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Abstract—The Middle�Upper Miocene�Pliocene sediments near Polatlı contain commercial sepiolitic
clay deposits. The sepiolite-rich Polatlı basin sediments were studied to describe the sepiolitic clay
deposits of the area and to assess the environments of formation using X-ray diffraction, optical and
scanning electron microscopy, and chemical analysis. The Polatlı basin is an elongated, rift-related graben
trending NE�SW in central Turkey, filled with continental Late Miocene to Early Pliocene sediments. The
sediments which comprise claystone, marl and limestone, dolostone, and evaporites are characteristic
deposits of low-salinity, playa-lake depositional environments. These sepiolite-rich deposits include
sepiolite, dolomite, and calcite, with minor amounts of palygorskite, quartz, moganite, amorphous silica
(opal-CT), and feldspar.
The sepiolite shows all the characteristic X-ray diffraction reflections of that mineral, whereas

amorphous silica containing sepiolite shows some of the characteristic reflections of sepiolite, but with
somewhat broader and less intense basal reflections. In the siliceous deposits, the long, fibrous, and
filamentous aggregates of the sepiolite were converted to thick, short fibers, low in Mg, and showing
transition to amorphous silica.
Major and trace elements (e.g. Si, Al, Fe, Mg, Sr, Ba, etc.) were found almost exclusively in Mg-rich

smectitic claystone and detrital silicate-rich rocks, whereas Mg, Ca, and some Si were concentrated in the
neoformed minerals in the basin. The rare-earth elements (REE) and some of the high-field strength
elements (HFSE), large ion lithophile elements (LILE), and transition elements (TRE) patterns were
similar for detrital silicate-rich rocks and formed from neoformed mineral lithologies. The REE, TRE,
LILE, and some of the HFSE contents of limestone, dolostone, and sepiolitic claystone were similar while
those of detrital silicate-rich rocks and Mg-rich smectitic claystones were similar to each other. PAAS-
normalized REE and other trace-element patterns were typically subparallel and depleted in neoformed
minerals. All sample groups had positive Eu* anomalies, except Mg-rich smectite (0.80). Limestone,
dolostone, and amorphous silica compounds showed slightly negative Ce* anomalies, whereas sepiolitic
claystones, Mg-rich smectitic claystones, and detrital silicate-rich rocks had a slightly positive Ce*
anomaly.
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INTRODUCTION

The occurrence of sepiolite in sediments is generally

considered to be diagnostic of highly saline and alkaline

environments. Because fibrous clay minerals are of great

economic interest and have many industrial applications,

sepiolite occurrences have been studied in the USA,

Kenya, Spain, Portugal, Turkey, Saudi Arabia, Great

Britain, and Morocco among others (Post, 1978; Galán

and Ferrero, 1982; Gençoğlu and İrkeç, 1994; Torres-

Ruı́z et al., 1994; Mayayo et al., 1998; Ece and Çoban,

1994; Çoban, 2001; Kadir et al., 2002; Karakaya et al.,

2004; Yalçın and Bozkaya, 1995; Yalçın and Bozkaya,

2004). Turkish sepiolites have been found in the

Eskis� ehir, Konya, Bolu, and Ankara regions of northwest

Anatolia.

In the study area, Late Miocene�Early Pliocene

sediments consist of mudstones, marls, limestones,

dolostones, and gypsiferous deposits interfingerred

with clastic marginal lake facies and alluvial deposits.

The economically valuable sepiolite deposits in the

investigation area had not previously been discovered.

The nearly pure sepiolitic layer varies from 0.1 to 5 m

thick and from 50 to 100 m in lateral extent. An

operating license has been granted and mining will

commence in the near future. The Eskis� ehir sepiolite

deposits are well known, and the second largest bedded

and nodular type sepiolite occurrences are located in

southeast Eskis� ehir (Ece et al., 2003). Features of the

Eskis� ehir deposit have been published by many inves-

tigators, e.g. Ece and Çoban (1994), Çoban (2001), and

Kadir et al. (2002).

Miocene sepiolite deposits of fluvio-lacustrine origin

formed in a closed alkaline, shallow-lake environment in

the vicinity of Eskis� ehir (Figure 1). Miocene lacustrine

sepiolites were formed as stratiform and nodular masses

(Ece and Çoban, 1994). The sepiolite interbedded with
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dolomite, dolomitic marl, calcareous clay, clayey lime-

stone, and gypsum, precipitated directly from lake water,

and the sepiolite nodules formed as a diagenetic

replacement of magnesite pebbles. In the Konya-

Karapınar basin, sepiolite occurrences display simila-

rities to Eskis� ehir sepiolites (Karakaya et al., 2004).

Those authors argued that Karapınar sepiolites were

formed either by conversion of dolomite or by direct

precipitation from solution under alkaline and saline

conditions.

Sepiolite enrichments in nature are of two types, both

of which are found in Eskis� ehir region. The first is

known as meerschaum while the other is referred to as

‘industrial or layered’ sepiolite, also known as sedimen-

tary sepiolite. The meerschaum has been mined since

1890 and the sedimentary sepiolite since 1985. The

sedimentary sepiolite is similar in some regards to those

investigated in the present study. Eskis� ehir sepiolites

were formed in Middle to Upper Miocene lacustrine

sediments while Polatlı sepiolites formed during the

Early Pliocene. Nodular sepiolites and magnesite occur-

rences were not observed in the study area. The trace-

element chemistry of the sepiolite occurrences and

relationships among the silica layers/nodules, Mg-rich

smectite beds, and sepiolite-dolomite formations were

not previously investigated in detail.

Figure 1. Detailed geologic map of the Sakarya basin, central Anatolia, Turkey (simplified from a 1:500,000 scale map � MTA,

2001).
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The present study aimed to: (1) investigate the

mineralogical and geochemical relations of the calcar-

eous lacustrine sediments to sepiolite deposits;

(2) explain the origins of sepiolite and Mg-rich smectite,

and amorphous silica occurrences; and (3) compare

some features of the Polatlı sepiolites with those of the

Eskis� ehir sepiolites.

GEOLOGIC SETTING

The study area is located in the southeastern part of

the Sakarya basin, which is partially surrounded by

Upper Paleozoic metadolomitic limestone, Upper

Cretaceous ultramafic rocks, and Paleocene volcanic

rocks, granitoids, and carbonates (Figure 1). The Upper

Paleozoic metamorphic rocks are the oldest unit of the

basin, and consist of mica schists, phyllites, metasand-

stones, and metadolomitic limestones. Upper Cretaceous

ultramafic rocks were covered by an alkaline and

sulfate-bearing lake ~200 km long and 100 km wide

during Early Miocene to Pliocene times (Ece and Çoban,

1994). The basin developed a rift-related graben

structure by the time of the Oligocene�Miocene

transition. The Upper Cretaceous ultrabasic rocks are

composed of an ophiolitic mélange including gabbro,

pyroxenite, dunite, and peridotite rocks that have been

overturned upon the Paleozoic metamorphic rocks

(Asutay et al., 1989) (Figure 1). The Late Cretaceous–

Paleocene plutonic rocks consist of granite and micac-

eous and porphyritic granodiorites. These rocks are in

turn overlain unconformably by Late Miocene–Early

Pliocene volcanic, volcanoclastic, and fluvio-lacustrine

sedimentary rocks. The volcanic rocks are made up

mainly of tuffs and a minor amount of volcanic breccia,

agglomerate, and lava flow material. The volcanic rocks

are basaltic, trachytic, and trachyandesitic in composi-

tion and erupted in different episodes. The age of the

volcanic rocks was defined by Temel et al. (2010), using

K-Ar dating, as Early�Middle Miocene. The volcanics,

located in the Balkuyumcu and Polatlı regions (SW of

Ankara), consist of basaltic andesitic, andesitic, dacitic,

and rhyolitic rocks extruded during the Early Miocene

(14�22 Ma) (Varol et al., 2007; Temel et al., 2010).

The volcano-sedimentary units show cyclic sedimen-

tation, and consist mainly of silts, clays, limestones,

dolostone, and tuffaceous, evaporitic, and silicified

sediments. The clay section, which consists of green

and yellow illitic and smectitic layers, contains different

sized gypsum (1�10 cm) crystals and limestone inter-

beds (5�6 m), deposited in alternating layers, generally

at the base of the succession. Above the base, limestone

and marl beds are composed of calcite, dolomite,

sepiolite, and sepiolite-bearing dolomite/calcite

(Figure 2). Abundant (30�50% of sediments) and large

(0.1 mm�2 cm) gastropod and ostracod fossils were

observed in the upper horizons of the stratigraphic

sequence deposited in the fluvio-lacustrine basin. The

presence of the fossils indicates closing of the basin

implying a relatively closed basin without water

recharge at the end of Early Pliocene.

Three different types of sepiolite beds have been

recognized in the study area: (1) organic matter-rich

black sepiolite beds (total organic carbon, TOC,

&2.56�5.69%) formed in a deep part of the basin;

(2) organic matter-poor brown sepiolite beds, containing

~5% dolomite, often overlying the first bed; and

(3) whi te , c ream, or be ige do lomi te /ca lc i t e -

(~20�40%) bearing sepiolite beds (Figure 3a). These

types of sepiolite beds were also defined northwest of

the Sakarya basin by Bellanca et al. (1993), Ece and

Çoban (1994), and Kadir et al. (2002).

Silica enrichments were observed in two types of

occurrence: (1) glassy, brown, pale brown, or blackish

brown chert beds (5 cm�2 m thick) and lenses (2�20 cm

thick); and (2) chert nodules 1�3 cm in radius with

white carbonate-rich (mainly Mg) exterior rims and a

beige translucent interior (Figure 3b,c). The chert layers/

lenses are distributed irregularly and discontinuously

within and mainly overlying the sepiolitic clay beds and

was observed over an area of ~100�2000 m2.

Sometimes, thin, black, brown-beige chert beds

(1�50 cm thick) were interlayered with the sepiolite or

sepiolite-bearing dolomitic limestone beds, indicating

that siliceous gel precipitated from supersaturated

solution during and after sepiolite precipitation, and

then converted diagenetically to opal-CT and other silica

minerals. The dolostone-covered chert nodules were

generally formed above the nearly pure dolostone

(Figure 3b�d).

MATERIALS AND METHODS

Sixty-eight representative samples were collected

from 11 sections in the study area (Figure 2). All

samples were ground gently for 5 min in a porcelain ball

mill for X-ray diffraction (XRD) and chemical analysis.

Mineralogical analyses of the samples were performed

on randomly oriented samples (total fraction) and on the

clay (<2 mm) fraction using XRD (Rigaku D/MAX 2200

PC, CuKa radiation with tube voltage and current of

40 kV and 40 mA, respectively) with a scanning speed

of 2º/min from 2 to 70º2y, at Hacettepe University

(Ankara). The powder samples were placed in a beaker,

covered with distilled water, and immersed in an

ultrasonic bath. Carbonate-rich and marl samples were

decomposed in dilute HCl acid (5% HCl) at 30ºC

(Jackson, 1975). The acid was added slowly to the

sample beaker until the reaction stopped. Then the

sample was washed several times with distilled water

and transferred to a measuring cylinder; 500 mL of

deionized water was added to the sample. The <2 mm
clay fraction was obtained by gravitational sedimenta-

tion of the purified samples. The <2 mm clay fraction

was then separated by centrifugation from the water.
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After removing non-silicate minerals, e.g. calcite and

dolomite, from the clay-sized fractions, three specimens

for XRD analysis were prepared for each sample by

sedimentation onto glass slides with air drying at 25ºC,

then subjected to (1) no further treatment, (2) ethylene-

glycol solvation, or (3) heating at 490ºC for 4 h. The

mineral proportions were determined from the powder

XRD patterns following a standard method developed by

Temel and Gündoğdu (1996) and combined chemical

analysis (Table 1). In this method, all samples were

mounted in the same way and the characteristic peak

intensities (I) of minerals were normalized to that of the

Figure 3. Field photographs of sepiolite and different types of siliceous deposits in the study area. (a) From bottom to top, black

sepiolite, brown sepiolite, and beige-white sepiolite covered by dolostone. (b) Spherical, silica-rich nodules. The interior of the

nodules consists mainly of SiO2, while the exterior (3�5 mm thick) is of MgO. (c) Different form of silica-rich material: the

composition of this material is the same as that of the nodules. (d) Glassy, brown, and pale-brown silica beds which contain mainly

moganite and quartz while other beds contain opal-A and opal-CT. The siliceous beds and nodules were generally found to occur

above the sepiolite and sometimes sepiolite-dolostone layers.
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Table 1. Mineral assemblages and abundance of minerals (wt.%) in the basin as inferred from mineralogical and chemical
analysis results (rare components omitted).

Samples Dol Cal Sep Qz/Mog Sme Mg-Sme Ilt Kln Fsp Plg Opl-Trd Ilt-Sme Gp

I1-8/1 98 2
I1-8/2 98 2
I1-19 5 3 15 42 25 2 8
I1-23 4 18 15 27 20 3 8 5
I1-25 4 19 7 32 22 2 8 6
I2-4 99 1
I3-3 1 97 1 1
I3-5 1 97 1 1
I3-8 1 98 1
I3-11 2 97 1
I3-14 4 25 11 16 27 2 10 5
I3-15 4 28 10 15 28 2 10 3
I3-18 5 26 10 15 28 2 11 3
I3-21 4 11 16 33 20 3 8 5
I3-22 4 11 20 29 20 3 8 5
I3-25 2 96 2
I3-28 12 86 2
I3-30 4 12 17 29 20 3 10 5
I3-31 2 96 2
I3-32 94 4 2
I3-33 95 5
I3-34 99 1
I3-38 5 95 1
I4-0 99 1
I4-1 99 1
I4-5 2 2 94 2
I4-6 3 2 96
I4-8 98 1 1
I4-14 98 2
I4-27 4 14 42 23 3 9 5
I4-31 1 97 2
I4-33 2 97 1
I4-34 3 96 1
I5-5 4 12 18 29 20 3 9 5
I5-16 97 2 1
I5-20 97 2 1
I5-21 4 15 16 26 22 3 9 5
I6-1 96 4
I7-2 2 1 97
I7-4 100
I7-5 100
I7-9 100
I7-11 98 2
I7-13 100
I7-19 100
I9-1 100
I9-4 100
I9-6 98 2
I9-13 4 3 14 41 24 2 7 5
I9-16 98 2
I10-1 1 96 3
I10-3 98 2
I10-4 100
I10-8 13 87
I10-9 2 24 74
I10-12 2 98
I11-17 100
I11-27 100
I11-37 100
PO-1 10 85 5
PO-3 95 5
PO-4 100
PO-8
PO-9 35 65
PO-12 100

Dol: Dolomite, Cal: calcite, Sep: sepiolite, Qz: Quartz, Sme: smectite, Mog: Moganite; Mg-Sme: Mg-rich smectite, Ilt: Illite,
Kln: kaolinite, Fsp: Feldspar, Plg: Palygorskite, Opl-Trd: Opal-CT, Ilt-Sme: Illite-Smectite, Gp: Gypsum (abbreviations from
Whitney and Evans, 2010).
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(104) reflection of dolomite. In other words, a K factor

for each mineral (including clays with peaks between 19

and 20º2y) was determined as K = Idolomite/Imineral in a

1:1 dolomite-mineral mixture by weight. Percentages of

the minerals were calculated from the following

equation: % of mineral a = (1006Ka6Ia)/(Ka6Ia +

Kb6Ib + ..........Kn6In). The accuracy of the mineral

abundance determinations was Y5%.

The size and morphological features of submicro-

scopic clay minerals and their interrelations with other

minerals were determined using scanning electron

microscopy (SEM) and energy dispersive X-ray spectro-

scopy (EDS) for elemental composition, using facilities

at the Afyonkarahisar Kocatepe University (LEO

1430VP SEM with EDS and BSE; accelerating voltage

was in the range 15�20 kV, with a probe current of

15 mA and a spot size of 5 mm to identify mineral

composition). The sample was dispersed over a sample

holder and gold-sputtered for EDS analysis. The samples

were dried at 50ºC for 1 h and coated with gold to a

thickness of 5 mm. A ZAF calculation programme was

used to calculate the wt.% of major oxides at each point.

The total abundances of the major oxides and minor,

rare-earth, and refractory elements were performed by

ACME Laboratories (Vancouver, British Columbia,

Canada), using inductively coupled plasma optical

emission spectrometry and mass spectrometry (Spectro

ICP-OES and Perkin Elmer ELAN 9000 ICP-MS, USA,

respectively). Samples (0.1 g) were fused in Li-metabo-

rate/tetraborate and digested with nitric acid. Loss on

ignition (LOI) was determined by weight difference after

ignition at 1000ºC. Total organic carbon (TOC) and

sulfur were also measured by ACME Laboratories (Leco

CS230). In addition, a separate 0.5 g portion of each

sample was digested in Aqua Regia and analyzed by

ICP-MS for precious and base metals, e.g. Al, Fe, Ti, Co,

Cd, Zr, Ga, Nb.

RESULTS

Mineralogy

The mineral assemblages of the samples, determined

by XRD, were relatively homogenous, although the

mineral proportions are extremely variable (Table 1,

Figure 4). The mineral associations of the samples were

classified in two different groups: (1) detrital silicate-

rich rocks: smectite, illite, kaolinite, interstratified illite-

smectite, quartz, and feldspar; (2) neoformed minerals:

mainly sepiolite, dolomite and/or calcite, silica com-

pounds (amorphous and/or crystalline), Mg-rich smec-

tite, and scarce palygorskite and aragonite. Detrital

silicate-rich rocks deposited in shallow areas of the basin

originated from source rocks which cropped out in the

area surrounding the basin. Samples from the area were

grouped as dolostone, limestone, sepiolitic claystone,

Mg-rich smectitic claystone, silica-rich rocks, and

detrital silicate-rich rocks.

The samples from the middle part of the succession,

in particular, are rich in sepiolite, with its contents

reaching 100% in some cases, and palygorskite com-

prises no more than ~10% (Figures 2, 3a; Table 1). The

black sepiolite layers contain a minor amount of

palygorskite, whereas the brown to beige sepiolite

horizons do not. The black sepiolite horizons are richer

in organic matter than the other sepiolitic layers. The

white sepiolite deposits are generally found together

with dolostone above the brown-beige sepiolite beds,

whereas limestones contain sepiolite at the mid-levels of

the basin (Figure 3a). The sepiolite content of the

limestones is less than that of the dolostones. Although

dolostones are sometimes nearly pure dolomite, in some

samples the dolomite was most commonly observed with

sepiolite and sometimes with calcite or calcite+sepioli-

te+quartz. Calcite is generally found at the upper levels

of the section. The most abundant detrital minerals in the

detrital silicate-rich rocks are quartz, feldspar, mica, and

rarely smectite, illite, and kaolinite which reach propor-

tions of up to 70%.

The amorphous silica beds and lenses, as well as

nodules of various shapes, are composed of quartz,

moganite, and some opal-CT. Outer parts of the silica

nodules and opal lenses have thin (1�2 mm, Figure 3b,c)

coatings of carbonate minerals, mainly dolomite.

Amorphous silica was determined at significant quan-

tities sometimes within and sometimes over sepiolite

layers. The XRD reflections of moganite at 2.88, 3.11,

3.33, 3.39, and 4.45 Å were strong in the silica-rich

samples (Figure 4). Opal-CT is characterized by a strong

XRD reflection at 4.07 Å (with a shoulder near 4.30 Å)

and a weaker reflection at 2.50 Å (Figure 4).

Identification of opal-A from XRD data is difficult,

particularly in the presence of large quantities of opal-

CT. The broadening of the reflection at ~4.10 Å

suggested the presence of at least a small amount of

opal-A.

Mineralogical study of the Polatlı sepiolites revealed

just one reflection at 12.07 Å corresponding to the (110)

reflection of phyllosilicates; even though the reflection

was very intense, no differences among the sepiolitic

samples were observed in terms of the sharpness of the

reflections or other characteristics (Figure 4). After

saturation with ethylene glycol, the reflection at

12.40 Å remained, but expanded slightly (Figure 5a).

Heat treatment at 490ºC caused this line to shift to

10.40 Å. These data identified the mineral as sepiolite.

The sharpness (width at half height) of the reflections in

XRD revealed an ordered structural arrangement of the

sepiolite. Similar properties were also observed in the

Eskis� ehir (Ece and Çoban, 1994) and Konya sepiolites

(Karakaya et al., 2004). Sharper peaks in the powder

XRD traces of unoriented samples (Figure 4) suggested

that the crystallinity of the sepiolite from the Polatlı area

was better developed than the crystallinity of sepiolites of

the Eskis� ehir (Ece & Çoban, 1994) and Yunak (Yeniyol,
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1986) deposits. Quantitative estimation of sepiolite in the

sepiolitic claystone indicated that it made up 100% of the

clay fraction and, as a result, it made up between 10%

and 100% of the whole-rock sample. The white sepiolitic

claystone contains less sepiolite than the other types of

sepiolitic claystone. Characteristic reflections of sepiolite

were poorly defined in amorphous silica-rich samples,

and the reflections were seen as continuous diffraction

bands. In addition, the basal reflection is became

somewhat broader and less intense. Palygorskite was

mainly observed at the bottom layers of the section

within the black sepiolite layers. The basal reflection

(110) of palygorskite was observed at 10.80 Å. The

location of the (110) reflection of palygorskite was

shifted to 10.13 Å after heat treatment. Following

glycolation, no swelling was noted in the palygorskite.

Mg-rich smectite appeared to consist of a single, uniform

clay species and gave clearly separated basal spacings.

The first-order basal spacing at 14.73 Å for the Mg-rich

smectite shifted to form a very strong, sharp reflection at

17.67 Å when the Mg-rich smectite was solvated with

ethylene glycol. When the Mg-rich smectite was heated

at ~490oC, the 14.73 Å reflection shifted to 10.06 Å

because of loss of interlayer water while retaining the

Figure 4. XRD patterns of random powder bulk samples showing the main reflections (Å) and minerals identified in some of the

samples. Dol: dolomite, Qz: quartz, Sp: sepiolite, Mg-Sme: Magnesium-rich smectite, Op-CT: opal-CT, Mog: moganite, Fsp:

Feldspar. PO-4 and PO-9 are beige and white sepiolite, respectively (abbreviations from Whitney and Evans, 2010).
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intensity of the reflection (Figure 5b). The d060 reflection

at 1.53 Å of the smectite pointed to an octahedral

composition rich in Mg.

Observations by SEM

Morphological features and the fabric of clay minerals,

dolomite, calcite, and silica minerals were examined via

SEM-EDS. The SEM studies were performed on whole-

rock samples, and the studies revealed that the texture of

the fibrous phyllosilicates is extremely variable. The most

common texture for all types of sepiolite was a chaotic

ordering of the sepiolite fibers. The study by SEM-EDS of

sepiolite revealed several mineralogic and chemical

details. First, the more abundant morphologies corre-

sponded to woollen-ball-like aggregates forming grains up

to 10�20 mm long, and <1 mm thick (Figure 6a). Next, the

sepiolite occurred sporadically as planar aggregates (often

with filamentous borders) and filamentous-fibrous aggre-

gates with bundle-like aspects (Figure 6b,c). The paly-

gorskite crystals formed fibrous aggregates similar to

those of sepiolite but of larger fiber size, sometimes

reaching 60 mm in length. Palygorskite fibers contained

much more Al than sepiolite in EDS analyses

(Figure 6d,e, Table 3). Finally, some of the sepiolite

fiber bunches grew on the edges or voids of euhedral to

subhedral dolomitic rhombs, probably derived from the

sepioli te fibers or they precipitated together.

Alternatively, sepiolite developed as a coating on or

surrounding dolomite rhombs. Sepiolite fibers were also

observed on the surfaces of dolomites with rhombohedral

morphology. The sizes of dolomite rhombs were

0.5�1.0 mm (Figure 6f,g). Partly dissolved euhe-

dral�subhedral calcite crystals were replaced by sepiolite

fibers. Also, some calcite crystals showed transformation

to skeletal calcite (Figure 6h,i, Table 3). Mg-rich smectite

occurred as thin, leaf-shaped crystals in a dense aggregate

honeycomb texture with platy and oriented smectite

particles (Figure 6k, Table 3).

The opal and quartz (chalcedony) were observed in

cavities of the sepiolitic claystone. Analysis by SEM

revealed that opal consisted of spherical particles of

amorphous silica ~0.5 mm in diameter (opal-A; Florke et

al., 1991) and opal-CT lepispheres (Wise and Kelts,

1972) 0.5�2.0 mm in diameter, which were aggregates of

small, hexagonal, and blade-shaped quartz crystals

(Figure 7a�c, Table 3). Several relatively large, platy

Figure 5. XRD pattern of <2 mm fraction (oriented under ambient conditions, after heating to 490ºC and solvation in an ethylene

glycol atmosphere): (a) black sepiolite (PO-3), (b) Mg-rich smectite.
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silica particles, up to 0.5�1.0 mm across, exhibited a

continuous transition between amorphous silica (opal-A)

and crystallized quartz. The particles consisted of

several closely stacked, thin lamellae, with pseudo-

hexagonal shapes 200�300 nm wide (Figure 7d). These

amorphous domains contained rounded zones suggesting

intergrowth of rounded disks 20�50 mm in diameter. The

lamellae containing crystalline silica generally displayed

Figure 6. (a) SEM image showing woollen-ball-like aggregates forming grains up to 10�20 mm long and <1 mm thick. (b,c) The

sepiolite, which lies in parallel planes, consists of closely bunched fibers (often with filamentous borders). (d,e) The palygorskite

crystals form fibrous aggregates similar to those of sepiolite but with a larger fiber size, sometimes reaching up to 60 mm in length

and containing much more Al than the sepiolites. (f,g) The bunches of sepiolite fibers grew on the edges or voids of euhedral to

subhedral dolomitic rhombs, or they developed as a coating (indicated by arrow 1). Most of the palygorskite fibers in part d were

covered by calcite and/or dolomite rhombs. The dolomite rhombs are 0.5�2 mm across (f,g) and show secondary coating or growth

texture (indicated by arrow 2). (h,i) Euhedral-subhedral and partly dissolved calcite crystals have been replaced by sepiolite fibers.

The calcite crystals were also transformed to skeletal calcite and some parts/faces of the calcites were replaced by sepiolite fibers.

The outer sides of the calcite crystals contain mostly CaO (89.9%, Table 3) and their inner sides consist of fibrous sepiolite. The

relation between dolomite and sepiolite indicates that these minerals may have developed together. (k) Mg-rich smectite occurs as

thin, leaf-shaped crystals in a dense aggregate that displays a honeycomb texture with platy and oriented smectite particles. The area

analyzed using EDS is indicated by a square.
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an amorphous rim with a 5�30 mm diameter, and the

crystalline area had a characteristically uniform contrast

(Figure 7a�f). The increase in silica crystallinity was

also confirmed by the textural and mineralogical

changes seen in the SEM images. The dehydration of

the opal-CT-associated cavity apparently increased as

opal-CT was converted to quartz (Figure 7e,f). In the

globular grains, long, thin fibers of sepiolite showed

progressive transformation to short, thick (Mg-poor)

sepiolite fibers, to opal-CT, to idiomorphic quartz

(Figure 7g�i, Table 3). The Mg content of the thick,

short fibers was less than that of the thin fibers and the

Si contents were greater.

GEOCHEMISTRY

Dolostones, limestones, sepiolitic claystone, Mg-rich

smectitic claystone chert, and detrital silicate-rich rock

samples which were nearly pure were selected for

chemical analysis. The major- and trace-element contents

in the selected representative samples were compiled

(Table 2) and the REE, TRE, HFSE, and LILE values of

each group were evaluated. Groups were identified based

on mineralogical and chemical analyses of samples very

rich in each of these minerals, e.g. calcite, dolomite,

sepiolite, Mg-smectite, etc. (Table 1). The major- and

trace-element contents revealed clear differentiation

based on the source. Significant positive correlations

were found for Al, Fe, Ti, and K which were concentrated

in the detrital silicate-rich rocks. Mg and Ca were mainly

concentrated in neoformed minerals (sepiolitic claystone,

Mg-rich smectitic claystone, dolostone, and calcite). Si

and Na were found in both groups. The trace-element

contents (REE, TRE, HFSE, and LILE) were observed to

cluster in two groups. All REE in the sepiolitic claystone

were strongly positively correlated with each other (r2 >

Figure 7. (a�c) Opal and quartz (chalcedony) were found in cavities of the sepiolitic claystone. The spherical particles of amorphous

silica with a diameter of ~0.5�100 mm are tightly packed with botryoidal opal-A and opal-CT lepispheres. The lamellae containing

crystalline silica generally display an amorphous rim with a diameter of 5�30 mm, and the crystalline area has a characteristically

uniform contrast. (d) Aggregated small, hexagonal, blade-shaped quartz crystals are also seen. (e,f) Several platy silica particles

show a continuous transition between amorphous silica (opal-A) and crystallized silica (opal-CT-quartz). The particles are

composed of several closely stacked, thin lamellae, with pseudo-hexagonal shapes and diameters of 200�300 nm across. The opal-

CT is converted to quartz. (g�i) In the globular grains, long, thin fibers of sepiolite show progressive transformation to short and

thick (Mg-poor) sepiolite fibers to opal-CT to euhedral quartz.
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0.90) (Table 4, [available from the ‘Deposited Material’

section of journal pages on The Clay Minerals website:

www.clays.org/journal/JournalDeposits.html]). The REE

were positively correlated with Al2O3 and Fe2O3 (r2 >

0.71) in dolostone and sepiolitic claystone, but were not

correlated in limestone or in detrital silicate-rich rocks

(Table 4). The REE were clearly concentrated in the

detrital silicate-rich rocks (187 ppm) but were less

prevalent (<5 ppm) in dolostone, limestone, and silica-

rich rocks; the REE contents in sepiolitic claystone and

Mg-rich smectitic claystone samples ranged from 4.30 to

13.5 and 75 ppm, respectively. The TRE (Co, Cr, Cu, Ni,

V, Sc, and Zn; Jenner, 1996) contents were <35 ppm in

limestone and dolostone, but were 114 ppm, 141 ppm,

and 336 ppm in sepiolitic claystone, Mg-rich smectitic

claystone, and detrital silicate-rich rocks, respectively

(Table 2). The TRE were not correlated with REE

elements in limestone, dolostone, and detrital silicate-

rich rocks, but were moderately negatively correlated

with sepiolitic claystone (r2 = �0.62). They have a strong

positive correlation with Mg-rich smectitic claystone (r2

= 0.94). The HFSE (Hf, Nb, Ta, Th, Ti, and Zr, Saunders

et al., 1980) contents were similar in dolostone, lime-

stone, sepiolitic claystone, and Mg-rich smectitic clays-

tone, but the HFSE content was >10 times greater in

detrital silicate-rich rocks. The HFSE was negatively

correlated with TRE (r2 > �0.72) in Mg-rich smectitic

claystone, and no correlation was found in other mineral

groups. The REE, Al2O3, Fe2O3, K2O, TiO2, Zr, Th, and

Y were strongly correlated with each other in dolostone,

sepiolitic claystone, and Mg-rich smectitic claystone; in

detrital silicate-rich rocks and limestone, no correlations

were found. Moderate to strong negative correlations (r2

= �0.89, �0.60, and �0.28) were found between Al2O3

and MgO in the dolostone, sepiolitic claystone, and

limestone, respectively, except detrital silicate-rich rocks

were weakly positive correlated (r2 = 0.43; Table 4). As

would be expected, CaO contents were greater in

limestone and in some dolostones, whereas MgO and

SiO2 were high in sepiolitic claystone and Mg-rich

smectitic claystone, and SiO2 was very high in siliceous

beds and nodules. Al2O3 was sometimes >1% in Mg-rich

smectitic claystone and basal sepiolites. Negative or no

correlation was observed between SiO2 and CaO in all

sample groups. SiO2 and MgO showed moderately

positive and slightly positive correlations in sepiolitic

claystone and detrital silicate-rich rocks, respectively.

The REE showed strongly positive correlations with

Al2O3, Fe2O3, TiO2, Zr, and HFSE (r2 = 0.71�0.98) in

dolostone and sepiolitic claystone and a strongly to

moderately negative correlation with MgO (r2 =

�0.93�0.58). The LILE (Ba, K, Rb, Sr, Th, U, Pb, La,

and Ce; Schilling, 1973) contents were similar to those of

dolostone, limestone, and sepiolitic claystone whereas the

LILE content was 5�10 times greater in Mg-rich smectite

and detrital silicate-rich rocks of the sample groups

(Table 2).

No correlation was found between Ca and Sr in any

rock groups, indicating that the distribution of Sr is not

related to the Ca2+ content. The Ba and Sr were special

cases because in carbonate rocks they normally appear at

concentrations of <300 ppm. In some of the present

samples their concentrations were high (up to 900 ppm).

The Sr content was large in the limestone (1674 ppm),

dolostone (1274 ppm), Mg-rich smectitic claystone

(960 ppm), and detrital silicate-rich rocks (1271 ppm),

and the smallest Ba content was found in sepiolite-rich

claystones (380 ppm). The largest Ba contents were

found in detrital, silicate-rich rocks (520 ppm) and

Mg-rich smectitic claystones (420 ppm), while it was

smallest in sepiolitic claystones (79 ppm). The average

Ba contents of limestone and dolostone were 203 and

195 ppm, respectively. The greatest Sr content was

determined in one of the dolostone samples which

contained celestite (SrSO4); the SrO content was 5.32%.

Taking all samples into consideration, correlation

between the two elements was not significant.

Most elements in the sepiolitic claystones investi-

gated were present in smaller amounts than in the

Eskis� ehir sepiolitic claystones (Table 5), but Ba, Sr, and

TRE values were greater than for Spanish sepiolites

(Çoban, 2001; Torres-Ruiz et al., 1994). Some of the

REE contents of the Spanish sepiolites are greater than

those of the Polatlı sepiolites; Eskis� ehir sepiolites are

similar to those of Polatlı in terms of REE contents.

The MgO content of the <2 mm fraction of the

sepiolite-rich claystones was 19.08�23.9%, and the SiO2

content was 46.7�55.06% (Table 6). The MgO contents

and SiO2/MgO ratios of the Polatlı sepiolites ranged from

2.30 to 2.70, and these ratios are similar to natural

sepiolite (Weaver, 1989). Many of the SiO2/MgO ratios

were greater than the natural ratio (2.23) of sepiolite

(Weaver, 1989) because the average SiO2 (54.13%) and

MgO (21.96%) contents of the sepiolites are lower than

the theoretical sepiolite compositions (SiO2 = 55.66, MgO

= 24.89). Using the Brauner-Preisinger model (Bailey,

1980), structural formulae were calculated for the clay

fraction assuming homogeneous composition (Table 6).

The average structural formulae of sepiolites was

calculated on the basis of 32 oxygen atoms (Weaver and

Pollard, 1973), giving a formula of [Ca0.05Na0.09K0.05

(Si11 .92Al0 .09)
�0 .09(Mg7.41Al0 .31Fe0 .07Ti0 .01)

�0 .17

O30(OH)46H2O]. Little or no substitution of tetrahedral Al

for Si (0.00�0.21) was observed. Mg was the dominant

cation in the octahedral sheet, accompanied by minor

amounts of Al, Fe, and rarely Ti. The chemical

compositions of the <2 mm fraction of the purified Mg-

rich smectite sample (Table 6) were used to calculate its

half unit-cell formula (Weaver and Pollard, 1973), giving

[Ca 0 . 1 1Na 0 . 0 2K 0 . 1 7 ( S i 3 . 8 4A l 0 . 1 6 ) (Mg 1 . 8 1A l 0 . 5 4
Fe0.15Ti0.01)

�0.25O10(OH)2]. The tetrahedral Si was sub-

stituted by small amounts of Al. The number of octahedral

cations, mostly Mg with minor amounts of Fe and A1,

confirmed the trioctahedral character of the mineral.
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Potassium, Ca, and some Na occupied the interlayer space

(Table 6). Most of the layer charge derived from

octahedral rather than tetrahedral substitution. The layer

charge of the Mg-rich smectite (average = 0.43) was

between 0.2 and 0.6 meq/g; for this reason it was

classified as smectite. Classification as either saponite or

stevensite was considered, but discounted because com-

parisons with reported and theoretical structural formulae

for these minerals (Weaver and Pollard, 1975; Nemecz,

1981; Weaver, 1989) revealed significant differences.

Polatlı smectites were thus classified as Mg-rich smectite

rather than as stevensite or (Mg-rich) saponite.

The Sr/Ca ratios of the limestone and dolostone were

less than those of the other sample groups. The Mg/Ca

ratios of the limestone samples were less than those of

the other samples (Table 2). Both Sr/Ca and Mg/Ca in

the sepiolitic claystones were similar to ratios of

Messinian and Modern seawater while these ratios in

the Mg-rich smectitic claystones were greater than those

of the Messinian and Modern seawater (Figure 8).

The REE and some of the HFSE, TRE, and LILE

were normalized to PAAS (Average Post-Archaean

Australian Shale, McLennan, 1985). In general, all the

sample groups presented a near horizontal REE curve,

with strong depletion relative to PAAS in dolostone,

limestone, sepiolitic claystone, and silica-rich rocks, and

slight depletion in Mg-rich smectitic claystones. LREE

to HREE enrichments were not found (1.14 < La/Lu

>1.72) (Table 2). The detrital silicate-rich rock samples

showed slight LREE enrichment (Figure 9a). The REE

content varied from 0.02 to 0.07 times PAAS for

dolostone, limestone, and sepiolitic claystone, from

0.37 to 0.48 times PAAS in Mg-rich smectitic claystone,

and from 0.64 to 1.1 times PAAS in detrital silicate-rich
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Figure 8. Mg/Ca vs. Sr/Ca ratios of investigated samples

compared with Modern seawater (de Villiers, 1999), Messinian

seawater (De Deckker et al., 1988), and Mean River (Blatt et al.,

1972).
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Table 3. EDS analysis results (wt.%) of areas indicated in Figures 6 and 7.

Figure 6b 6c 6e 6h 6k

Element

Si = 59.37
Mg = 35.37
Al = 3.13
Ca = 1.60

Si = 62.82
Mg = 31.69
Al = 1.35
Ca = 4.14

Si = 54.13
Mg = 17.91
Al = 15.14
Ca = 2.94
K = 4.24
Fe = 5.63

Si = 5.66
Mg = 4.74
Ca = 89.60

Si = 68.46
Mg = 25.64
Al = 3.10
Ca = 2.22
K = 0.58

Figure 7b 7c 7g 7h 7i

Element
Si = 100.0 Si = 100.0 Si = 93.58

Mg = 6.42
Si = 90.45
Mg = 9.55

Si = 88.36
Mg = 11.64

Figure 9. (a) PAAS-normalized REE pattern of the investigated sample groups (normalization values from Taylor and McLennan,

1985). (b) PAAS-normalized trace elements diagram of samples. The data are taken from Table 2. DO: dolostone, LS: limestone,

Sep Cs: sepiolitic claystone, Sc: chert, Sme Cs: Mg-rich smectitic claystone, DSc: detrital silicate-rich rocks. Although clear

depletion of the detrital silicate-rich rocks can be seen, similar and nearly parallel trends of the elements in the sample groups may be

related to the similar origin of minerals.
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Table 5. Comparison of element contents of some sepiolites in the present study and from other studies.

Elements
(ppm)

Spain*
n = 8

Max./Min STD Eskis� ehir**
n = 6

Max./Min STD This study
n = 13

Max./Min STD

Ba 27.13 55/<1 24.36 303.80 470/143 144.37 74.84 231/17 65.7
Sr 17.13 29/7 8.85 35852 58.390/8342 21.976.3 357.55 1.126/55 285.6
V 36.25 59/18 17.22 4457 5.716/3120 1835.7 79.0 240/29 54.3
TiO2 0.045 0.11/0.03 0.03 0.04 0.05/0.02 0.015 0.06 0.16/0.02 0.06
MgO 23.88 26.53/20.19 2.06 24.69 25.87/23.86 0.70 21.78 23.5/19.08 1.37
MnO 0.018 0.02/0.01 0.008 0.02 0.03/0.01 0.008 0.02 0.03/0.01 0.01
REE 26.93 48.89/10.2 14.97 13.73 16.15/11.17 1.96 12.75 31.53/3.50 10.6
LREE 23.21 43.4/8.3 12.96 9.84 11.58/7.98 1.38 10.91 26.7/2.9 9.08
HREE 0.74 1.51/0.2 0.53 1.08 1.29/0.76 0.20 0.44 1.13/0.11 0.36
TRE 124.75 184/49 44.08 6801 11.302/3.317 3542 125.2 254/65.18 49.70

* Torres-Ruiz et al. (1994); ** Çoban (2001); STD: standard deviation.

Table 6. Chemical composition and structural formulae of sepiolites and Mg-rich smectites.

Samples SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 Cr2O3 LOI SUM

I4-5 55.06 2.51 1.17 20.42 0.09 0.27 0.4 0.12 0.03 0.004 19.80 99.88
I4-6 54.21 2.08 0.71 20.98 0.09 0.32 0.42 0.16 0.02 0.002 20.90 99.89
I7-2 55.02 2.01 0.19 22.16 0.11 0.24 0.30 0.11 0.01 0.004 20.09 100.24
I7-4 54.94 1.48 0.19 23.92 0.06 0.12 0.08 0.02 0.01 0.009 20.10 100.93
I7-5 54.95 1.36 0.10 22.98 0.1 0.17 0.05 0.02 0.02 0.004 19.97 99.72
I7-9 54.62 1.53 0.55 22.15 0.07 0.30 0.22 0.07 0.03 0.008 21.40 100.95
I7-13 54.77 1.64 0.27 22.32 0.17 0.17 0.11 0.04 0.02 0.003 20.50 100.01
I7-19 54.75 1.37 0.18 22.68 0.13 0.20 0.08 0.03 0.01 0.003 20.50 99.93
I9-1 55.08 1.13 0.26 22.89 0.11 0.26 0.12 0.04 0.03 0.003 20.60 100.52
I9-4 54.55 1.07 0.37 22.11 0.22 0.24 0.17 0.07 0.03 0.003 20.55 99.38
PO-3 46.72 2.55 1.05 19.08 5.48 0.10 0.42 0.14 0.01 0.004 23.90 99.45
PO-4 54.93 1.39 1.01 21.83 0.63 0.22 0.19 0.16 0.02 0.004 19.60 99.98
I10-17 51.97 12.67 3.98 11.64 0.68 0.21 3.13 0.31 0.03 0.011 15.30 99.93
I10-27 50.50 4.02 1.57 21.35 2.66 0.13 0.71 0.22 0.08 0.001 18.60 99.85
I10-37 55.13 0.60 0.28 23.57 0.36 0.12 0.09 0.02 0.01 0.001 19.80 99.98

Minerals ——————————————— Sepiolites ——————————————— – Mg-rich smectites –
Samples I4-5 I4-6 I7-2 I7-4 I7-5 I7-9 I7-13 I7-19 I9-1 I9-4 PO-3 PO-4 I10-17 I10-27 I10-37

Tetrahedral cations
Si 11.94 11.92 11.89 11.79 11.92 11.92 11. 92 11.93 11.95 12.00 11.90 11.93 3.76 3.80 3.91
Al 0.06 0.08 0.11 0.21 0.08 0.08 0.08 0.07 0. 05 0.00 0.10 0.07 0.24 0.20 0.09

Octahedral cations
Al 0.59 0.46 0.41 0.17 0.27 0.31 0.35 0.28 0.24 0.27 0.26 0.16 0.85 0.17 0.58
Mg 6.69 6. 97 7.75 7.75 7.53 7.30 7.34 7.46 7.50 7.35 7.14 7.70 1.27 2.43 1.78
Fe 0.19 0.12 0.03 0.03 0.02 0.09 0.05 0.03 0.04 0.06 0.17 0.05 0.22 0.09 0.14
Ti 0.02 0.03 0.02 0.03 0.00 0.01 0.00 0.00 0.01 0.01 0.03 0.00 0.02 0.01 0.01
OC 0.20 0.22 0.13 +0.11 0.06 0.14 0.11 0.10 0.14 0.26 0.34 0.18 0.19 0.33 0.23

Interlayer cations
Ca 0.02 0.02 0.03 0.04 0. 02 0.02 0.04 0.03 0.03 0. 5 0.15 0.08 0.05 0.22 0.07
Na 0.12 0.14 0.11 0.05 0.07 0.13 0.07 0.09 0.11 0.10 0.09 0.05 0.03 0.02 0.02
K 0.11 0.12 0.08 0.02 0.01 0.06 0.04 0.02 0.01 0.05 0.05 0.03 0.29 0.07 0.16

ILC 0.27 0.30 0.24 0.15 0.12 0.23 0.19 0.17 0.19 0.25 0.44 0.24 0.42 0.52 0.32
TLC 0.26 0.30 0.24 0.32 0.13 0.22 0.19 0.17 0.19 0.26 0.44 0.25 0.43 0.53 0.32

Note: OC: octahedral sheet charge. ILC: interlayer charge. TLC: layer charge.
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rocks (Figure 9a). All sample groups had a positive Eu*

anomaly, except Mg-rich smectitic claystone (0.80).

Limestone, dolostone, and silica-rich samples showed a

slightly negative Ce* anomaly while sepiolitic claystone

and Mg-rich smectitic claystone samples had slightly

positive anomalies (Table 2). The REE patterns of the

detrital silicate-rich rocks were parallel to sepiolite-rich

samples. In general, PAAS-normalized HFSE, TRE, and

LILE patterns of the silica-rich rocks, dolostone, lime-

stone, and sepiolitic claystone were similar, but

depleted. The Mg-rich smectitic claystone and detrital

silicate-rich rocks were only slightly depleted in HFSE

and TRE, whereas LILE were enriched relative to PAAS

(Figure 9b). The HFSE trend of Mg-rich smectitic

claystones was similar to the detrital silicate-rich rock

samples. The other neoformed mineral groups with

relatively small HFSE contents also showed a concor-

dant trend with each other.

DISCUSSION

The Polatlı basin represents an important Neogene

lacustrine basin in central Anatolia. Sepiolitic claystone

is alternated with dolostone beds at the bottom and

especially middle levels of the sequence. The abundance

of sepiolite in the succession decreases progressively

toward the upper levels. Limestone becomes predomi-

nant in the same direction. The upper horizon generally

comprises fossiliferous limestone, interfingered with

gypsum beds. These lithological features are indicative

of a past shallow and ephemerally hypersaline-evaporitic

lake environment in the basin. In most cases, sepiolite

formed in arid to semi-arid climates in closed terrestrial

basins where it precipitated directly from Mg- and Si-

enriched solutions with low Al concentrations (Mayayo

et al., 1998).

The close relation between some of the fine-grained

dolomite rhombs (<0.5 mm) and secondary coating or

growth texture of dolomite and calcite minerals in the

studied sample groups indicate secondary replacement or

dissolution following precipitation of the primary

minerals from the saturated lake water column in the

Polatlı basin (Figure 6f�g) (indicated by arrow 2). Fine-

grained (<3 mm) and euhedral to subhedral dolomite

rhombs exhibited growth features. Growth of some of

the sepiolite fiber bunches from the edges or faces of

primary, fine-grained euhedral to subhedral dolomitic

rhombs or as coatings on the dolomite indicates that

these minerals were cogenetic. Sepiolite may have

precipitated from Mg-rich solution as a consequence of

dissolution of the dolomite. Filling of dissolution voids

of euhedral to subhedral calcite crystals by sepiolite

fibers also reveals that dissolution of calcite and

precipitation of sepiolite occurred simultaneously.

The dolomites were deficient in Mg with a low

Mg/Ca ratio (<0.55), fine-grain size (<0.5 mm), and

euhedral to anhedral morphologies. These chemical and

morphological properties are typical of primary or early

diagenetic dolomites formed at low temperatures

(Mayayo et al., 1996). The very low Sr/Ca ratio

approximates the average of the representative river

waters of the world (0.0027; Blatt et al., 1972). In the

samples studied, the mean Mg/Ca mole ratios in

limestone, dolostone, sepiolitic claystone, and Mg-rich

smectitic claystone were 0.09, 0.52, 5.92, and 12.55,

respectively, while the Sr/Ca mole ratio ranged from

0.02 to 0.002 in dolostone, 0.003 to 0.007 in limestone,

0.025 to 0.003 in sepiolitic claystone, and 0.20 to 0.074

in Mg-rich smectitic claystone (Table 2). Most oligo/

mesohaline episodes known as the Messinian salinity

crises were characterized by relatively high Sr/Ca

(0.012�0.013) and Mg/Ca (2�3.6) ratios in waters in

the Mediterranean region (Anadón et al., 2002). The

variation of the Sr/Ca ratio was related to evaporation-

dilution processes. Calcite was precipitated more from

diluted lake water than the other minerals, especially

Mg-rich smectite and partly sepiolite (Figure 8).

The clear differentiation of major and trace elements

in the neoformed minerals (neoformed phyllosilicates,

carbonates) and detrital silicate-rich rocks, and positive

correlations between Al, Fe, Mn, K, Ti, and REE (both

LREE and HREE), showed the different conditions for

formation of the mineral groups. The strongly positive

correlation between REE and Al2O3, Fe2O3, K2O, TiO2,

Zr, Th, and Y indicated that the source of the REE was

related to the detrital aluminosilicate fraction (e.g.

micas, feldspars, etc.) dissolving after deposition

(Table 3). The smaller REE, TRE, and HFSE contents

of neoformed minerals than those of detrital silicate-rich

rocks revealed that the minerals were precipitated

directly in the basin because lake water is more dilute

in terms of these elements.

The lack of or negative correlation between Ca and Sr

in all neoformed mineral groups (Table 4) may be

related to the addition of Sr from a different source, e.g.

mineralized thermal water carrying anions and cations to

the depositional basin along the fracture system, as

revealed by several thermal springs in the basin. Kabata-

Pendias and Pendias (2001) noted that the Sc content of

mafic rocks (20�35 ppm) and of argillaceous sediments

and shales (10�15 ppm) is relatively large, whereas in

limestones and dolostones it is small (0.5�1.5 ppm). The

Sc content in sepiolitic claystone, limestone, and

dolostone was generally <1 ppm while the mean content

of the element was 16 ppm in detrital silicate-rich rocks.

The important differences between the element contents

of neoformed and detrital minerals also indicated that

the neoformed minerals precipitated directly from a

lake-water column poor in this element.

Distribution of REE and the chemical composition

found in the fibrous and detrital clays provided good

clues as to the genesis of neoformed minerals. Indeed,

most natural waters have extremely small REE contents

(10�7�10�2 ppm, McLennan, 1989), due to the fact that
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the fractionation and mobility of these elements is very

unlikely between fluid and rock (Taylor and McLennan,

1985). The abundance of the elements in sediments was,

therefore, clearly related to that of the parent rock from

which they were derived (Bonnot-Courtois, 1981; Fleet,

1984). All sample groups had a positive Eu* anomaly,

except Mg-rich smectite (0.80), when normalized to

PAAS. Limestone, dolostone, and silica-rich rocks

showed a slightly negative Ce* anomaly, while sepiolitic

claystones, Mg-rich smectitic claystones, and detrital

silicate-rich rocks had a slightly positive anomaly. Ce is

fractionated from other REE due to the insolubility of

Ce4+ under oxidizing environments (Braun et al., 1990;

Class and la Roex, 2008). Enrichment of Ce4+ relative to

other REE in slightly oxidizing conditions caused slight

enrichment of Ce in Mg-rich smectitic claystones and

detrital silicate-rich rocks. The oxidizing conditions also

explain the negative Eu anomaly as it would have

stabilized Eu3+ (Cullers et al., 1975). Europium can be

divalent under reducing conditions. Some authors

indicated that leaching of REE3+ is pH dependent;

lower pH favors the mobility of REE3+ and higher pH

can induce precipitation (Terkado and Fujitani, 1998;

Moore, 1998; Aubert et al., 2001).

La and Th are more abundant in felsic than basic

rocks, whereas Sc and Co are the opposite (Taylor and

McLennan, 1985; Wronkiewicz and Condie, 1987).

Ratios such as La/Sc, Th/Sc, Co/Th, Cr/Th, and

Eu/Eu* in siliciclastic sediments allow constraints to

be placed on the average provenance composition (e.g.

Cullers, 1994, 1995; Cullers et al., 1988; Wronkiewicz

and Condie, 1987, 1989, 1990; Cox et al., 1995). The La/

Th ratio of the present samples, 2.5�5.08, was in the

range of UCC (Upper Crust Composition, Taylor and

McLennan, 1985), with most samples having a signifi-

cant felsic component (2.5<La/Th<5.08). The La/Th

ratio indicated that the sediments (average is 3.5) are

similar to average upper crust composition (La/Th =

2.8). Thus, the concentrations of these elements and the

corresponding elemental ratios in sediments may be

useful for provenance determination. Scandium contents

of <1.0 ppm indicated more felsic components. The Co/

Th ratios of the samples were between 0.86 and 3.0, and

thus close to UCC (0.93), NASC (Average North

American Shale, Gromet et al., 1984) (2.09), and

PAAS (1.58). These ratios indicate that the source of

the samples was felsic rocks. The average Co content in

ultramafic rocks is 105 ppm (Jagoutz et al., 1979),

whereas Co in the present samples ranged from 0.50 to

3.30 ppm. The geochemical differences between ele-

ments such as Th and La (indicative of a felsic source)

and Sc and Cr (indicative of a mafic source) have been

exploited by various researchers to distinguish between

felsic and mafic provenance (e.g. McLennan et al., 1980;

McLennan, 1989; Wronkiewicz and Condie, 1990;

McLennan and Taylor, 1991). The Th/Sc ratio

(0.50�1.5) of the samples studied was related to the

more felsic source rocks. The close similarity of the

depleted REE trend of carbonates and sepiolitic clays-

tone to each other and to detrital silicate-rich rocks may

be related to a cogenetic source.

The content and correlation character of HFSE and

TRE in carbonates and sepiolitic claystones indicated

that precipitation of the minerals occurred under similar

conditions. Because ophiolitic rocks are far from the

drainage system of the study area, the element contents

and ratios mentioned above represent source rocks from

metamorphic, dolomitic metacarbonates, plutonic rocks,

and especially volcanic rocks surrounding the immediate

vicinity of the Polatlı area. The rocks might have served

as sources for the Si and Mg required for sepiolite

precipitation. For Spanish sediments, Torres-Ruı́z et al.

(1994) showed that carbonates, Mg-rich smectite clays-

tones, and sepiolitic claystones had small REE contents

(<20 ppm), which they interpreted as a clear sign of

formation by direct precipitation from solution. The

Eskis� ehir sepiolites were formed by the diagenetic

replacement of magnesite pebbles with shallow burial

under alkaline conditions in the vicinity of paleoshore

lines (Ece and Çoban, 1994; Yeniyol, 1992; Gençoğlu

and İrkeç, 1994). Ece and Çoban (1994) suggested that

sepiolite nodules formed diagenetically from magnesite

cobbles, while sepiolite beds were precipitated in the

central part of the same paleolake, and Mg and Si were

derived from the ultrabasic rocks under alkaline and

saline conditions.

The HFSE reflect provenance composition because of

their immobility (Taylor and McLennan, 1985). These

elements have a similar average concentration in detrital

silicate-rich rocks as in PAAS but are depleted in

limestone, dolostone, and sepiolitic and Mg-rich smecti-

tic claystones, indicating immobility and dilution of the

element in the lake (Figure 8b). The diluted lake water

caused strong impoverishment of the elements during

precipitation of the neoformed minerals. The average Zr

content of detrital silicate-rich rocks (184 ppm) was

similar to PAAS (210 ppm) and is generally 15 times

greater than the other sample groups. The Zr/Hf ratio of

detrital silicate-rich rocks (33) was similar to PAAS,

NASC, and UC (42, 32, and 33, respectively), while the

ratio was smaller in limestone (13), dolostone (14), and

sepiolitic (22) and Mg-rich smectitic claystones (30). In

addition, Zr had a positive correlation with HFSE in

detrital silicate-rich rocks and limestones (r2 = 0.69) and

dolostone (r2 = 0.77) whereas it was strongly negatively

correlated with Mg-rich smectitic claystones (r2 =

�0.96). The mean Nb and Y contents of limestone

(0.99, 1.36 ppm), dolostone (0.84, 1.16 ppm), and

sepiolitic claystones (1.26, 1.62 ppm) were smaller

than those of detrital silicate-rich rocks (16.37,

19.09 ppm) and PAAS (19, 27 ppm), respectively,

showing that these elements were not concentrated in

the neoformed minerals and were immobile. The HFSE

contents and ratios indicated that neoformed minerals
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were formed under similar environmental conditions and

may have been derived from a similar source.

Vanadium (V) concentrations were smaller than the

levels in common shales and in the UCC. The V content

of sepiolitic claystones ranged from 29 to 240 ppm, with

an average of 79 ppm, similar to Mg-rich smectitic

claystones; dolostone and limestone contained less but

detrital silicate-rich rocks had more (average 104 ppm).

Vanadium was enriched in organic-matter-rich shales

deposited under reducing conditions. The V may also

have been hosted by detrital silicate minerals (Stow and

Atkin, 1987). The V/Cr ratio has been used as a paleo-

oxygenation indicator in a number of studies. The

average V/Cr values of some samples of limestone,

dolostone, sepiolitic claystones, Mg-rich smectitic

claystones, and detrital silicate-rich rocks were some-

times <2, which may indicate that the sediments were

deposited under relatively oxidizing conditions, and

sometimes >2, indicating that the sediments were

precipitated under relatively anoxic conditions (Dill et

al., 1988). Hence, these changes in the V/Cr ratio (from

0.11 to 6.28) may indicate that both types of conditions

prevailed from time to time. Changing the depositional

conditions also led to the Eu* and Ce* anomalies

mentioned above. Organic matter-rich black sepiolitic

claystones were formed under anoxic conditions while

white sepiolite formed under oxic conditions.

Precipitation of different colored sepiolite was related

to water stratification and changing redox state in the

deepest part of Miocene Sakarya basin. The black

sepiolite beds contained nearly pure sepiolite and were

overlain and sometimes underlain by brown sepiolite

(Figure 3a). The two types of sepiolites were formed

under dysaerobic conditions before and after the anoxia

maximum. The anaerobic conditions were formed by

large sulfate concentrations which originated from the

ascending hydrothermal solutions rich in sulfate along

the active fault system in the vicinity of the basin

(Figures 1, 2), with water depth increasing progressively

due to extension of the graben and basin subsidence (Ece

and Çoban, 1994).

Helgeson et al. (1969) showed an equilibrium

saturation diagram for the system CaO–MgO–CO2–

SiO2–H2O at 25ºC and 1 atm, with the field boundaries

between sepiolite, dolomite, calcite, magnesite, and

amorphous silica. The phase diagram showed the

coexistence of sepiolite with calcite, dolomite, and

amorphous silica (Figure 10). The chemical precipitation

of Mg-rich smectite, then sepiolite, and later or

contemporaneous precipitation of dolomite and sepiolite

was consistent with the saturation diagram of Helgeson

et al. (1969). The intimate mixture of dolomite and

sepiolite suggests that the brine water might have had a

composition close to the field boundary between

dolomite and sepiolite, and continued concentration of

dissolved brines by evaporation caused precipitation of

dolomite and sepiolite. Mg may have been divided

between dolomite and sepiolite. The partitioning of Mg

in the lacustrine sediments, the tendency for Mg to form

not only carbonate but also silicates, is unclear

(Deocampo, 2010). He suggested that sulfate reduction

and associated anaerobic oxidation of organic matter can

contribute to dolomitization, largely through the rise in

pH and alkalinity. The close relation of the organic-

matter-rich sepiolitic claystones to dolostone supports

this suggestion.

The absence of aragonite in the study area may be

related to the low Mg/Ca ratio (<12) in the lake water

(Jones and Deocampo, 2003), caused by the chemical

precipitation of both sepiolite and dolomite. Mg-rich

smectite was formed by chemical precipitation directly

from alkaline lake water due to high pH (pH > 8.5)

values and increased Mg and Si activity (Birsoy, 2002).

High-silica solutions are most favored for the direct

precipitation of sepiolite from solution.

The presence of a transformational relationship

between sepiolite and trioctahedral smectite was also

observed by Galán and Castillo (1984). The silica might

be provided by volcanic ash or from the breakdown of

the Mg-rich smectites or detrital silicate-rich rocks.

Parry and Reeves (1968) believed that montmorillonite

may have been the main source of silica for the

neoformation of sepiolite in Texas, USA, as the lakes

became more alkaline. The occurrence of an authigenic

silicate mineral in the central part of the basin was

interpreted to be a result of chemical interaction with

saline, alkaline brine that changed with lake level.

McLean et al. (1972) concluded that Pleistocene

volcanic ash provided the main source of silica for the

deposit. The increased Mg and Si contents were

produced by dissolution of Lower to Middle Miocene

pyroclastics in a lacustrine environment. The Mg may

have been supplied by waters which percolated through

the fractures of metadolomitic limestones (Figure 1).

Figure 10. Phase diagram for the systemCaO–MgO–CO2–SiO2–

H2O at 25ºC and 1 atm. (Helgeson et al., 1969).
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The sepiolite and Mg-rich smectite were the only

magnesian-silica-rich argillaceous minerals present in

the area, confirming the lack of detrital input among the

sepiolite layers, the water supply of the lake, the

SiO2(aq), and Mg2+ cations leached from the Mg-rich

smectite. A gradual increase in the Mg and silica content

by evaporation of the lake water was caused by

precipitation of Mg-rich smectite and then sepiolite;

then sepiolite began to be deposited along with the

dolomite. The silica activity alone was insufficient for

dolomite precipitation. With the pH of the environment

slightly acidic, sepiolite was not precipitated, and

breakdown of silica increased under saturation with

respect to amorphous silica (opal, opal-CT).

In SEM observations, silica (opal-A, opal-CT)

cavities were surrounded by sepiolite (Figure 7g�i,

Table 3), transitions from rims of silica compounds to

sepiolite or vice versa were interpreted as representing a

transformation reaction. Thin, long sepiolite fibers

graded to thick, short sepiolite and then to more diffuse

fibers near the edges of silica. Finally, the thick sepiolite

fibers became more disordered. The Mg deficiency of

the thick fibers (in contrast to the thin fibers) was

determined by EDS analysis. This relation of silica

minerals (e.g. opal-CT, moganite, quartz) with sepiolite

may represent the gradual collapse of sepiolite struc-

tures, which mobilized Si while Mg precipitated as

dolomite. The presence of calcite and the decrease in

amount of dolomite in the upper level might have been

due to an influx of fresher water or the development of

an outlet from the lake, either of which would have

caused a decrease in salinity of the Polatlı basin. The

coexistence of calcite and sepiolite and filling of

partially dissolved calcite crystals by sepiolite fibers

may have been related to the equilibrium of Helgeson et

al. (1969). If so, the calcite-sepiolite minerals were

formed when fluid compositions were near the field

boundaries between sepiolite and calcite. In the carbo-

nate-containing sediments, dissolution of CaCO3 led to

pH values of ~8.0 (Weaver, 1989). Sepiolite may have

formed contemporaneously with or just after dissolution

of calcite.

An increase in silica precipitation, occurring as

irregular and discontinuous layers, has been observed

generally in the upper section and intervals of the

sepiolite-rich layers. Some occurrences of Si compounds

contained moganite. Bustillo (2002) stated that moganite

occurs as a metastable phase that transforms to quartz

(opal? opal CT ? quartz), if given sufficient time or

changes in ambient conditions. Bustillo (2002) also

claimed that moganite is abundant in arid, alkaline

environments. The precipitation of chert layers contain-

ing moganite and quartz suggests that siliceous gel

precipitated from solution during carbonate precipitation

and/or after sepiolite precipitation from arid, alkaline

environments under evaporitic regimes. The authigenic

silicate mineral may have formed as a result of chemical

interaction with a saline, alkaline brine that changed

with lake levels and water stratification. The results

suggest that distributions of authigenic silicate minerals

in saline, alkaline lake deposits are related in a complex

way to depositional and hydrologic processes and may

be of limited utility in resolving lake-level changes in

ancient lacustrine systems (Larsen, 2008).

Moganite-to-quartz transformation and opal-A/

opal-CT transformation to Mg-poor to Mg-rich material

(sepiolite) were observed in SEM and EDS analyses

(Figure 7, Table 3). The Mg content of the thick, short-

fiber sepiolite was smaller than longer sepiolite fibers

near the Si compounds and sepiolite border. Esteban-

Cubillo et al. (2008) found that, although sepiolite

particles maintained their fibrous aspect, the crystalline

framework of sepiolite collapsed when the fraction of

leached Mg2+ was greater than or equal to 0.33, forming

amorphous silica. Mineralogical studies (XRD, SEM-

EDS) of the relation between Si compounds and sepiolite

revealed different stages of organization, from opal-CT

to microcrystalline quartz. Kent and Kastner (1985)

proposed that the Mg2+ can be removed from suspen-

sions containing amorphous silica at low temperatures

by adsorption and precipitation of a Mg-hydrosilicate

resembling sepiolite. The rate of sepiolite formation

increases with increasing Mg2+ concentration, dissolved

silica concentration, pH near 8, and temperature >10ºC

(Kent and Kastner, 1985; Weaver, 1989).

CONCLUSIONS

Two types of mineral groups were determined in the

Polatlı basin, based on mineralogical and chemical

properties. The first group of minerals, consisting of

neoformed minerals � calcite, dolomite, sepiolite, Mg-

rich smectite, and silica compounds (opal-A, opal-CT,

moganite, and quartz) � precipitated directly from lake

water. Minerals in the second group, consisting of detrital

silicate minerals, were derived from the catchment areas.

Neoformed silica compounds, filling cavities, formed

from dissolution of sepiolite under weakly acidic

conditions. Amorphous Si compounds were transformed

to opal-CT ? moganite ? quartz. Although sepiolite

habits maintained their fibrous aspect, transformation of

sepiolite to silica caused collapse of long, thin sepiolite

fibers to short, thick Mg-poor sepiolite.

Dissolution of calcite and/or dolomite and precipita-

tion of sepiolite occurred contemporaneously. Some

sepiolite developed as coatings on or around dolomite

rhombs, indicating that they formed after precipitation of

dolomite.

Trace element contents, some element ratios, and

PAAS-normalized REE patterns of the neoformed

minerals suggested a felsic source rock. The REE,

TRE, LILE, and HFSE contents of neoformed minerals

are lower overall than those of the detrital silicate

minerals.
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The sepiolite deposits of a fluvio-lacustrine origin

were formed in a closed, alkaline, shallow-lake environ-

ment. The Mg may have originated from Mg-rich

smectites and metadolomitic rocks. The depositional

environment was affected by varying oxic/anoxic

conditions.

The MgO, Ba, Sr, V, and TRE contents are much

smaller than those of the Eskis� ehir sepiolitic claystones,

suggesting that the Eskis� ehir sepiolites may have been

derived from a different source. The very large V

content of the Eskis� ehir sepiolites points to a more

anoxic environment than in the Polatlı basin.
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