0.08 1.97 —0.42
K,O 0.3 —6.04 0.05 —63 372 ~0.9 2.85 ~1.77
TiO, 0.17 —0.19 0.16 —0.2 0.55 0.01 0.37 —0.16
P,05 0.04 —0.08 0.01 —0.11 021 0.02 0.13 —0.05
Total —42.07 —4231 1.73 ~7.76
Ba 3219 ~1023.59 88.44 —1257.05 1728.17 —164.82 1563.54  —329.45
Co 0.36 ~1.38 0.62 ~1.12 6.97 0.87 0.47 —5.62
Cs 21.48 483 25.73 9.08 1.74 —236 30.54 5.19
Ga 9.53 ~3.86 9.84 ~3.55 18.9 0.05 17.02 ~1.82
Hf 4.07 0.32 4.05 0.3 573 0.13 5.65 0.05
Nb 11.64 0.09 0.89 ~10.65 1.95 —13.04 15.75 0.75
Rb 437 ~231.67 9.51 -5.71 120.13 —44.36 167.34 2.84
St 284.49 ~63.35 144.82 ~203.02 816.77 150.52 986.15 319.9
Ta 0.84 ~0.005 0.004 —0.84 2.16 111 523 4.18
Th 2238 7.8 25.37 10.37 25.04 —0.15 33.32 8.12
U 25.64 21.59 447 0.42 8.57 1.02 9.9 2.44
v 12.36 ~35.63 12.86 -35.13 70.24 4.74 62.94 —2.55
w 3.49 -2.0 1.49 —4.0 2.37 0.52 6.19 434
Zr 147.8 0 147.8 0 205.15 0 205.15 0
Y 12.79 —14 26.52 12.32 43.43 15.38 1635  —11.69
La 56.53 10.58 43.11 ~2.83 48.39 1.39 70.74 23.74
Ce 109.48 38.53 80.76 9.81 93.74 424 136.66 27.16
Pr 11.22 2.41 9.05 0.24 10.26 0.33 14.74 481
Nd 36.11 536 32.73 2.04 38.53 1.48 51.92 14.87
Sm 523 0.76 5.57 1.1 6.29 0.41 7.92 2.04
Eu 0.94 0.02 1.1 0.18 1.44 0.09 1.58 0.23
Gd 3.66 0.09 4.69 112 573 0.49 5.52 0.28
Tb 0.54 0.05 0.57 0.08 0.94 0.16 0.69 ~0.08
Dy 2.66 ~0.19 4.59 1.73 0.14 —4.58 3.38 ~1.34
Ho 0.56 0.01 091 0.36 1.36 0.42 0.58 ~0.35
Er 135 —0.21 2.84 1.27 425 1.5 1.7 ~1.04
Tm 0.23 ~0.004 047 0.23 0.69 0.25 0.27 —0.16
Yb 1.56 —0.17 3.0 1.26 4.55 1.74 1.92 ~0.88
Lu 0.22 —0.03 047 0.21 0.66 0.25 0.28 —0.12
Total REE 57.2 16.8 8.17 69.88

consistent with the ideal SiO,/Al,O; ratio (0.992 to
1.082) for kaolinite (Jepson and Rowse, 1975). The
(Na,0+K,0)/(CaO+MgO) ratio of smectite was 0.15,
indicating a Ca-montmorillonitic character (Ece and
Yiice, 1999).

The chemical index of alteration (CIA) for these
kaolinites varied between 90.65 and 96.58 in samples
YUY-10, YUY-19, and KURT-2, and 82.64 in smectite
sample SAK-24 (Table 4). The CIA values for secondary
clay minerals kaolinite, gibbsite, and chlorite, were 100;
illite and smectite values were 70—85 (Nesbitt and
Markovics, 1997). These values show that Ca and Na
were depleted from the environment during the altera-
tion processes.

Stable-isotope geochemistry of the Kiitahya kaolinites
and smectites

The oxygen- and hydrogen-isotopic compositions of
kaolinite (YUY-10, YUY-19, YUY-20, UL-11, KURT 2)
and smectite (YAG-6, UL-9, SAK-24) samples taken
from the Ydylik, Hisarcik, and Yagmurlar kaolinite
deposits (Table 5, Figure 13) indicated that the §'30 and
8D values of kaolinites ranged from 7.8 to 12.7%o and
from —54 and —83%o, respectively. The 8'%0 and 8D
values of smectites ranged from 17.4 to 20.2%o and from
—82 and —92%o., respectively. The isotopic data for
kaolinite and smectite samples fell to the left of the
supergene/hypogene line and plotted close to primary
magmatic H,O, indicating that the Kiitahya kaolinites
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Table 4. Chemical compositions (wt.%) and structural formulae for purified kaolinitic and smectitic samples.

Kaolinite Smectite
% YUY-10 YUY-19 KURT-2 Average SAK-24
SiO, 44.46 43.32 29.02 38.93 54.93
Al,O3 32.59 37.52 37.33 35.81 19.47
YFe,04 1.04 0.44 0.37 0.61 4.14
MgO 0.16 0.02 0.03 0.07 2.79
Ca0O 0.16 0.05 0.12 0.11 2.18
Na,O 0.02 0.02 0.23 0.09 0.05
K,O 0.11 0.12 3.06 1.09 0.57
TiO, 2.80 1.01 0.08 1.29 0.53
P,Os 1.52 0.78 1.13 1.14 0.21
MnO 0.01 0.01 0.01 0.01 0.02
Cr,03 0.032 0.042 0.006 0.02 0.004
LOI 15.1 15.5 27.0 19.2 14.8
Total 99.77 99.88 99.90 99.85 99.86
CIA 90.65 96.58 92.88 82.64
Si0,/Al,05 1.36 1.15 0.78 1.09
Tetrahedral
Si 4.0 3.86 3.15 3.67 7.69
Al 0.14 0.85 0.33 0.31
Octahedral
Al 3.46 3.80 3.90 3.72 2.88
Fe 0.07 0.03 0.03 0.04 0.45
Mg 0.02 0.003 0.005 0.009 0.59
Ti 0.19 0.07 0.007 0.09 0.05
Mn 0.0005 0.0008 0.001 0.0007 0.0025
Interlayer
Ca 0.02 0.005 0.014 0.013 0.34
Na 0.003 0.003 0.05 0.018 0.013
K 0.01 0.01 0.43 0.15 0.1
P 0.12 0.06 0.1 0.09 0.024
TC 0.0 0.14 0.85 0.33 0.31
ocC 0.60 0.22 0.17 0.33 0.62
TOT 0.60 0.36 1.02 0.66 0.93
1C 0.65 0.32 1.00 0.66 091

TC: tetrahedral charge, OC: octahedral charge, TOT: total charge, IC: interlayer charge.

and smectites developed by means of hydrothermal-
alteration processes (Sheppard and Gilg, 1996; Gilg et
al., 2003) (Figure 13). The isotopic values are consistent
with thermal waters of Kiitahya, which have 5'%0 values
that vary between —7.3 and —10.7%o, 6D values ranging
from —48.4 to —69.4%0, and which plot close to the
meteoric-water line (Burcak e al., 2007). The isotopic
data for kaolinite samples shifted to smaller 6D and
greater 80 values compared to smectitic samples
outward from the kaolinization zone, possibly controlled
by local hydrothermal temperature changes and/or large
degrees of fractionation between liquid and vapor during
the crystallization of these minerals (Faure, 1986).

The calculated temperatures of formation for kaolin-
ite samples using their 8'*0 values (5'%0 = 1.5%0) and
the isotopic-fractionation factor (o) between kaolinite
and water (expressed by 1000 In o = 2.76%10%/T>—6.75)

yielded the range 119.1—-186.9°C (Campbell et al., 1988;
Sheppard and Gilg, 1996) (Table 5). The formation
temperature for smectite using the 3'%0 values and o
between smectite and water (expressed by 1000 In o =
2.58%10%/T?—4.19) yielded a range of 61.8—84.5°C (Yeh
and Savin 1977; Savin and Lee, 1988).

DISCUSSION

Widespread kaolinite deposits that occur in the
Yiyluk, Hisarcik, Simav, and Gediz areas (Kiitahya,
western Anatolia) developed by hydrothermal alteration
of volcanic units related to the Middle—Late Miocene
and Pliocene volcanic and tectonic regime of the region.
The volcanic units consist of rhyolite, dacite, trachyte,
trachyandesite, andesite, andesitic basalt, and pyroclastic
rocks. Hydrothermal alteration of some of the rhyoda-
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Table 5. Oxygen- and hydrogen-isotope compositions of clay minerals from the Kiitahya kaolinite deposits, with calculated

temperatures.
Sample Mineral Yield 3'%0 V-SMOV  Wt.% H,0 3D V-SMOV  Formation temp.*
(%) (%0) (%o0) 0
YUY-10 kaolinite 14.4 7.8 13.1 —381 186.9
YUY-19 kaolinite 15.5 14.9 —83 167.1
YUY-20 kaolinite 14.9 9.8 13.6 —83 155.2
UL-11 kaolinite 16.7 10.9 14.7 73 140.4
KURT-2 kaolinite 15 12.7 15 —54 119.1
UL-9 smectite 14.8 18.8 9.1 —82 72.6
SAK-24 smectite 14.2 20.2 9.9 —88 61.8
YAG-6 smectite 155 17.4 11.4 —92 84.5

* Formation temperatures were calculated assuming 8" 0yater = 1.5%o0 (Campbell et al., 1988).

cite, dacite, andesite, and trachyandesite units resulted in
the development of kaolinite deposits in the Kiitahya
area.

Acidic hydrothermal solutions flushing along faults
and fractures during or following volcanic activity
resulted in kaolinization of feldspar and volcanic glass
in the volcanic units. These kaolinite deposits contain
vertical or subvertical silica and Fe-Ti-(oxyhydr)oxide
(pyrite, goethite/lepidocrocite, hematite, and rutile)
veins which decrease or disappear upward.
Mineralogical zonation from the kaolinite deposits
outward generally is: kaolinite + smectite + illite +
opal-CT + feldspar; feldspar + kaolinite + quartz +
smectite + illite; quartz + feldspar + volcanic glass.
Kaolinite predominates in the centers of the deposits,
and smectite and illite increase laterally. In addition,
clay minerals are accompanied by calcite, chalcedony,
garnet, and pumice fragments. Mineralogical zonation,
Fe (oxyhydr)oxide veins, silicification, and local brec-
ciation suggest that these kaolinite deposits developed
under the influence of hydrothermal activity (Inoue,
1995; Meunier, 2005; Kadir and Akbulut, 2009; Kadir
and Kart, 2009). These results are also supported by the
presence of pyrite, goethite/lepidocrocite, hematite, and
trace amounts of rutile determined using reflected-light
microscopy of silicified, Fe oxidized, and altered
samples.

Leaching of excess silica during and following
hydrothermal alteration of the volcanic rocks resulted
in the precipitation of siliceous caps above the Saklar,
Kurtdere, Yagmurlar, and Akgaalan kaolinite deposits
(Lavery, 1985; Sayin, 2007).

Textural and micromorphological determinations
revealed that sanidine has been sericitized, plagioclase
phenocrysts were zoned, and biotite and hornblende
have been partially or completely opacitized and
chloritized. Feldspars have been re-degraded, and
coexist locally with kaolinite at the edges of the
feldspars, smectite-illite, opal-CT, and chalcedony,
suggesting a dissolution-precipitation mechanism. The

leaching of K,0O, CaO, Fe,O3;, Rb+Ba, and Co, the
enriching of Sr, the depletion of HREE relative to LREE,
and the presence of negative Eu anomalies also suggest
that alteration of plagioclase, sanidine, hornblende, and
glass shards (volcanogenic components) resulted in an
increase in the (Al,O3)/(Na,O+CaO+K,0) ratio, which
favored precipitation of kaolinite under acidic environ-
mental conditions via a hydrothermal flux in an open
hydrologic system (Shikazono e al., 2008; Felhi et al.,
2008). Furthermore, linkage between volcanogenic
components and authigenic smectite also suggests that
dissolution of feldspar and volcanic glass favored the
formation of smectite in an alkaline environment via
relative increase of SiO,+Fe,O03+MgO+Na,O+
CaO+K,0 and decrease of Al,03+TiO, in a pore-water
flux within volcanic units outward from the kaolinite
deposits. The hydrothermal kaolinization process may
have developed following sericitization of K-feldspar
within the volcanic units (Parry et al., 1984). Dissolution
of feldspar and hornblende may have resulted in excess
K, causing conversion of smectite to illite under alkaline
environmental conditions in a pore-water flux system
(Braide and Huff, 1986; Erhenberg, 1991; Meunier and
Velde, 2004; Ziegler, 2006).

Micromorphologically, the occurrence of trace
fibrous and short rod-like authigenic halloysite in
kaolinite-rich samples KURT-2 and SAK-5 and the
coating of platy kaolinite by rod-like halloysite indicated
local alteration of volcanic materials and authigenic
precipitation of halloysite; the dehydration of halloysite-
to-kaolinite possibly developed over time (Huang, 1974;
Churchman and Gilkes, 1989; Arslan et al., 2006).

The sharp peaks at 7.2 and 3.57 A and non-basal
reflections, ideal DTA-TG curves, sharp bands in FTIR
spectra, pseudohexagonal to hexagonal forms, and SiO,/
Al O3 ratios from 0.78 to 1.36 in purified kaolinite
samples indicated a well crystallized kaolinite (Jepson
and Rowse, 1975; Kadir and Karakasg, 2002; Saikia et al.,
2003). The CIA values between 90.65 and 96.58 for
kaolinite and 82.64 for smectite in pure clay samples are
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compatible with international standards (Nesbitt and
Markovics, 1997).

The calculated temperature of formation for the
Kiitahya kaolinite, using 5'%0 wvalues, was
119.1—-186.9°C, consistent with thermal-water reservoir
temperatures of 38—232°C from western Anatolia, as
reported by Mutlu and Giile¢ (1998). The 8**S from the
Saphane alunite deposit (Kiitahya) also revealed a
magmatic origin for sulfur (Mutlu ez al., 2005). Using
8'%0 values, the formation temperature for the Kiitahya
smectite was 61.8—84.5°C; this temperature range also
supports the suggestion of a hydrothermal mechanism
and lateral decrease in temperature from kaolinite in the
center to smectite outward from the kaolinite deposits.

CONCLUSION

The Kiitahya kaolinite deposits formed by hydro-
thermal alteration of dacite, andesite, and tuffs, products
of Neogene volcanism which were controlled by tectonic
activity. These alteration processes resulted in miner-
alogical zonation outward from the main kaolinite
deposits, as follows: kaolinite £ smectite + illite +
opal-CT + feldspar; feldspar + kaolinite + quartz +
smectite + illite; quartz + feldspar + volcanic glass. The
decrease in the (Al,O3+Ti0;)/(Si0,+Fe,O53+MgO+
Na,0+Ca0+K,0) ratio from the center of the kaolinite
deposit outward also supported the hydrothermal-zona-
tion hypothesis, consistent with the calculated tempera-
tures of formation for the Kiitahya kaolinites and
smectites (119.1-186.9°C and 61.8-84.5°C,
respectively).

On the basis of altered feldspar edged by kaolinite,
enrichment of Sr, depletion of Rb+Ba, a negative Eu
anomaly, and depletion of the HREE relative to the
LREE, kaolinite is suggested to have formed by a
dissolution-precipitation mechanism under acidic envir-
onmental conditions in an open hydrologic system, and
outward, smectite formed authigenically in an alkaline
environment controlled by pore-water flux. Similar
alkaline conditions resulted in the conversion of smectite
to illite in the presence of excess K.
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