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Abstract—The Giizelyurt kaolinite deposit is an important source of raw material for the ceramics
industry in Turkey. No detailed mineralogical or geochemical characterizations of this deposit have been
undertaken previously and these were the goals of the present study. The Giizelyurt alunite-bearing
kaolinite occurs along a fault zone in the Late Miocene Gordeles ignimbrite, which consists of dacitic and
andesitic tuffs. Horizontal and vertical mineralogical zonations with gradual transitions were observed
within the alteration zone. The inner kaolinite, alunite, and 7 A halloysite zones progress horizontally
outward to a smectite zone; and native sulfur- and cinnabar-bearing alunite with 7 A halloysite and porous
silica zones increase as one progresses up through the profile. Fe-(oxyhydr)oxide phases associated with
native sulfur and cinnabar demonstrate that multiple hydrothermal-alteration processes resulted in
kaolinization and alunitization of the deposit. The kaolinization of feldspar, Fe-(oxyhydr)oxidation of
hornblende and mica, the presence of kaolinite as stacked and, locally, book-like forms, and of 7 A
halloysite tubes, and smectite flakes as a blanket on altered volcanic relicts indicate an authigenic origin for
this deposit. The leaching of Si+ Mg + K and Ba + Rb, the retention of Sr, the enrichment of light rare earth
elements relative to the heavy rare earth elements, and the negative Eu anomalies suggest that fractionation
of plagioclase and hornblende occurred within the volcanics. The oxygen- and hydrogen-isotopic values of
the kaolinite, 7 A halloysite, smectite, and smectite + kaolinite fractions reflect a steam-heated
environment at temperatures in excess of 100°C. An increase in the 5D and 5'%0 values of 7 A halloysite
relative to kaolinite suggests its formation under steam-heated magmatic water, the mixing of steam and
meteoric water near the surface, and evaporation. The oxygen- and sulfur-isotopic compositions of alunite
suggest the direct influence of steam-derived sulfur. The Giizelyurt alunite-bearing kaolinite deposit is
inferred to have formed after an increase in the (Al+Fe)/Si ratio and the leaching of alkali elements, which
are driven by the sulfur-bearing low-temperature hydrothermal alteration of feldspar, hornblende, and
volcanic glass under acidic conditions within the Neogene dacitic and andesitic tuffs.

Key Words—Alunite with 7 A halloysite, Geochemistry, Hydrothermal Alteration, Ignimbrite,
Kaolinite, Micromorphology, Turkey.

INTRODUCTION ential thermal and thermogravimetric analyses; scanning

and transmission electron microscopy; geochemical mod-
eling of mass gains and losses of major, trace, and rare-

Kaolinite deposits generated by hydrothermal action or
weathering, or both, within volcanic units, are common in

Anatolia (Kadir and Karakag, 2002; Arslan et al., 2006;
Ece and Schroeder, 2007; Ece et al., 2008; Kadir and
Akbulut, 2009; Kadir et al., 2011; Erkoyun and Kadir,
2011; Kadir and Erkoyun, 2013). In the Giizelyurt area,
the kaolinite deposit has a reserve of ~2,000,000 tons as
estimated by a systematic exploration program of the
General Directorate of Mineral Research and Exploration
of Turkey (MTA) during the period 1975-1977
(Kigiiksille, 1979). A previous study, based on the
geology and mineralogy of the Giizelyurt kaolinite deposit
and its use as an industrial raw material, was completed
by Fujii et al. (1995). No detailed information was
provided in terms of polarized-light microscopy; differ-
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earth elements during alteration; crystal chemistry; or
stable isotope composition of this kaolinite deposit which
is an important source of raw materials for the ceramics
and paper industries in Turkey. The present study focused
on the mineralogy, micromorphology, geochemistry, and
stable-isotope geochemistry of the Giizelyurt kaolinites
within the volcanic units which developed in a tectoni-
cally controlled hydrothermal system. New data are
provided to help explain the physicochemical conditions
of the hydrothermal alteration processes and genesis of
the kaolinite, 7 A halloysite, and associated alunite within
the volcanic units in Anatolia.

GEOLOGICAL SETTING AND GENERAL
FEATURES OF THE KAOLINITE DEPOSIT

The basement rocks of the study area consist of
Paleozoic metamorphic rocks (calc-schist, quartz-schist,
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Figure 1. Simplified geological map of the Giiz

gneiss, and marble) of the Kirgehir Massif. These rocks
are overlain tectonically by Mesozoic ophiolitic rocks and
were intruded by Senonian plutonic rocks (Figures 1, 2).
The basement rocks are overlain unconformably by
lacustrine sediments intercalated with volcanic rocks of
the Late Miocene Urgiip Formation. These volcanics are
the Sarimadentepe, Cemilkdy, and Gordeles ignimbrites,
and the Gelveri lava. The Quaternary units consist mainly
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of volcanics including basalt, andesite, rhyolite, cinder
cones, pyroclastics, travertine, and alluvium. The
Giizelyurt kaolinite deposit is found within the Urgiip
Formation and extends along a NE—SW-trending normal
fault related to the major Tuz Goli Fault. The kaolinite
deposit is ~300 m long, 100 m wide, and 25 m thick
(Figures 3, 4), and is underlain mainly by pinkish-white,
massive, and fractured marble consisting of coarse- or
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Generalized stratigraphic column of the study area (modified after Donmez et al., 2005).
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Figure 3. Sketch and profiles of the Giizelyurt kaolinite deposit.

medium-grained calcite crystals. The kaolinite deposit
was formed by hydrothermal alteration of dacite- and
andesite-type Gordeles ignimbrite (Temel et al., 1995).
Alteration zones are present in these deposits. Kaolinized
dacitic and andesitic tuffs crop out at the lower part of the
deposit, and the alunite + 7 A halloysite zone crops out in
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the andesitic unit in the central and upper parts of the
deposit. The intensity of kaolinization decreases and
alunite increases upward. These units enclose native
sulfur and cinnabar disseminations and are covered by a
porous silica cap. A smectite zone occurs outside the
kaolinite deposit. The lower part of the smectite zone is
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Figure 4. Field view of: (a) silica cap on the uppermost kaolinite deposit; (b) development of smectite between kaolinite and basaltic
lava; (c) presence of andesite clasts in kaolinized units; (d) close-up view of alunite; (e) close-up view of the cinnabar associated with
alunite; and (f) close-up view of cinnabar, manganese, and native sulfur associated with alunite.

pale green while the upper part is a reddish-brown,
laminar, plastic, and silty smectitic mudstone. This
mudstone is fractured and encloses light purple-colored
native sulfur and cinnabar. The smectite zone also
encloses agglomeratic pyroclastic flow lenses that have
an andesitic character and are overlain by black,
gray—dark gray and brown fractured basaltic lava.
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MATERIALS AND METHODS

In the field, typical stratigraphic sections were
measured to study vertical and lateral variations within
the Giizelyurt kaolinite deposit that occurred in the
Gordeles ignimbrite. Characteristic fresh and altered
samples were collected (Figure 3) and examined under a
polarizing microscope (Nikon-LV 100Pol).
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The mineralogical characteristics of the samples were
determined by powder X-ray diffraction (XRD) (Rigaku
Geigerflex), scanning electron microscopy (SEM-EDX)
(JEOL JSM 84A-EDX), and transmission electron micro-
scopy (TEM) (JEOL JEM-21007). The clay mineralogy
was determined after separation of the clay fraction
(<2 um) by sedimentation, followed by centrifugation of
the suspension after an overnight dispersion in distilled
water. The clay particles were dispersed by ultrasonic
vibration for ~15 min. Three oriented specimens of the
<2 um fraction of each sample were prepared by air
drying, ethylene-glycol solvation at 60°C for 2 h, and
thermal treatment at 550°C for 2 h. The mineralogy of the
bulk samples was determined by XRD with CuKa
radiation and a scanning speed of 1°20 min~' at the
Turkish Petroleum Corporation (TPAO). Semi-quantitative
abundances of rock-forming minerals were obtained using
Brindley’s (1980) external standard method, whereas the
relative abundances of clay-mineral fractions were deter-
mined using their basal reflections and the mineral
intensity factors described by Moore and Reynolds (1989).

Representative clay-dominated bulk samples were
prepared for the SEM-EDX analysis by adhering the
fresh, broken surface of each sample onto an aluminum
sample holder with double-sided tape and coating thinly
(350 z&) with 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
each clay suspension was placed on carbon-coated
copper grids and dried at room temperature.

Differential thermal and thermogravimetry analyses
(DTA-TG Rigaku TAS 100 E) were performed on the
selected samples at Eskisehir Osmangazi University.
The DTA-TG curves were obtained from 10 mg of
powdered sample in a Pt sample holder, heated at an
average rate of 10°C/min with an alumina reference.

Chemical analyses of 20 fresh and altered volcanic
whole-rock samples were performed at the Acme
Analytical Laboratories Ltd. (Canada) using inductively
coupled plasma—atomic emission spectroscopy (ICP-
AES) for major and trace elements and inductively
coupled plasma—mass spectroscopy (ICP-MS) for rare-
earth elements (REE). The detection limits for the
analyses were between 0.01 and 0.1 wt.% for major
elements, between 0.1 and 5 ppm for trace elements, and
between 0.01 and 0.5 ppm for the REE.

Enrichment and depletion of elements were estimated
using the procedure of MacLean and Kranidiotis (1987).
In these calculations, zirconium was assumed to be the
most immobile element, based on calculated correlation
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 calculations can be written for SiO, (MacLean
and Kranidiotis, 1987) as follows:
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Si0, wt.% altered

SiO, =
Zr ppm altered

x Zr ppm fresh

Gain and loss of mass (AC;) for each element were
determined by subtracting the calculated values of
reconstructed compositions (RC) from the concentra-
tions of components in the least-altered samples using
the formula given above.

Approximate structural formulae for kaolinite, 7 A
halloysite, and smectite were determined for the <2 pm
clay samples with the largest 7 A halloysite and smectite
contents. These samples were sieved to <2 mm; 100 g of
the sieved sample was mixed with deionized water and
disaggregated using a Stir-pak mixer head and mixer
controller. The <2 um fractions were subsequently
isolated from the silt (2—50 pum) using repeated
siphoning of the dispersed material. The clay fractions
were separated by sedimentation of the suspension after
24 h of dispersion in distilled water and removal of the
upper 5 cm, followed by centrifugation for 10 min at
2451 x g (4000 rpm) using a Hettich Rotofix 32A
centrifuge. The silica and phosphorous content were
corrected for impurities such as amorphous materials
and accessory P,0s, which was not removed and not
detected by XRD.

The approximate structural formulae of kaolinite and
7 A halloysite were calculated based on O;9(OH)g, and of
smectite based on O,9(OH)4 by the following procedure:
the tetrahedral sites of kaolinite and of 7 A halloysite were
filled with Si and Al to a sum of four, and tetrahedral sites
of smectite were filled with Si and Al as needed to a sum
of eight. The remaining Al in kaolinite, 7 A halloysite,
and smectite was assigned to octahedral sites. All iron,
considered to be ferric, and all Mn and Ti were assigned
to the octahedral site. Ca, Na, and K were deemed to be
exchangeable interlayer cations.

Eight kaolinite-, 7 A halloysite-, smectite-bearing clay
fractions were purified and analyzed for the H and O
stable isotopes in the Cornell Isotope Laboratory at
Cornell University, New York. The isotope corrections
were performed using a two-point normalization (regres-
sion) based on international standards (IAEA CO-1 and
IAEA CO-8) for 8'®0 and CH-7 and benzoic acid for 3D.
The analyses were performed using a Thermo Delta V
isotope ratio mass spectrometer interfaced with a
temperature-conversion elemental analyzer. The delta
values for 2H and "0 were measured against the primary
reference scale of Clayton and Mayeda (1963). The data
are reported in standard delta notation as per mil
deviations from V-SMOW (Vienna Standard Mean
Ocean Water). The standard deviation for internal stan-
dard benzoic acid for 8'%0 is 1.01%o and for 8D is 1.24%o.

The 8**S + §'%0 were determined on seven alunite
samples which were selected carefully by handpicking
under a binocular microscope. Stable-isotope analyses
(5**s + 8'0) were conducted at the University of
Arizona Department of Geosciences using an MAT
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261-8 mass spectrometer. The results of 8**S (referenced
to V-CDT — Vienna Canyon Diablo Troilite) and
3" 0guirate (referenced to V-SMOW) are listed in
Table 6.

5°*S was measured on SO, gas in a continuous-flow
gas-ratio mass spectrometer (ThermoQuest Finnigan
Delta PlusXL, Tucson, Arizona, USA). The samples
were combusted at 1030°C with O, and V,05 using an
elemental analyzer (Costech, Tucson, Arizona, USA)
coupled to the mass spectrometer. Standardization is
based on international standards OGS-1 and NBS123
(Hosono er al. 2014), and several other sulfide and
sulfate materials for sulfur that have been compared
between laboratories. Calibration is linear in the range
—10 to +30%o. Precision is estimated to be +0.15%0 or
better (1o) based on repeated internal standards.

The 3'80 of sulfate was measured on CO gas in a
continuous-flow gas-ratio mass spectrometer (Thermo
Electron Delta V, Tucson, Arizona, USA). The samples
were combusted with excess C at 1350°C using a thermal
combustion elemental analyzer (ThermoQuest Finnigan,
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Tucson, Arizona, USA) coupled to the mass spectro-
meter. Standardization is based on international standard
OGS-1. Precision is estimated to be +0.4%o0 or better
(1o), based on repeated internal standards.

RESULTS

Mineralogical determinations

The dacitic and andesitic ignimbrite has a porphyritic
texture and consists of plagioclase, hornblende, biotite,
andesitic rock fragments, and devitrified volcanic glass
(Figure 5). The plagioclase often shows argillization,
whereas the hornblende and mica crystals are (oxyhydr)-
oxidized (Figure 5a—d).

The XRD analyses of the bulk samples and clay
fractions taken from the Giizelyurt kaolinite deposit are
listed in Table 1 and traces are shown in Figure 6.
Kaolinite, 7 A halloysite, alunite, and smectite-type
alteration products are accompanied by feldspar, quartz,
and opal-CT and locally by calcite and accessory horn-
blende and dolomite. Kaolinite and alunite are present in

Figure 5. Photomicrographs of: (a,b) Fe-(oxyhydr)oxide hornblende crystals; plain-polarized light (OC2-3); (c) altered amphibole
crystal associated with Fe-(oxyhydr)oxide; plain-polarized light (OC1-4); and (d) Fe-(oxyhydr)oxide mica crystal; plain-polarized
light (OC2-3).
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Table 1. Mineralogical compositions of the fresh and altered samples.

Sample Rock type  kin hal alu sme qz opl hbl fsp dol

0OCl1-1 Altered tuff + +++ acc

OCl1-1A Altered tuff -

0Cl1-2 Mudstone +H++ +

0C1-3 Mudstone + - acc acc

0Cl1-4 Mudstone acc -+ acc

0OCl1-5 Mudstone -+

0oCl1-7 Altered tuff + ++++ acc

0C1-8 Altered tuff +++ ++ acc

0OCl1-10 Altered tuff acc -+ acc acc

OC1-10A  Altered tuff ++++ + acc

0OCl1-15 Altered tuff -+ + acc

OC1-15B  Altered tuff ++++ ++ acc acc

0OCl1-16 Mudstone + -+ acc acc

0Cl1-17 Mudstone +H++ + acc

0C1-18 Mudstone R

0OCl1-19 Silica -+ ++

0C1-20 Silica -

0C2-1 Altered tuff ++++ + acc acc

0C2-2 Altered tuff ++++ + acc acc

0C2-5 Mudstone -+ acc acc

0C2-7 Altered tuff ++++ + acc acc acc

0C2-8 Altered tuff -+ acc acc

0C2-9 Mudstone acc e acc

0C2-10 Altered tuff -+ acc acc acc

0C2-11 Altered tuff acc -+ +

0C2-12 Altered tuff +++ + acc

0C2-13 Altered tuff + + +H+ acc

0C2-15 Silica -+

0C2-16 Altered tuff S + acc

0C2-17 Altered tuff ++++ + + acc

0C2-18 Altered tuff ++ A+ acc

0C2-19 Mudstone acc -+ acc acc

0C2-20 Altered tuff -+ acc

0C2-21 Altered tuff - acc +

kin: kaolinite, hal: 7 A halloysite, alu: alunite, sme: smectite, qz: quartz, opl: opal-CT, hbl: hornblende, fsp: feldspar,
dol: dolomite, acc: accessory, +: relative abundance of mineral.

the central part of the deposit. Kaolinite appears in the
NW part of the deposit, whereas alunite and alunite-
bearing kaolinite are present in the SE part of the deposit.
Kaolinite dominates in the lower level, and 7 A halloysite-
bearing alunite dominates in the middle and upper levels
of the SE part of the kaolinite deposit. An inverse
relationship exists between kaolinite and alunite + 7 A
halloysite in the deposit. Smectite was formed as a result
of the alteration of basaltic units and predominates in the
green and reddish-brown mudstones, stratigraphically
above and laterally away from the deposit.

Kaolinite and 7 A halloysite are identified by sharp
peaks at ~7.18 and 3.58 A and non-basal reflections of
doublets and triplets at 4.47, 4.37, 2.57, 2.50, 2.38, 2.34,
and 2.30 A (Brindley, 1980; Wilson, 1987) (Figure 6).
The basal reflection at 7.2 A is not affected by ethylene-
glycol treatment. The 7.2 A peak collapsed at 550°C due
to dehydroxylation. Alunite is identified by sharp peaks
at 5.72, 4.95, 3.49, 2.98, 2.88, 2.28, 1.90, and 1.49 A.
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Smectite was identified by a narrow peak at 15.17 A
which expanded to 18.09 A with ethylene-glycol
treatment and then collapsed to 10.39 A after heating
at 550°C for 2 h (Figure 6). The dygo value of 1.50 A
indicated dioctahedral smectite (Moore and Reynolds,
1989). The XRD background of some of the alunite-
kaolinite-bearing samples is slightly elevated, possibly
due to the presence of a poorly crystalline phase. The
opal-CT 1is recognized by 4.32 and 4.06 A reflections
and a slight elevation of the XRD background of some of
the kaolinite-bearing samples, possibly due to the
presence of a poorly crystalline phase.

SEM-EDX, TEM, and mineral chemistry

Kaolinite occurs as platy crystals with euhedral to
subhedral hexagonal outlines, mostly arranged face-to-
face in elongated book-like stacks or as vermiform
crystals (Figure 7a,b). The kaolinite plates have dimen-
sions of 2 um x 5 pm. In the altered volcanic units, 7 A
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Figure 6. XRD patterns of altered volcanic samples. kin: kaolinite, hal: 7 A halloysite, alu: alunite, sme: smectite, qz: quartz, fsp:
feldspar, opl: opal-CT.
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halloysite occurs as masses of rod-like forms coexisting
with cubic alunite crystals (2—7 pm) and devitrified
volcanic glass (Figure 7¢c—f).

Smectite crystals exhibit a well defined, web-like
morphology, which developed authigenically as grain
coatings on relict feldspar and volcanic grains
(Figure 7g—j). These individual flaky crystals range
from 1 to 5 um in diameter.
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The silica-cap samples are characterized by lepi-
spheres composed of sub-rounded accumulations of
acicular crystals (~3 pm) of opal-CT (Figure 7k). The
gypsum crystals have a highly porous, elongate,
irregular prismatic lath texture (Figure 71).

The approximate structural formulae of kaolinite, 7 A
halloysite, and smectite were calculated from chemical
analyses of the clay fractions (Table 2). The resulting

Figure 7. SEM images of: (a,b) euhedral kaolinite-crystal stacks, with vermiform structure (OC2-1); (c) euhedral cubic alunite
crystals (OC1-1A); (d) euhedral cubic alunite crystals in association with rod-like 7 A halloysite (OC2-2); (e) subparallel 7 A
halloysite rod coexisting with alunite in a microfracture (OC2-2); (f) development of a sub-parallel 7 A halloysite rod between
alunite crystals (OC1-1); (g—1i) the formation of smectite flakes in dissolution voids of altered volcanic materials (OC1-4); (j) highly
altered volcanic materials associated with a highly porous structure (OC1-2); (k) acicular crystal accumulation and development of
lepisphere structures of opal-CT coexisting with minor gypsum crystals (OC2-15); and (1) prismatic laths of gypsum with a rosette-
like structure (OC2-15).
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Table 2. Chemical compositions (wt.%) and structural formulae for purified kaolinite, 7 A halloysite, and smectite samples.

Major oxides 0C2-1 ,0C2-2 0C2-5
(Wt.%) kaolinite 7 A halloysite smectite
SiO, 44.14 44.16 51.79
Al,O5 36.40 36.09 15.61
YFe,0; 1.71 2.28 7.86
MgO 0.39 0.71 3.14
Ca0O 0.34 0.61 2.21
Na,O 0.62 0.05 0.20
K>0 1.27 0.34 0.47
TiO, 0.96 0.65 0.43
MnO 0.01 0.01 0.06
LOI 14.00 14.90 17.90
Total 99.84 99.80 99.67
CIA 94.23 97.30 84.42
Si0,/Al,03 1.21 1.22 3.31
Si0,/R,04 1.16 1.15 2.20
Tetrahedral

Si 3.90 3.92 7.67
Al 0.10 0.08 0.33
z 4.00 4.00 8.00
Octahedral

Al 3.69 3.69 2.39
Fe 0.11 0.15 0.88
Mg 0.05 0.09 0.69
Ti 0.06 0.04 0.05
Mn 0.001 0.001 0.01
z 391 3.98 4.02
Interlayer

Ca 0.03 0.06 0.35
Na 0.11 0.01 0.06
K 0.14 0.04 0.09
b 0.28 0.11 0.51
Tetrahedral charge 0.10 0.09 0.32
Octahedral charge 0.24 0.08 0.60
Total charge 0.34 0.17 0.92
Interlayer charge 0.31 0.16 0.85
Xt/x0 0.41 1.02 0.53

formulae of kaolinite, 7 A halloysite, and smectite are as
follows: (Siz.90Alo.10)(Al3.69Fe0.11Mg0.05Ti0.06Mn0.001)
(Cap.03Nag.11Ko.14)010(OH)g, (Siz02Alo.0s) (AlzeoFeo.1s
Mgo.00Ti0.04Mno.001)(Cag.06N20.01K0.04)O010(OH)sg, and
(Si7.67A10.33) (Al 30Feg.8sMgo.69Tio.0sMng.o1)
(Cag.35Nag.06K0.09)O020(OH)4, respectively.

The tetrahedral sites of kaolinite, 7 A halloysite, and
smectite are filled with Si cations which have been
substituted by some of the Al. AI’" is the abundant
octahedral cation of kaolinite, 7 A halloysite, and
smectite. Traces of Fe', Mg, Ti, and Mn, referred to
as ‘R’, substitute for some of the Al. Thus, these clays
are characterized as Fe-bearing kaolinite, 7 A halloysite,
and smectite.

The SiO,/Al,03 and SiO,/R,0; ratios of 1.21 and
1.16 for pure kaolinite, of 1.22 and 1.15 for pure 7 A
halloysite, and of 3.31 and 2.20 for pure smectite,
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respectively, are consistent with the ideal ratios reported
by Jepson and Rowse (1975).

Determinations by TEM revealed that the Giizelyurt
kaolinite exhibits euhedral, hexagonal forms with
regular outlines characteristic of well crystallized
kaolinite (Figure 8a—f). The kaolinite plates are up to
200 nm x 300 nm in size and 10—20 nm thick. The 7 A
halloysite exhibits tube-like forms, with a 70—100 nm
diameter, and are ~10 nm thick and 450 nm long
(Figure 8d—f).

DTA-TG

The DTA-TG curves for kaolinite, 7 A halloysite,
alunite, and smectite represent typical thermal reactions
and are consistent with the results of XRD, SEM-EDX,
TEM, and chemical analyses. The reaction of the
Giizelyurt kaolinite and 7 A halloysite upon heating
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Figure 8. TEM image of: (a—c) hexagonal platy kaolinite crystals (OC2-1) and (d—f) rod-like 7 A halloysite (OC2-2).
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Figure 9. DTA-TG curves for kaolinite (OC2-1), 7 A halloysite (OC1-15), alunite (OC1-1A), and smectite (OC2-5) samples.
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show similar peaks (Figure 9). Kaolinite sample OC2-1
shows a strong and symmetrical endothermic peak at
~550°C (weight loss = 14%) and an exothermic peak at
1000°C (weight loss = 6%). The endothermic and
exothermic peaks are attributed to the dehydroxylation
of kaolinite rather than dickite and nacrite. Both dickite
and nacrite have dehydroxylation peaks at higher
temperatures, ~680°C (MacKenzie, 1957; Paterson and
Swaffield, 1987; Yuan and Murray, 1993; Chen et al.,
2001; Lanson et al., 2002; Njoya et al., 2006). The 7 A
halloysite sample OC1-15 is characterized by two
endothermic peaks at 155°C (weight loss = 3%) and
543°C (weight loss = 9%) and an exothermic peak at
988°C (weight loss = 2%) (MacKenzie, 1957; Paterson
and Swaffield, 1987).

The DTA-TG curves of alunite sample OCI-1A
exhibited the first strong asymmetric endothermic peak
at a temperature of 520°C (weight loss = 14%), the
second widespread peak at 708°C (weight loss = 16%),
and the last and faintest peak at 835°C (mean 835°C,
weight loss = 7%) (Figure 9). The first endothermic peak
is attributed to the initial dehydroxylation, the second
and the final peaks represent elimination of sulfur due to
the decomposition of alunite structure, as reported by
Ece and Schroeder (2007).

The DTA-TG analysis of the smectite-dominated
OC2-5 sample shows a large asymmetric endothermic
peak at ~110—165°C (weight loss 9.5%), a medium-
sized endothermic peak at ~339°C (weight loss = 2.7%),
and a final, small endothermic peak at 669°C (weight
loss = 2.4%) (Figure 9). Similar peaks were obtained by
Mackenzie (1957), Imai et al. (1969), Smykatz-Kloss
(1974), Paterson and Swaffield (1987), and Jones and
Galan (1988). The DTA curve shows a decline starting at
~900°C, possibly reflecting decomposition to sintering
phases.

The Giizelyurt kaolinite deposit
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Geochemistry

Chemical analyses of the Glizelyurt kaolinite samples
are given in Table 3. The samples are characterized by
large values of Al,O3 (avg. 11.14—23.87%), Fe,O5 (avg.
2.7-4.71%), SiO, (avg. 55.1-39.3%), and loss on
ignition (LOI) (avg. 17.4-25.07%). The LOI is an
important indicator for degree of alteration. Compared
with kaolinite, the amount of Al,O; + K,O + LOI and
SO; + Hg increases upward through the deposit
sequence, concomitant with an increase in alunite and
7 A halloysite. Sample OC1-9 is dominated by SOj
(42.66%) and Hg (9.55 ppm), however, reflecting the
presence of native sulfur and cinnabar, respectively.

Using mass gains and losses (MacLean and
Kranidiotis, 1987), enrichments and depletions of
major and trace elements from fresh to altered samples
were observed (Table 4; Figure 10). Si, Mg, K, Ba, Rb,
Y, and Pb were depleted during the alteration of
feldspar, hornblende, biotite, and volcanic glass derived
from the volcanic units. Conversely, Al, Fe, Ca, Hg, Sr,
V, As, and XREE were enriched during this process.

Light REEs (LREE) such as La, Ce, and Nd were
enriched relative to the heavy REEs (HREE) (Figure 11).
The LREEs had an increasing intensity of degree of
alteration within the volcanic units and exhibited a
negative Eu anomaly in the kaolinized and alunitized
materials.

Stable-isotope geochemistry

The results of D- and O-isotopic analyses of purified
kaolinite, 7 A halloysite, smectite, and smectite +
kaolinite fractions are listed in Table 5 and plotted in
Figure 12. The 8D and §'%0 values of kaolinite and 7 A
halloysite range from —132.92%o, to —101.81%o, and
from 0.56%o to 7.64%o, respectively. The 8D and §'%0
values of the smectite and smectite + kaolinite fraction

Table 3. Chemical compositions of the fresh and altered tuff samples.

Major oxides Fresh tuff Altered tuff

(Wt.%) 0C3-3  0C3-6 0OC3-7 Average OCl-1 OCl-1A OCl-2 OCl4 OCl-7 OCl-8 OC1-9
SiO, 70.2 57.3 37.9 55.1 37.2 2.3 56.6 52.5 40.6 59.6 <0.1
AlLO3 9.25 14.06 10.1 11.14 31.10 36.47 2381 16.52 2245 22.78 <0.01
>Fe,03 3.49 2.08 2.53 2.7 0.38 0.34 3.16 5.8 0.08 1.59 <0.01
MgO 0.8 0.58 2221 7.86 0.22 0.19 0.6 224 0.2 0.75 3291
CaO 0.15 0.1 1.18 0.48 0.15 0.02 0.97 2.64 0.03 0.72 <0.01
Na,O 0.76 0.54 1.4 0.9 0.94 3.50 0.03 0.63 0.96 0.1 <0.01
K,0 3.03 424 1.55 2.94 2.60 5.13 0.33 0.97 4.41 0.49 <0.01
MnO 0.04 0.02 0.43 0.16 <0.01 <0.01 0.02 0.04 <0.01 0.01 <0.01
TiO, 0.56 04 0.29 0.42 0.29 0.01 0.7 0.67 0.52 0.44 <0.01
P,0s 0.25 0.43 0.07 0.25 0.27 0.45 0.08 0.07 0.27 0.08 <0.01
Cr,04 0.014 0.011 0.009 0.011 0.002 0.006  0.005 0.009 0.005 0.002 0.003
LOI 11.45 19.75 20.99 17.4 26.57 43.04 14.56 18.11 29.64 14.04 21.02
Total 100.17 99.76 98.81 99.58 99.84 91.63 100.88 100.23 99.26  100.63 53.96
TOT/C 0.32 0.13 431 1.59 0.05 0.07 0.02 0.03 0.02 0.02 <0.02
TOT/S 1.81 4.97 <0.02 2.26 5.48 14.15 0.13 0.03 8.05 0.08 18.03
SO, 0.112 0.454 1.762 0.776 0.157 6.750  0.003 0.41 0.679 0.028  42.662
V,0s5 0.018 0.012 0.01 0.013 0.020 0.034  0.022 0.017 0.028 0.016  <0.002
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Trace elements (ppm)

Cu <0.001  <0.001 <0.001 0.001  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Ni 0.003 0.001 0.003 0.002  <0.001 0.002  0.008 <0.001 <0.001 <0.001 <0.001
Pb 0.012 <0.001  <0.001 0.004 <0.001 0.006 <0.001 <0.001 <0.001 <0.001 <0.001
Sr 0.084 0.095 0.02 0.066 0.131 0.205  0.027 0.017 0.085 0.024 0.018
Zn 0.003 0.002 0.006 0.004 0.002 0.002  0.006 0.009 0.002 0.005 0.002
Ba 1563 2666 1184 1804 956 1726 157 216 576 273 <1

Be <l <l <l 1 <l <l <l 2 <l 2 <l

Co 1.7 0.2 16.5 6.1 0.2 <0.2 1.5 12.1 <0.2 1.2 <0.2
Cs 14.7 283 26.4 23.1 15.9 1.9 29.7 17.9 214 49.4 <0.1
Ga 39.9 49.4 11.3 335 15.9 259 21.3 17.5 45.6 17.4 <0.5
Hf 7.2 4.9 39 53 1.5 <0.1 7 52 8.4 5.7 <0.1
Nb 15.8 11.3 8.7 11.9 43 0.2 17.9 12.2 26.1 13.6 <0.1
Rb 78.3 75 90.2 81.2 339 82.1 19 77.1 48.6 513 <0.1
Sn 1 <l <1 1 <l <l 3 1 2 1 <l

Sr 861.3 1005.3 216 694.2 1381 2236 277.9 156.5 884.8 1953 228.5
Ta 1.1 0.9 0.5 0.8 0.2 <1 1.1 0.7 1.5 1.1 <0.1
Th 57.5 32.8 12.9 344 24.0 34.1 17.4 15.8 20.5 20.1 0.8
U 4.6 2.9 23 33 1.9 0.6 1.5 1.4 5 3.3 <0.1
\Y% 95 71 57 74 114 208 115 97 162 93 <8

w 22 1.4 1.7 1.8 1.2 0.7 2.2 2.3 1.3 1.6 <0.5
Zr 290.5 192.8 160.8 214.7 60.3 24 2815 209.9 309.1 223.5 0.3
Y 134 8.6 13.4 11.8 43 3.7 12.9 253 32 15.1 <0.1
La 58.3 81.7 23.5 54.5 83.4 145.7 31.5 32.6 49.7 31.1 3.4
Ce 81.6 127.4 453 84.8 111.0 170.4 55.6 56 75.9 53 53
Pr 7.29 13.27 4.26 8.27 7.35 11.69 5.22 6.4 6.89 5.71 0.45
Nd 22.5 39.5 12.6 74.6 15.8 26.9 15.7 23.4 22.8 20.1 1.6
Sm 3.26 3.67 2.38 3.1 1.42 2.08 222 4.47 3.64 2.96 0.24
Eu 0.44 0.46 0.52 0.47 0.30 0.35 0.41 1.07 0.61 0.57 0.04
Gd 2.28 1.63 2.13 2.01 1.45 1.45 1.8 4.75 1.26 2.22 0.08
Tb 0.37 0.26 0.35 0.33 0.24 0.22 0.33 0.72 0.13 0.39 <0.01
Dy 2.25 1.71 1.98 1.98 1.13 1.01 1.83 4.03 0.56 2.45 0.05
Ho 0.52 0.32 0.46 0.43 0.19 0.20 0.47 0.91 0.1 0.58 <0.02
Er 1.47 0.94 1.48 1.3 0.51 0.45 1.5 2.9 0.34 1.77 <0.03
Tm 0.23 0.14 0.24 0.2 0.06 0.04 0.23 0.4 0.08 0.27 <0.01
Yb 1.72 1.07 1.54 1.44 0.41 0.27 1.77 2.42 0.62 1.97 <0.05
Lu 0.3 0.21 0.29 0.27 0.07 0.05 0.31 0.48 0.11 0.34 <0.01
Mo 1.2 0.6 0.7 0.8 <0.1 <0.1 0.1 <0.1 <0.1 0.4 <0.1
Cu 2.7 1.1 53 3.0 1.6 0.4 53 8.6 <0.1 1.1 <0.1
Pb 99.9 0.7 7.6 36.1 12.0 11.3 3.1 8.4 2.7 10 0.2
Zn 3 <l 15 6.33 1 <l 7 28 <0.1 5 2

Ni 21.5 11.8 17.3 16.9 0.5 0.5 1.4 11.9 0.2 2.9 0.3
As 45 6.9 20.4 24.1 3.5 3.5 7.9 32 24 12.2 <0.5
Cd <0.1 <0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 <0.1
Bi <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.2 0.3 <0.1 <0.1 <0.1
Ag <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au (ppb) 1.9 1.6 4.5 2.7 2.3 1.6 2.4 2.1 1.9 1.2 2
Hg 0.11 0.06 0.03 0.07 1.09 0.36 7.54 0.03 1.31 1.32 9.55
Ti <0.1 <l 0.2 0.13 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1
Se <0.5 <0.5 <0.5 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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Table 3 contd.

Major oxides

Altered tuff

(Wt.%) OC2-1 0C2-7 0C2-8 0C2-9 0C2-12 0C2-13 0C2-15 0C3-2 0C3-4 O0OC3-8 Average
SiO, 60.4 49.6 17.7 254 37 94.1 96.8 232 48.4 26 39.3
Al,04 21.9 20.73 29.99 24.79 11.44 0.58 0.1 28.96 19.37 0.25 23.87
2Fe,03 1.12 4.14 0.15 6.06 28.77 0.13 0.2 1.62 8.08 1.21 4.71
MgO 0.23 0.3 0.26 0.25 0.25 0.18 0.11 0.54 2.5 30.48 0.66
CaO 0.15 0.24 0.02 0.03 0.02 0.01 0.02 0.07 2.05 8.08 0.55
Na,O 0.56 0.73 221 1.19 0.23 0.02 0.07 1.86 0.52  <0.01 1.04
K,0 0.82 2.13 5.36 5.24 2.73 0.06 <0.01 4.44 036  <0.01 2.69
MnO <0.01 0.01 <0.01 <0.01 <0.01  <0.01 <0.01 <0.01 0.09 0.14 0.03
TiO, 0.46 0.33 0.61 0.53 0.61 0.74 0.34 0.16 0.82 0.02 0.47
P,05 0.1 0.13 0.87 0.82 0.89 0.03 <0.01 0.15 0.05 <0.01 0.33
Cr,03 0.001 0.003 0.01 0.014 0.013  0.004 0.057  0.004 0.007  0.018 0.006
LOI 15.09 21.36 37.86 33.99 17.33 427 299 3587 18.49 3198 25.07
Total 100.86 99.78 95.39 98.52 99.61 100.14  100.78  97.03 100.75  98.18 98.8
TOT/C 0.03 0.02 0.1 0.09 0.06 0.02 0.03 0.16 0.06 8.85 0.06
TOT/S 1.79 3.99 11.99 9.91 4.66 0.09 0.05 10.23 0.06 0.03 5.43
SO; 0.057 0.507 3.811 1.251 0205  0.072 0.064  1.197 0.097 1.771 1.166
V,0s5 0.005 0.02 0.034 0.049 0.068  0.004 0.004  0.023 0.031 0.004 0.028
Trace elements (ppm)

Cu <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 0.001
Ni <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.017 <0.001 0.004  0.004 0.005
Pb <0.001  <0.001 0.007 0.004 0.013 <0.001 <0.001 <0.001 <0.001 <0.001 0.003
Sr 0.018 0.049 0.394 0.381 0321  0.013  <0.002  0.09 0.011 0.002 0.135
Zn 0.001 0.003 0.002 0.002 0.003  0.003 0.003  0.002 0.008  0.002 0.004
Ba 511 614 3402 1887 3128 536 1705 961 349 64 1135

Be <1 <1 1 1 1 <1 <1 <1 <1 1 1

Co <0.2 0.7 0.2 <0.2 <0.2 <0.2 1.4 <0.2 19.9 29 2.84
Cs 39.3 25.8 20.3 16.8 36.3 17.2 1.2 13.4 3.3 <0.1 22.4
Ga 15.1 15.3 135.7 120.6 128.1 1.9 <0.5 17 19.1 <0.5 45.7
Hf 6.2 3.7 9.7 5.8 7.5 10.9 8.2 2.1 32 <0.1 5.5
Nb 12.7 9.1 17.8 12.4 17 25.1 8.8 4.5 5.7 <0.1 11.8
Rb 46.1 49.5 155 59.8 23.7 2.1 0.3 97.4 19.1 0.4 58.7
Sn 1 1 3 2 2 1 2 <1 1 <1 2

Sr 241.8 534.5 40448 4012.6 32929 71.9 126 9429 109.2 379 1408.5
Ta 1.1 0.7 0.7 0.9 1.1 1.9 0.7 0.3 0.4 <0.1 0.8
Th 11.3 12.1 232.8 121.8 54.5 5.7 1.7 11.9 6 0.2 44.8
U 1.2 1.1 29 2.8 3 1.8 1 0.9 1 0.3 2.0
\% 33 113 213 316 413 28 11 126 183 21 168

w 1.6 1.1 31.3 27.7 44 35.8 3.2 1 1.7 0.9 9.1
Zr 256.9 158 509.1 249.6 2422 440.7 286.1 83.6 108.5 0.8 207.3
Y 2.7 2.5 5.6 5.8 8.6 7.1 1.7 22 18.6 3.1 8.5
La 20.6 36.5 456.7 385.6 376.8 22.8 1 30.5 144 1.9 130.4
Ce 36.5 68.5 439.2 321.5 451.7 19.8 1.3 47.1 442 39 148.5
Pr 4.52 5.87 35.92 25.52 36.86 2.16 0.11 3.54 3.61 0.53 12.24
Nd 11.8 11.5 88.2 76.2 91.2 6 <0.3 9 132 2.7 32.8
Sm 0.69 0.52 9.65 8 8.82 0.57 <0.05 0.72 3.01 0.5 3.71
Eu 0.08 0.05 1.89 1.3 1.62 0.12 <0.02 0.07 0.8 0.11 0.70
Gd 0.44 0.32 5.49 3.99 5.25 0.59 0.13 0.37 3.19 0.5 2.46
Tb 0.06 0.05 0.51 0.36 0.49 0.12 0.02 0.06 0.57 0.07 0.32
Dy 0.27 0.35 1.73 1.14 1.99 1.04 0.17 0.37 3.4 0.41 1.56
Ho 0.1 0.08 0.25 0.2 0.3 0.23 0.05 0.06 0.76 0.07 0.32
Er 0.28 0.27 0.58 1.49 0.93 0.97 0.21 0.26 2.26 0.22 1.04
Tm 0.06 0.04 0.11 0.13 0.13 0.15 0.02 0.04 0.36 0.03 0.15
Yb 0.54 0.44 0.99 0.95 1.07 1.22 0.25 0.31 2.54 0.17 1.10
Lu 0.09 0.06 0.17 0.16 0.16 0.23 0.06 0.06 0.38 0.02 0.19
Mo 0.3 0.5 0.2 8.2 6.5 0.2 4.8 0.3 <0.1 29 1.30
Cu 0.7 1.1 2.7 3.7 2 0.2 5.4 1.4 255 3.8 4.17
Pb 1.8 2.5 114 4.6 11.2 43 35 2.3 5.9 0.2 6.7
Zn <1 2 1 2 <1 <1 <1 1 33 9 6.46
Ni <0.1 0.3 4.1 6 2 1.6 151 1.3 9.6 66.2 3.14
As 1 26.7 34.6 229.7 459.5 6.8 <0.5 18.1 3.7 5.8 62

Cd <0.1 <0.1 <0.1 <0.1 <1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1
Sb <0.1 <0.1 0.6 18 19.3 1.5 0.1 <0.1 0.1 0.6 29
Bi <0.1 <0.1 <0.1 <0.1 1.2 0.4 <0.1 <0.1 0.1 <0.1 0.2
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1
Au (ppb) 1 1.1 1.2 23 1.2 1 <0.5 1.2 3.6 2 1.8
Hg 0.05 0.04 4.85 2.61 297 0.22 10.98 1.08 0.08 0.4 1.79
Ti <0.1 <0.1 0.3 0.3 12 0.3 <0.1 <0.1 <0.1 0.9 0.1
Se <0.5 <0.5 <0.5 <0.5 0.8 <0.5 <0.5 <0.5 <0.5 <0.5 0.5
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Table 4. Mass gain and loss for the samples based on the composition (ppm) of average fresh composition and constant Zr.

Major oxides (wt.%) Fresh tuff Altered tuff RC AC;
Si0, 55.1 42.8 45.64 —9.46
Al,O4 11.14 18.3 25.46 14.32
2Fe,05 2.7 3.7 3.95 1.25
MgO 7.86 4.25 4.53 —3.33
CaO 0.48 0.9 0.96 0.48
Na,O 0.9 0.8 0.85 —0.05
K,0 2.94 2.1 2.24 —0.5
MnO 0.16 0.03 0.03 —0.13
TiO, 0.42 0.43 0.46 0.04
P,0s5 0.25 0.25 0.27 0.02
Cr,04 0.011 0.009 0.009 —0.002
LOI 17.4 27.72 29.56 12.16
Total 99.58 96.32 102.72 3.14
TOT/C 1.59 0.57 0.61 —0.98
TOT/S 2.26 5.22 5.57 3.31
SO; 0.776 3.51 3.74 2.96
V,0s5 0.013 0.02 0.02 0.007
Trace elements (ppm)

Cu 0.001 0.001 0.001 0
Ni 0.002 0.002 0.002 0
Pb 0.004 0.003 0.003 —0.001
Sr 0.066 0.11 0.11 0.044
Zn 0.004 0.003 0.003 —0.001
Ba 1804 1003.6 1070.3 —733.7
Be 1 1.12 1.19 0.19
Co 6.1 2.45 2.61 —3.49
Cs 23.1 18.24 19.41 —3.69
Ga 33.5 35.2 37.54 4.04
Hf 53 5.02 5.35 0.05
Nb 11.9 11.04 5.71 —6.19
Rb 81.2 45.03 48.02 —33.18
Sn 1 1.47 1.57 0.57
Sr 694.2 1097.7 1170.7 476.5
Ta 0.8 0.8 0.83 0.03
Th 34.4 34.75 37.1 2.7
u 33 1.75 1.87 —1.43
\% 74 132.59 141.4 67.4
w 1.8 9.3 9.92 8.12
Zr 214.7 201.32 214.7 0

Y 11.8 7.21 7.69 —4.11
La 54.5 101.42 108.16 53.66
Ce 84.8 115.35 123.01 38.21
Pr 8.27 9.95 10.61 2.34
Nd 74.6 25.7 27.4 —47.2
Sm 3.1 2.92 3.11 0.01
Eu 0.47 0.55 0.59 0.12
Gd 2.01 1.96 2.12 0.11
Tb 0.33 0.26 0.28 —0.05
Dy 1.98 1.29 1.38 —0.6
Ho 0.43 0.27 0.29 —0.14
Er 1.3 0.9 0.96 —0.34
Tm 0.2 0.13 0.14 —0.06
Yb 1.44 0.94 1 —0.44
Lu 0.27 0.16 0.17 —0.1
Mo 0.8 1.47 1.57 0.77
Cu 3.0 3.75 3.4 0.4
Pb 36.1 5.61 5.98 —30.12
Zn 6.33 5.65 6.03 —0.3
Ni 16.9 15.29 16.31 —0.59
As 24.1 48.21 51.41 27.31
Cd 0.1 0.15 0.16 0.06
Sb 0.1 243 2.59 2.49
Bi 0.1 0.2 0.2 0.1
Ag 0.1 0.1 0.1 0
Au (ppb) 2.7 1.68 1.79 —0.91
Hg 0.07 2.62 2.79 2.72
Ti 0.13 0.26 0.28 0.15
Se 0.5 0.52 0.55 0.05
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Figure 10. Mass change of the major elements (g/100 g) and
trace elements (ppm/100 g) within the study area.

range from —150.09%0 to —123.61%o, and from —4.33%o
to —0.66%o, respectively. These isotopic data fall close
to the left side of the kaolinite line in equilibrium with
the meteoric waters at temperatures of >100°C.

The sulfur- and oxygen-isotopic compositions of
alunite range from 6.0%o to 9.4%o and from 5.5%o to
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10.3%o0, respectively. These compositions reflect the
involvement of steam-derived sulfur (Table 6;
Figure 13; Hedenquist and Lowenstern, 1994; Rye, 2005).

DISCUSSION

The Glizelyurt kaolinite deposit of Aksaray is hosted
by the Late Miocene Gordeles ignimbrite and consists of
dacitic and andesitic tuffs. The kaolinite formed as a
result of hydrothermal activity that developed along an
active tectonic fault trending in a NE—SW direction.
Lateral and vertical mineralogical zonation is character-
ized by a gradual transition from an inner kaolinite +
alunite + 7 A halloysite zone outward to a smectite zone
with increase of native sulfur and cinnabar-bearing
alunite + 7 A halloysite, and a porous silica zone
upward through the sequences of kaolinite deposits. Fe-
(oxyhydr)oxide phases associated with native sulfur and
cinnabar demonstrate that multiple hydrothermal-altera-
tion processes resulted in kaolinization and alunitization
of the deposit. This inference is also supported by
concentrations of Fe,O; (max. 28.77%), SOz (max.
42.66%), Hg (max. 10.98 ppm), Ba (max. 3402 ppm),
and Sr (max. 4045 ppm) in the altered volcanic units,
which are similar to those reported by Nagasawa (1978)
and Inoue (1995). The degradation of Fe-bearing horn-
blende and biotite results in iron oxidation which was
found through petrographic determinations.

On the basis of textural and chemical analyses,
argillization of feldspar and Fe-(oxyhydr)oxidation of
hornblende and mica in the poorly welded, permeable,
altered volcanic units are caused by an open hydrologic
system. Thus, advanced alteration of feldspar, horn-
blende, biotite, and volcanic glass in the andesitic rocks
resulted in an increase in the (Al = Fe)/Si ratio and the
leaching of alkali elements, which favors the precipita-
tion of kaolinite or 7 A halloysite under acidic
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Figure 11. Chondrite-normalized REE patterns (Boynton, 1984) for fresh and altered samples from the study area.
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Table 5. Oxygen and hydrogen isotopic compositions of kaolinite, 7 A halloysite, smectite, and kaolinite+smectite from the
Gtizelyurt kaolinite deposit.

Sample 1D Mineralogy Weight (mg) %H  Normalized 8°H vs. %O  Normalized 5'%0 vs.
VSMOW VSMOW
OCl1-15 7A halloysite 0.755 0.42 —115.55 5.06 2.32
0C2-1 kaolinite 0.810 1.18 -106.05 13.09 0.84
0C2-2 7 A halloysite 0.777 2.53 -101.81 42.20 7.64
OCl1-2 kaolinite 0.789 1.22 -132.92 10.41 0.56
0OCl1-3 smectite 0.848 1.02 -136.91 8.30 —-0.86
0OCl1-4 smectite 0.796 0.94 -123.61 7.97 —-1.87
OCl1-8 kaolinitetsmectite 0.820 1.08 —-130.49 9.55 —0.66
0C2-5 smectite 0.809 1.42 —150.09 11.83 —4.33

environmental conditions (Figure 14; Nagasawa, 1978;
Meunier, 1995; Inoue, 1995; Kadir and Karakag, 2002;
Kadir et al., 2008).

The relative increase of the K/(Ca + Na) ratio and S
(along with Al) resulted in the precipitation of authigenic
alunite, with/without 7 A halloysite, under acidic
environmental conditions, similar to case studies in
western Anatolia (Mutlu ez al., 2005; Saym, 2007; Ece

and Schroeder, 2007; Ece et al., 2008). The relative
increase in the S-H-bearing steam upward of the volcanic
units resulted in an increase in the amount of alunite and
7 A halloysite, rather than of kaolinite. This increase in
the middle and upper parts of the deposit is controlled by
hydrothermal processes at or above the water table by the
oxidation of H,S, with a relative increase in porosity and
permeability upward of the volcanic units.
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Figure 12. 8D vs. 8'%0 plot showing isotopic compositions of kaol

inite, 7 A halloysite, smectite, and kaolinite + smectite from the

Giizelyurt kaolinite deposit (Sheppard, 1986). The kaolinite line in equilibrium with meteoric water at temperatures of 100°C is from
Hayba et al. (1985); those at 25°C and 15°C are from Sheppard and Gilg (1996). The supergene/hypogene line of kaolinite

equilibrium with meteoric water at 35°C is from Sheppard et
composition in equilibrium with meteoric water at 20°C is from S
(1961).
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Table 6. Oxygen and sulfur isotopic compositions of alunite
samples from the Giizelyurt kaolinite deposit.

Sample Mineralogy 3%S (%o) 380 (%o)
OCl1-1A alunite 7.5 5.5
0oCl1-7 alunite 9.4 6.0
0C2-8 alunite 6.4 9.9
0C2-9 alunite 7.5 9.1
0C2-10 alunite 7.5 10.3
0C2-11 alunite 6.5 8.6
0C2-12 alunite 6.0 7.0

The concentration of released and depleted Mg, Si,
Na, and Ca outward in the kaolinite deposit favored
precipitation of smectite under alkaline micro-environ-
mental conditions (Berner and Berner, 1996). Local
concentrations of S- and Hg-bearing hydrothermal
solutions caused the precipitation of native sulfur and
cinnabar crystals in a reducing environment associated
mainly with alunite or alunite/7 A halloysite (Ece ef al.,
2013). The depletion of excess silica during alteration
under low pressure and temperature and at neutral
conditions occurred during hydrothermal fluid and
steam flushing, and exhalations that happened close to
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the surface resulted in the development of a porous silica
cap consisting of quartz and opal-CT (Ehrenberg, 1991;
Rye et al., 1992; Herdianita et al., 2000; Meunier and
Velde, 2004; Ece et al., 2013).

Micromorphologically, the occurrence of kaolinite as
stacks in book-like form, the coexistence of 7 A halloysite
rods with alunite, and the development of subparallel
orientation along fracture surfaces may reveal in situ
dissolution and precipitation caused by hydrothermal-
fluid flushing. The coexistence of trace gypsum with opal-
CT in sample OC2-15 may be due to local increases in Ca
and S that were brought about by siliceous hydrothermal-
fluid injections. The sharp basal peaks and the reflections
of non-basal doublets and triplets, euhedral hexagonal
kaolinite, rod-like 7 A halloysite identified by SEM and
TEM, ideal DTA-TG curves, SiO,/Al,03 and SiO,/R,03
ratios (1.21 and 1.16; and 1.22 and 1.15), and chemical
index of alteration (CIA) values between 94.23 and 97.30
in purified kaolinite and 7 A halloysite samples suggest
well crystallized kaolinite and 7 A halloysite (Nesbitt and
Markovics, 1997; Kadir and Karakas, 2002; Sousa ef al.,
2007).

Several different phases of hydrothermal activity in
the study area caused changes in the reddish-brown
coloration within the smectite-dominated altered volca-
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Figure 13. 83*S vs. 8'%0 plot showing isotopic compositions of alunite samples from the Giizelyurt kaolinite deposit (modified from

Hedenquist and Lowenstern, 1994; Rye, 2005).
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Figure 14. Genetic model for the Giizelyurt kaolinite deposit.

nites. The reddish-brown coloration was caused by Fe-
(oxyhydr)oxide (Velde, 1985; Meunier, 2005).

The depletion of Si + Mg + K and Ba + Rb, the
enhancement of Sr, the enrichment of LREES relative to
the HREEs, and the negative Eu anomalies reveal that
the fractionation during alteration of plagioclase and
hornblende and the devitrification of volcanic glass
originated from dacitic and andesitic tuffs and basaltic
lava during hydrothermal alteration processes and were
the main sources of the kaolinite, 7 A halloysite, and
alunite formation (Rollinson, 1993).

The plot of 8D and 8'%0 values for the kaolinite +
7A halloysite fraction was between the equilibrium
lines of kaolinite with meteoric water at 100°C and with
meteoric and primary magmatic water, but was near the
equilibrium line of kaolinite with meteoric water at
100°C; this may indicate a steam-heated environment at
temperatures above 100°C (Hayba et al., 1985; Ece et
al., 2008, 2013). The isotopic data for kaolinite and 7 A
halloysite samples shifted to higher 8D and §'%0 values,
which were near the magmatic box compared with the
smectitic samples; they may have been controlled by
hydrothermal temperature changes and the degree of
fractionation between the liquid and the vapor during the
kaolinization and alunitization processes (Faure, 1986).
A slight enrichment in the 8D and 5'%0 values of 7 A
halloysite from —115.55%0 to —101.81%0 and from
2.32%0 to 7.64%o, respectively, relative to kaolinite,
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which ranges from —132.92%0 to —106.05%0 and from
0.56%o to 0.84%o, respectively, suggests the formation of
kaolinite from steam-heated magmatic fluid and the
formation of 7 A halloysite + kaolinite from the mixing
of steam and meteoric water due to the exchange
between the two fluids or evaporation (Gilg et al.,
2003; Bethke et al., 2005; Deyell et al., 2005; Ece et al.,
2013). Thus, the influence of meteoric water or the
evaporation rate increase upward through the vertical
sequences of the kaolinite deposit. This interpretation is
also supported by the association of fine-grained alunite
with 7 A halloysite and the development of a porous
silica cap at the uppermost layer of the kaolinite deposit
(Deyell and Dipple, 2005; Rye, 2005). Lee et al. (2014)
also noted that the high-sulfidation hydrothermal system
of Seongsan (South Korea) exhibits similar enrichment,
which is caused by the mixing of meteoric water with
hydrothermal water.

Moreover, the positive 3**S and 3'%0 compositions
of alunite, §°*S values ranging between +6.0%o and
+9.4%0, and the fine grain sizes of alunite (<7 pm)
reflect the involvement of steam-derived sulfur under
temperatures of ~70—180°C and pressures of 1—12 atm
unlike that of magmatic steam which shows smaller 5°*S
values (between +3.9 and +2.7), coarser grain sizes
(>50 pm) and higher temperatures (200—300°C) (Rye et
al., 1992; Rye, 2005; Deyell and Dipple, 2005; Lerouge
et al., 2006; Georgieva and Velinova, 2012). This
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suggestion was also supported by the absence of pyrite,
dickite, and pyrophyllite in association with alunite
which might be expected at higher temperatures
(200—340°C) (Deyell and Dipple, 2005).

CONCLUSION

The Giizelyurt kaolinite deposit was formed by the
hydrothermal alteration of dacitic and andesitic tuffs and
basaltic lavas and was controlled by tectonic activity.
These alteration processes resulted in a mineralogical
zonation outward from the main kaolinite deposit. This
outward zonation is: kaolinite + alunite + 7 A halloysite,
smectite, the occurrence of a silica cap (opal-CT, quartz),
and Fe-(oxyhydr)oxide phases associated with native
sulfur and cinnabar above the deposit. This demonstrates
that the kaolinization and alunitization were the result of
multiple hydrothermal-alteration processes. The occur-
rence of kaolinite below, and alunite + 7 A halloysite
associated with native sulfur and cinnabar in the middle
and above, the deposit suggests that alunite formed
following the precipitation of kaolinite from a sulfur-
rich hydrothermal fluid and under steam flushing and
exhalative conditions. The increase in the (Al,O3 + Fe,O3
+ K,0)/S10, ratio and the decrease in MgO + Na,O +
CaO along the fault zone also support the hydrothermal-
zonation hypothesis. Micromorphologically, the develop-
ment of platy and book-like kaolinite, the coexistence of
rod-like 7 A halloysite and cubic alunite with relicts of
volcanogenic materials, the depletion of Si + Mg + K, Rb
+ Ba, the enrichment of S and Sr, the depletion of the
HREE relative to the LREE, and a negative Eu anomaly
suggest that these minerals formed from the alteration of
feldspar, hornblende, and volcanic glass by a dissolution-
precipitation mechanism under acidic environmental
conditions in an open hydrologic system. A relative
increase in the 8D and 8'*0 values of kaolinite and 7 A
halloysite above the deposit reflects the mixing of
magmatic and meteoric waters and evaporation. The
positive 8**S and §'%0 isotope compositions of alunite
with fine grain sizes suggest its formation under the
influence of steam-derived sulfur from the oxidation of
H,S at or above the water table.
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