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ABSTRACT

Travertine deposits in western Turkey are very well-exposed in the area of
Kocabas, in the eastern part of the Denizli Basin. The palaeoclimatic signifi-
cance of these travertines is discussed using U/Th dates, stable isotope data
and palynological evidence. The Kocabas travertine occurrences are charac-
terized by successions of depositional terraces associated with palaeosols
and karstic features. The travertines have been classified into eight lithotypes
and one erosional horizon, namely: laminated, coated bubble, reed, paper-
thin raft, intraclasts, micritic travertine with gastropods, extra-formational
pebbles and a palaeosol layer. The analysed travertines mostly formed
between 181 ka and 80 ka (Middle to Late Pleistocene) during a series of cli-
matic changes including glacial and interglacial intervals; their §'°C and
8'"®0 values indicate that the depositional waters were mainly of basinal
thermal origin, occasionally mixed with surficial meteoric water. Palynologi-
cal results obtained from the palaeosols showed an abundance of non-arbo-
real percentage and xerophytic plants (Oleaceae and Quercus evergreen
type) indicating that a drought occurred. Marine Isotope Stage 6 is repre-
sented by grassland species but Marine Isotope Stage 5 is represented by
Pinaceae—Pinus and Abies, Quercus and Oleaceae. Uranium/thorium analy-
ses of the Kocabag travertines show that deposition began in Marine Isotope
Stage 6 (glacial) and continued to Marine Isotope Stage 4 (glacial), but
mostly occurred in Marine Isotope Stage 5 (interglacial). The travertine depo-
sition continued to ca 80 ka in the south-west of the study area, in one par-
ticular depression depositional system. Palaeoenvironmental indicators
suggest that the travertine depositional evolution was probably controlled by
fault-related movements that influenced groundwater flow. Good correlation
of the stable isotope values and dates of deposition of the travertines and
palynological data of palaeosols in the Kocabas travertines serve as a starting
point for further palaeoclimate studies in south-west Turkey. Additionally,
the study can be compared with other regional palaeoclimate archives.
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INTRODUCTION

Travertines, tufas and speleothems are environ-
mental, hydrological, tectonic and climatological
archives of the time span in which they formed
(Andrews et al.,, 1997; Bar-Matthews et al.,
1997; Hancock et al.,, 1999; Minissale et al.,
2002; Andrews, 2006; Pedley, 2009; De Flippis
et al.,, 2012; Gandin & Capezzuoli, 2014). To
date, tufas and speleothems have been preferred
to travertines for palaeoenvironmental and pal-
aeoclimatic reconstructions (Boch et al., 2005;
Andrews, 2006; Fairchild et al., 2006; Arenas
et al., 2007, 2010; Bertini et al., 2007, 2008,
2014), mainly because stable isotopes in traver-
tines are less predictable in terms of disequili-
brium effects. For example, the §'°C values of
tufas and speleothems are influenced mostly by
organic and atmospheric sources while the §'°C
values of travertines are governed mainly by
thermal sources and the dissolution of basinal
carbonates (Chafetz & Folk, 1984; Folk, 1993;
Horvatincic et al., 2005; Pentecost, 2005;
Andrews, 2006).

Nevertheless, Late Pleistocene travertines near
Rapolano Terme and Serre di Rapolano in Tus-
cany, central Italy, have been characterized by
their facies and depositional system types by
Guo & Riding (1998). Hot spring travertines were
grouped into three depositional systems: Slope
Depositional System, Depression Depositional
System and Reed Mound Depositional System.
Slope Systems were further disaggregated into
‘Terrace Slope Facies’, ‘Smooth Slope Facies’
and ‘Waterfall Facies’. In the same manner,
Depression Depositional Systems (cf. ‘shallow
lake-fill deposits’ of Chafetz & Folk, 1984) were
subdivided into ‘Shrub-Flat Facies’ (including
laminae and gas bubbles) and ‘Marsh-Pool
Facies’ (formed mainly of intraclasts and reeds;
Guo & Riding, 1998; Ozkul et al., 2002; Gandin
& Capezzuoli, 2014). Furthermore, the close rela-
tionships between travertine deposition and
tectonic activity, including faulting, was esta-
blished for Middle to Late Pleistocene traver-
tines of the Northern Apennines (Brogi &
Capezzuoli, 2009), while Altunel & Hancock
(1993b) and Altunel (1994) described in fissure

ridge travertines and detailed neotectonic struc-
tures within and cutting the Pamukkale traver-
tines of the Denizli Basin. Van Noten et al.
(2013) also inferred the different local palaeo-
stress directions that are activated after traver-
tine deposition to understand the neotectonic
activity in the Denizli Basin, Turkey. Despite all
related studies on the travertine and tufa sys-
tems in several outcrops all around the world,
there are still some gaps in understanding, such
as a deficiency of detailed sedimentological
analyses, stable isotopes, palynological data and
dating results. Firstly in this study, responses of
these methods were determined, and also palae-
oclimatic conditions of the region were eluci-
dated by using the correlated data.

This article focuses on travertine occurrences,
located in the Kocabas area in the eastern part
of Denizli, south-west Turkey (Fig. 1), where dif-
ferent types of travertine precipitation can be
seen clearly. This research shows that these pre-
cipitates and their sedimentation rate were pro-
bably controlled by palaeoclimatic conditions
and tectonic activity of the region during the
Quaternary period. The purpose of this study
was to reconstruct the palaeoenvironmental
and palaeoclimatic evolution of the Kocabas
travertines. Thus, it can be correlated with other
travertine precipitations, in particular all Medi-
terranean travertine and tufa systems during the
Middle to Late Pleistocene.

GEOLOGICAL SETTING

The Denizli Basin, located in the western Anato-
lian Extensional Province of Turkey, is a graben
bounded by normal faults along its northern and
southern margins (Kogyigit, 2005; Westaway
et al., 2005; Kaymakei, 2006; Fig. 1). The basin
includes the world famous Pamukkale traver-
tines and, due to regional tectonic activity along
the north-west trended Pamukkale Fault zone,
the Denizli half graben became a full graben
(Altunel & Hancock, 1993a; Cakir, 1999; Simsek
et al., 2000; Ozkul et al., 2002; Algigek et al.,
2007; Kele et al., 2011; De Flippis et al., 2012;
Ozkul et al., 2013; Van Noten et al., 2013).
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Fig. 1. Base map showing the location of the study area and travertine quarries. (A) Location of the Denizli area

in SW Turkey and geological map of the studied area

(after Sun, 1990; Ozkul et al., 2002). (B) Simplified geologi-

cal map of the Denizli Basin showing part of the travertine sites (I, II, IIT and IV) between the Kocabas and Giirlek

settlements.

The travertine deposits overlie Neogene basin
fill of alluvial, fluvial and lacustrine deposits.
The basin began as a half graben in the upper
Early Miocene when deposition gradually
evolved from alluvial to fluvial and finally into
lacustrine towards the Gelasian (Westaway,
1993; Algigek et al., 2007); older bedrocks are
exposed on the graben shoulders and in the
mountainous areas (Ozkul et al., 2002, 2013).
The bedrock mostly consists of schists and mar-
bles that form the Menderes Massif (Bozkurt &
Oberhénsli, 2001; Erdogan & Gilingor, 2004) and
the allochthonous Mesozoic limestone, dolomite
and gypsum of the Lycian Nappes that tectoni-
cally overlay the Menderes Massif (Okay, 1989;

Sozbilir, 1997, 2005; Giindogan et al., 2008).
Travertine precipitation is represented by local
fluvial terraces that become progressively youn-
ger towards the basin centre (Kogyigit, 2005;
Kaymakgi, 2006; Kazanci et al., 2012). The Qua-
ternary faults and fissures in the carbonate bed-
rocks along the graben margins are natural
pathways for the descending meteoric waters
and upwelling of hydrothermal fluids to the sur-
face (Altunel & Hancock, 1993a,b; Minissale
et al., 2002; Dilsiz, 2006; Brogi & Capezzuoli,
2009; Ozkul et al., 2013).

The investigated area includes the Kocabas
site that is located in the north-eastern part of
the Denizli Basin. This area is characterized by

© 2014 The Authors. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 13601383
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travertine occurrences such as the Kaklik and
Pamukkale (Fig. 1). The travertines of Kocabag
and surrounding areas are mostly vertically
banded travertines (centre of fissure ridges) and
horizontally and subhorizontally bedded traver-
tines precipitated in adjacent pools or shallow
lake environments (Ozkul et al., 2002; Altunel
& Karacabak, 2005; De Flippis et al, 2012;
Ozkul et al., 2013, 2014). The fissure ridges fre-
quently occur along the north-west margin of
the basin and most probably developed at the
ends of the normal fault segments or step-over
zones between them (Cakir, 1999; Brogi et al.,
2014).

MATERIALS AND METHODS

Sixty travertine samples were collected for sta-
ble carbon and oxygen isotope analyses, 13 sam-
ples were collected for U/Th dating and 76
travertine and muddy-silty samples were col-
lected for palynological investigations. During
the field study, sedimentological observations
were conducted in order to determine the diffe-
rent travertine lithotypes and facies of the tra-
vertine depositional system. Both the geographic
position and elevation of the travertines were
measured using GPS.

Stable isotope analysis

The stable isotope analyses were performed on
60 travertine samples at the Institute for Geologi-
cal and Geochemical Research, Hungarian Acad-
emy of Sciences, Budapest, Hungary. Carbon
and oxygen isotope analyses of bulk carbonate
samples were carried out using continuous flow
technique (Spotl & Vennemann, 2003). The
3C/™C and '®0/'°0 ratios were determined in
CO, gases liberated by phosphoric acid using a
Finnigan delta plus XP mass spectrometer
(Thermo Fisher Scientific, Bath, UK). Standardi-
zation was conducted using laboratory calcite
standards calibrated against National Bureau of
Standards (NBS) 18 and NBS 19. All samples
were measured at least in duplicate and the
mean values are expressed in the conventional
notation in parts per thousand (%, on the
Vienna Pee Dee Belemnite (VPDB) scale (5*°C,
8'80) and Vienna Standard Mean Ocean Water
(VSMOW) scale (§'®0). Reproducibilities are bet-
ter than 40-19, for 5'°C and §'®0 values of car-
bonates.

Uranium/thorium dating

Uranium-series dating of travertine samples was
carried out at the GEOTOP research centre of
the University of Quebec at Montreal. Traver-
tine samples, each weighing a few grams,
were cut using a Dremel® rotary tool (Robert
Bosch Tool Corporation, Mount Prospect, IL,
USA). The external layer of the sample was
removed in order to reduce the risk of contami-
nation by **°Th-bearing detrital particles. The
travertine sample was then heated in a clean
crucible in order to destroy organic matter and
was then further dissolved with a 7 N HNO; in
Teflon® beakers. A known amount of spike
(333U, %°%U and %?*°Th) was added to determine
U and Th isotopes using the isotope dilution
technique.

The U-Th separation was conducted using an
AG1X8 anionic resin bed. The Th and U-Fe
fractions were retrieved by elution with 6 N HCI
and H,O, respectively. The purification of the U
fraction was accomplished using 0-2 ml U-Teva
(Eichrom® Industries; Darien, IL, USA) resin
volume. The U-Fe separation was performed by
elution using 3 N HNOj; (Fe fraction) and
0-002 N HNOj; (U fraction). The overall analyti-
cal reproducibility, as estimated from replicate
measurements of standards, is usually better
than 0-5% for U concentration and ***U/**°U
ratios, and ranges from 0.5 to 1% for **°Th/***U
ratios (2 sigma error ranges).

Despite the mechanical abrasion, some detrital
fraction remained as indicated by the presence
of ?**Th. This remaining fraction indicates that a
part of the measured **°Th is related to a detrital
contamination that has been added to the **°Th
produced by the authigenic uranium of the
CaCOs;. In order to account for the #*°Th related
to the detrital fraction, a correction was carried
out according to Ludwig & Paces (2002). Specifi-
cally, ***Th was used as an index and a typical
crustal Th/U ratio was assumed, with 234U/?%8U
and *°°Th/*’®U activity ratios near secular
equilibrium. In this model, the isotope and the
activity —ratios used were (***Th/***U) =
121 £ 50%, (**U/*®U)= 1+ 10% and
(**°Th/***U) = 1 + 10%.

Palynological analysis

Seventy-six samples were collected for pollen
analyses, 47 samples from terrestrial carbonates
and 29 from palaeosol levels (Fig. 1B). Pollen
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samples were treated with hydrogen chloride
(HCl), hydrogen fluoride (HF) and potassium
hydroxide (KOH) following standard procedures
(Kaiser & Asraf, 1974). The residue was sieved
with a mesh-size of 10 pm. Only 29 samples
collected from the palaeosol levels in Sites I, 1I
and IV were suitable for qualitative and quanti-
tative pollen analysis. Approximately 150 indi-
vidual palynomorphs (pollen and dinocysts) per
sample were counted. Palynomorph identifica-
tion was performed under an Olympus light
microscope (Olympus Corporation, Tokyo,
Japan), usually at 100x, 40x and 20x magnifica-
tions. The palynomorph diagram was prepared
with a Tilia graph (2-0).

RESULTS

Travertine lithotypes

Eight different lithotypes, most of them previ-
ously described in many travertine sites (Chafetz
& Folk, 1984; Guo & Riding, 1998; Ozkul et al.,
2002; Brogi & Capezzuoli, 2009), have been
observed and interpreted based on their deposi-
tional features (for example, colour, bedding,
lamination and fossil content) along the mea-
sured sections from four travertine quarry walls
(Fig. 1). The following main travertine lithotypes
are recognized (Fig. 2): (i) Laminated (L1); (ii)
Coated bubble (L2); (iii) Reed (L3); (iv) Paper-
thin raft (L4); (v) Intraclast (L5); (vi) Micritic
travertine with gastropods (L6); and (vii) Extra-
formational pebbles (L7). An additional litho-
type, palaeosol bed (L8), was mapped and
described, as representing an accumulation of
alluvial deposits by erosion when travertine
deposition ceased. The different travertine litho-
types in the study area are described below in
detail.

Laminated travertine (L1)

This lithotype, up to 50 cm thick, is white to
light brown in colour with dense tabular micri-
tic laminae. The latter are parallel, with horizon-
tal or, more commonly, slightly undulatory
profiles. Some planar pores parallel to lamina-
tions also occur. Individual lamina thickness
varies between 0-3 mm and 2 mm. Laminae
have transitional boundaries and are characte-
rized by variations in colour. The density of the
lamination has most probably been caused by
seasonal changes and by algal filaments. The
whitish layers may have precipitated mainly
inorganically, while the dark layers correspond
to the incorporation of organic components. The
dark laminae are porous while the whitish lami-
nae are less porous, and more dense and com-
pact. This lithotype is present in all travertine
sections of the study area, and is overlain by the
reed lithotypes composed of plant clusters
(Figs 2B and 3).

Coated bubble travertine (L2)

This lithotype is characterized by coated gas
bubbles in relation to paper-thin raft and reed
lithotypes (Fig. 2C). Carbonate-encrusted bub-
bles were first described by Allen & Day (1935)
and subsequently mentioned by many authors
(e.g. Kitano, 1963; Schreiber et al., 1981; Chafetz
& Folk, 1984). Coated bubble has also been
referred to as ‘lithified bubble’ and ‘foam rock’
by Guo & Riding (1998); Jones & Renaut (2010);
Chafetz & Folk (1984). In addition, Guo & Riding
(1998) pointed out that individual bubbles at
Rapolano Terme are observed as tube-shaped,
aligned in a vertical chain; however, the shape
of the bubbles in the Kocabas sections are
mainly spherical and oblate and their size
ranges from millimetre to centimetre. This litho-
type has been detected in the lower middle por-
tion of the measured section.

Fig. 2. View of Kocabag travertine quarries deposited in a Depressional Depositional System and showing in
detail its lithotype features. (A) One of the travertine quarries showed some lithotypes (L1, L3, L5 and L8) (scale:
178 cm). (B) Horizontally bedded, parallel laminated travertine (pl) is clearly seen between palaeosol layer (p) on
top and clast breccias (br) (scale is 170 cm). (C) Gas bubbles (gb) in Flat-Pool facies; the horizontal lamination is
accentuated (black line; scale: 12 cm). (D) Vertical and encrusted moulds of stems (reed travertine) intercalated
with gas bubbles. (E) Angular and subangular travertine fragments called intraclasts (travertine breccias-br) are a
common lithotype in Marsh-Pool facies. The hammer is 32:5 cm long; (F) Gastropods (gs) are locally common in
Marsh-Pool facies and are clearly visible in detritic levels of travertine deposits. The coin is 2-5 cm in diameter.
(G) Unconformity between two travertine bodies which are highlighted by a palaeosol (p) and intense alteration
(erosional surface). (H) Extra-formational pebbles with rounded shape are observed at the margin of the travertine
deposits. (I) Microscope image, gastropod shell surrounded by micritic cement in thin section. (J) Microscope
image shows two ostracod (o) fragments surrounded by micritic cement with the inside filled by spar calcite.
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Reed travertine (L3)

This lithotype is recognized as vertically ori-
ented and encrusted moulds of stems occasion-
ally intercalated with coated bubbles. Its
approximate thickness is up to 3 to 4 m and lat-
erally continues for several hundred metres
(Figs 2D and 3). This lithotype is mostly in the
middle portion of all sections.

Paper-thin rafts (L4)

Calcite or aragonite rafts develop at the water sur-
face of stagnant pools where surface degassing
of CO, increases the saturation level, leading to
calcite or aragonite precipitation (Folk et al,
1985; Chafetz et al., 1991; Capezzuoli & Gandin,
2005; Jones & Renaut, 2010). The lithotype is
composed of few thin individual millimetre
thick sheets and accompanied by coated bubbles
and reed lithofacies (Figs 2 and 3). This lithofa-
cies is described as ‘paper-thin raft’ (Guo & Rid-
ing, 1998), ‘hot water ice’ (Allen & Day, 1935),
‘calcite ice’ (Bargar, 1978) and ‘calcite rafts’ (Folk
et al., 1985) in hot spring environments and in
cool water cave pools (Baker & Frostick, 1951;
Black, 1953). The colours of rafts range from beige
to light brown based on the chemical composition
of the water. This lithotype is generally observed
mostly in the middle portion of all sections.

Intraclast travertine (L5)

Generally, coeval erosion and breakage of traver-
tine produce abundant lithoclasts. Such erosion
typically occurs during periods of increased
flow rates that might be caused by a periodic
surge in the spring flow rates or flooding after
periods of heavy rain. Detritus produced in this
manner is washed downslope, and accumulates
in depressions or pond areas (e.g. Guo & Riding,
1998; Sant’Anna et al.,, 2004; Jones & Renaut,
2010; Ozkul et al., 2013).

In the study area, this lithotype is character-
ized by a light brown to beige colour. Travertine
fragments are usually 3 to 4 cm in diameter with
the maximum being up to 20 cm (Fig. 2E), and
the layers are 40 to 50 cm thick. The clasts are
poorly sorted, angular to subrounded and
slightly imbricated to the flow direction. The
oxidation level can be observed in some parts
and fragments are entombed in a muddy matrix.
The fragments of this travertine lithotype are
manifested as scour channel fill deposits settled
in the top of the parallel laminated travertine
bodies (Fig. 2G). Intraclast travertine lithotypes
are widespread in all quarries (except Site-1V;
Fig. 3).

Micritic travertine including gastropods (L6)
Small snails are common in the micritic traver-
tines (Fig. 2F). The thickness of this lithotype
varies in each section and ranges from 40 cm to
2 m. In addition, unidentified gastropod shells,
ostracods, crab fragments and leaf fossils are
very common in Site-IV.

Extra-formational pebbly travertine lithotypes
(L7)

Pebbles are well-rounded, matrix-supported and
mostly derived from ophiolitic rocks such as
dunite, serpentinite and gabbro (Fig. 2H). In
addition, these pebbles have been observed as
channel-shape bodies in the travertine. This
lithotype reaches a thickness of 50 cm and is
clearly visible in the margin of Section-II.

Palaeosol (L8)

Palaeosols are observed as horizontal layers at
different levels in all measured sections (Fig. 2B
and G), ranging from 10 to 50 cm in thickness.
They are dark brown to grey coloured, are rich in
organic matter and have irregular bases. The pal-
aeosols unconformably overlie the reed litho-
facies (Figs 2G and 3). Lateral extensions of the
palaeosol layers change from a few tens of metres
up to a few hundred metres. Each palaeosol layer
and associated erosional surface (Fig. 2) consti-
tutes a sequence boundary between two different
travertine beds; this level is locally enhanced by
the presence of dark clays.

Depositional system and facies

The travertine depositional system corresponds
to a specific environment that can be delineated
based on the description of physical (grain size,
components, erosional features and bedding),
chemical (inorganic, dissolution and precipitate)
and biological (microbial) imprints.

In this work, a single depositional system has
been recognized; this system is subdivided into
facies types composed of lithotype combina-
tions. The investigated travertines precipitated
from slowly flowing water and partly ponding
spring waters in depressions that consist of
‘Flat-Pool Facies’, and ‘Marsh-Pool Facies’ like
those in Rapolano Terme (Guo & Riding, 1998).
In the study area, the Flat-Pool facies is charac-
terized by laterally extensive light coloured par-
allel laminations and associated intercalations of
the paper-thin rafts and coated bubbles, whereas
the Marsh-Pool facies is observed as dark
coloured in the field and mostly consists of

© 2014 The Authors. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 13601383
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intraclast and reed travertines. Both Flat-Pool
and Marsh-Pool facies generally exhibit horizon-
tal stratification, although in some cases they are
cut by erosional levels containing muddy, silty
materials.

Flat-Pool facies

Description. Flat-Pool facies has been used for
light coloured horizontally thin-bedded traver-
tine precipitations; it is characterized by parallel
laminated (L1) lithotype. This facies is charac-
terized by a ca 2 to 4 m thickness and tens to
hundred metres in lateral extent through the all
studied sections (Fig. 3).

Interpretation. Flat-Pool facies is formed in
shallow ponds probably fed by subaqueous
springs upwelling along the faults and fractures
(Chafetz & Folk, 1984; Guo & Riding, 1998; Fac-
enna et al., 2008; Ozkul et al., 2013). Although
the shrub lithotype is the most prominent com-
ponent of the light coloured travertines precipi-
tated in depressions (Chafetz & Folk, 1984; Guo

& Riding, 1998; Facenna et al., 2008), the Flat-
Pool facies of the Kocabas travertines lacks the
shrub lithotype. However, other characteristics,
such as horizontal bedding, parallel lamination,
lateral extension of tens to hundred metres, light
colour, palaeosols, mud and clay intercalations
indicate Flat-Pool facies.

Marsh-Pool facies

Description. The term Marsh-Pool facies has
been used by Guo & Riding (1998) for grey to
brown coloured reed and lithoclast travertines
(L3 and L5). In addition, gastropods and ostra-
cods are locally common in this facies (L6 litho-
type; Figs 2 and 3). Pedogenic effects are locally
intense (Section-1V). Particularly, Marsh-Pool
facies are interlayered with Flat-Pool facies and
silty, muddy erosive levels.

Interpretation. These deposits form in shallow
lake or pool environments; they accumulate in
locations distal to warm springs, where water
temperatures are lower due to mixing with cool

Table 1. Stable carbon and oxygen isotope results from the Kocabag travertines.

Sample 313C 3'%0 3'%0 Sample 3¢ 3'%0 3'%0
no (V-PDB) (V-PDB) (V-SMOW) no (V-PDB) (V-PDB) (V-SMOW)
S4-1K 1-8 -89 21-8 S54-31K 1-6 —8:6 221
S4-2K 1.7 -9.7 20-9 S4-32K 1-7 —-8-1 22-5
S4-3K 1-4 —-10-1 20-5 S54-33K 1-9 —-9-3 21-3
S4-4K 1-3 —-9-8 20-9 S4-34K 2-0 —-9-5 211
S4-5K 1-4 -9-4 21-2 S4-35K 1-8 —8-7 22-0
S4-6K 2:2 —8-7 22-0 S4-36K 1-5 —87 21-9
S4-7K 1-9 —8-8 21-8 S4-37K 1-8 —-8-0 22-6
S4-8K 19 —8-2 22-5 S4-38K 1-5 —10-5 201
S4-9K 1-8 —-7-3 23-4 S54-39K 1-5 —-10-1 20-5
S4-10K 1-9 —-7-9 22-8 S4-40K 1-4 —-10-1 20-5
S4-11K 1.7 —7-2 23-5 S4-41K 1.7 —10-2 20-4
S4-12K 1-9 —8-8 21-8 S4-43K 1-1 -10-4 20-2
S4-13K 1-6 —7-6 231 S4-44K 1-2 —-10-4 20-2
S4-14K 1-3 —7-2 23-5 S4-45K 2:2 -9-1 21-5
S4-15K 2-2 —-8-7 219 S3-1K 1-9 —7-6 231
S4-16K 1-9 —8-4 22-2 S3-2K/a 2-0 —-9-5 211
S4-17K 1-9 -7-9 22.7 S3-2K/b 1-9 —-9-2 215
S4-18K 1-8 —7-8 22-9 S§3-3K 1-8 —-91 21-6
S4-19K 1-8 -89 21-8 S3-4K 1-7 —-8-1 22-5
S4-20K 19 —-8-1 22-6 S3-5K 1-8 —7-2 23-5
S4-21K 1-9 -84 22-2 S3-K/a 2-0 —7-4 23-3
S422K 1-9 —-8-1 22-6 S3-6K/b 1-7 —6-4 24-3
S4-23K 1-9 —7-8 22-9 S3-7K 1-7 —84 22-2
S4-24K 1-9 -9-5 211 S3-8K 1-6 —-7-1 236
S4-25K 19 —8-2 22-4 S3-9K 2-6 —8-6 221
S4-26K 2-0 —-9-2 21-5 S3-10K/a 2-6 —8-3 224
S4-27K 1-8 —-8-1 22-6 S3-10K/b 2-6 —8-2 225
S4-28K 1-8 —-8-7 219 S3-11K 25 —8-2 224
S4-29K 1-5 -84 22-2 S3-12K 2:2 -9-1 215
S4-30K 1-5 —8-7 219 S3-13K 2-5 —87 21-9
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Fig. 4. Stable carbon versus oxygen isotopic cross-
plot for Kocabas travertines (Site-III and Site-IV). 5180
values of Site-IIl varies between —9-5%, and —6-4%,
whereas §'3C values are between 1-6%, and 2-6%,.
3'%0 values of Site-IV range from —10-5 to —7-2%, and
313C values from 11 to 2-29%,.

surface meteoric water. According to Guo & Rid-
ing (1998), stagnant lakes or pools fed by sul-
phur-rich springs display the greatest percentage
of bacterially precipitated travertine (for exam-
ple, H,S-rich bath at Bagni di Tivoli). Even if
this type of lake-fill travertine was not observed
in the quarries, the depositional patterns on the
quarry walls may indicate strong evidence for
the Marsh-Pool facies.

Stable isotopic composition

The results of stable carbon and oxygen isotope
analyses of the Kocabas travertines are
summarized in Table 1 and plotted in Fig. 4.
According to these analyses, Kocabag travertines
have §'®0 values from —10-4 to —6-4%, (VPDB)

Table 2.

1369

and have §'°C values from 1-1 to 2-6%, (VPDB)
(Table 1).

Age determinations

The U/Th ages and isotopic ratios for 13 traver-
tine samples are given in Table 2. The isotopic
ratio of **°Th/***Th (standing for the degree of
sample contamination) indicates the reliability
of the final results; U/Th ages are considered
reliable when 22°Th/?**Th is >17. However, if
230TH/232Th is <10, the obtained dates are con-
sidered less reliable, because they are probably
showing contamination with older terrigenous
material (Julid & Bischoff, 1991).

The Kocabas shallow lake-type travertine body
(Site-II) yielded the oldest ages among the dated
samples (ca 181-2 £ 7.7 ka), even though the
#30Th/?**Th ratios were <17. The travertine body
(Site-IV) gave the youngest age (ca 85-5 + 5-8 ka).

Palynological record and palaeovegetation

The results of palynological analyses of all stud-
ied sections are given below in detail. Spore spe-
cies were not recorded; however, pollen species
were observed abundantly and were less varied
in palaeosol samples of Section-I, Section-1I and
Section-IV. The distribution of palynomorphs in
these sections could be related to the lower
humidity, the taphonomy, the lower diversity of
plants, the transportation of pollen and spores
(especially Gymnosperm pollen) and/or the
changeable palaeoclimatic conditions.

U/Th isotopic compositions and radiometric age data of travertine samples from Kocabas. Samples with

significant detrital contamination are related to 2*°Th/?***Th<10. This contamination, in general renders too old
nominal dates calculated from **°Th/?>**U. Six samples of lesser purity are related to ***Th/***Th<17.

230y /2347 230 /232 Ages (kyr)

Sample 28y (ppm) ***Th (ppm) ***U/***U

S1-10K 0-3533 0-0045 1-2145 £+ 0-008
S1-5K 0-1060 0-0180 1-:2096 £ 0-009
S1-1K 0-1372 0-0037 1-2148 + 0-007
S2-10K 0-3132 0-0877 1-2119 £ 0-007
S2-1K 0-0723 0-0169 1-2120 £+ 0-008
S3-14K 0-1920 0-0100 1-3930 £+ 0-010
S3-12K (b) 0-2157 0-0026 1-2184 £ 0-030
S54-39K 0-3764 0-2103 14626 £+ 0-010
S4-41K 0-3450 0-0058 1-2473 £ 0-009
S4-38K 0-4051 0-1835 1-2585 + 0-007
S4-32K 0-1282 0-0294 1-2400 £+ 0-010
S4-20K 0-1461 0-0276 1-2263 £+ 0-010
S4-15K 0-1109 0-0182 1-2263 £ 0-009

0-6281 + 0-004
0-8987 + 0-007

0-8168 + 0-007
0-6578 £ 0-006
0-8522 + 0-009
0-6929 + 0-010
0-7058 = 0-010
0-6097 + 0-009
0-6440 £ 0-008
0-6764 + 0-008
0-7377 £+ 0-010
1-0696 + 0-010

0-7474 £ 0-010

184-5590 + 1-16
197-4037 £+ 2-10

113-8210 £+ 1-09
8-6968 + 0-09
13-5088 £ 0-10
54-2065 £+ 0-50
217-4143 £ 4-00
4-8774 £ 0-08
7-3117 £ 0-10
5-7433 + 0-08
12-1999 £ 0-20
21-2362 £+ 0-10

17-0234 £+ 0-20

103-7780 + 1-4

Age calculated does

not converge
169-3350 + 3-8
104-0000 + 3-9
181-2670 £ 7-7
118-3170 + 3-0
125-9506 + 3-0
85-5120 & 5-8
99-8650 & 4-5
106-2170 £+ 5-9
131-4930 + 4-8

Age calculated does

not converge
136-7820 + 45

© 2014 The Authors. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 1360—1383
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Site-1

The palynological data were obtained from the
palaeosol sediments (L8) in the lower part of the
section of Site-I; these sediments should be older
than the travertine level in which the S1-1K
sample of 169 ka was collected (Fig. 5). Pal-
ynoflora is characterized by a high abundance of
non-arboreal species (ca 90 to 95%). Asteraceae—
Asteroideae and Asteraceae-Cichorioideae occur
in high percentages in the palynospectra and
also other palynomorphs accompanying aquatic
and xerophytic herbaceous species (Polygonum,
Geraniaceae, Artemisia, Chenopodiaceae, Apia-
ceae and Isoetes). The Quercus evergreen type is
abundantly observed, whereas Pinus, Abies, Sa-
lix, Castanea, Fraxinus and Oleaceae of arboreal
species are less abundant (Fig. 5C).

Site-1I

Palynological records were obtained from three
palaeosol levels (L8) of the stratigraphic Section-
II in which three palynological groups were
identified. In the lower part of the section,
Pinus, Asteraceae—Asteroideae and Fraxinus
were the most widely observed flora, yet were
not abundant. The second palynoflora, from the
middle part of the section, included Pinaceae
(Pinus and Abies) and fewer amounts of grass-
land species (Asteraceae—Asteroideae and
Chenopodiaceae) as well as other minor taxa
(Carpinus, Salix, Quercus, Oleaceae and Ptero-
carya). According to previous studies, the high
abundance of Pinus pollen were strongly related
to altitudinal changes, latitudinal and longitudi-
nal gradients, environmental setting, as well as
transportation of pollen by water and/or wind
(Markgraf, 1980; Jacobson & Bradshaw, 1981;
Solomon & Silkworth, 1986; Sugita, 1993; Bertini
et al., 2014). However, the presence of Abies
may indicate high topography near the deposi-
tion area (for example, Honaz Mountain) and/or
climatic change. The third palynoflora was found
in the upper part of the section [Marine Isotope
Stage (MIS) 5e] and was comprised of Taxodioi-
deae, Quercus, Oleaceae, grassland species (Cen-
taureae, Poaceae and Asteraceae—Asteroideae)
and the less abundant Pinaceae. Changes in the
abundance of Pinaceae and grassland species
and the presence and/or absence of the Carpinus
and Abies could indicate a change in the palaeo-
climatic conditions (Fig. 6A, B and C).

Site-1I1
Claystone and mudstone samples were collected
from sediments at this site, however, palyno-

morph content was absent for the palynological
interpretation (Fig. 7).

Site-IV
Eighteen claystone samples of the palaeosol levels
were collected from the middle and upper part of
Section-1V; palynological data were obtained from
these samples. In the lower part of the section, leaf
fossils possibly belonging to Fagaceae (cf. Quercus)
and pollen of the grassland species were found.
The first palynological datum was recorded from
12 claystone samples of the palaeosol sediments
located in the lower part of the S4-38K sample,
although there is not a varied pollen content at this
site. Palynoflora is represented by arboreal plants
including Pinaceae (Pinus and Abies), Quercus,
Phillyrea and Oleaceae. Ericaceae, Asteraceae—
Asteroideae, and Chenopodiaceae are less abun-
dant in the palynospectra. The second pollen
record was obtained from the S4-1P-4P samples,
and it is characterized by only grassland species
(for example, Asteraceae—Cichorioideae and Aster-
oideae; Fig. 8).

DISCUSSION

Palaeoenvironmental reconstruction of the
Kocabas Basin

As clearly observed in the field, the measured
sections of the Kocabag travertines are laterally
related to each other (Fig. 3). Some horizons of
the travertine precipitation contain abundant
gastropod remains that are a key tool for correla-
tion of measured sections.

The travertines formed in a shallow lake or
pool environment fed by thermal spring waters
diluted by meteoric waters are comparable to
travertine in localities such as Italy (Bagni di
Tivoli — Chafetz & Folk, 1984; Minissale et al.,
2002; Facenna et al., 2008; Rapolano Terme —
Guo & Riding, 1998; Bertini et al., 2008; Brogi &
Capezzuoli, 2009; Brogi et al., 2010) and Turkey
(Ballik — Ozkul et al., 2002, 2013). Furthermore,
the travertine depression deposition of Rapolano
Terme consisted of two depositional systems,
such as Shrub-Flat facies and Marsh-Pool facies.
On the other hand, Bagni di Tivoli travertines
contain Shrub facies, Terrace-Mound and Slop-
ing-Mound facies (Guo & Riding, 1998; Brogi &
Capezzuoli, 2009). The thickness of the traver-
tine benches is similar across all sites. Kocabas
travertine started to precipitate earlier than Bag-
ni di Tivoli travertines, according to the avail-

© 2014 The Authors. Sedimentology © 2014 International Association of Sedimentologists, Sedimentology, 62, 1360—1383
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able dating results (Table 3). Lamination is a
common sedimentary structure and it is usually
interpreted as an effect of changes in water com-
position, temperature and biological activity in
quiescent pools (Pentecost, 2005), and produced
by the alternation and succession of different
sized crystal laminae. Variations in density and
colour are due to seasonal growth of algae or
bacteria. The dark colour observed in the lami-
nated levels correlates with high Fe and Mn
oxide content. These horizontally bedded traver-
tines can be interpreted as being deposited by
slow and continuous laminar flows in depres-
sion fill. The coated bubbles associated with the
paper-thin rafts observed in travertine bodies
have occurred mostly where bubbles were
trapped near pool surfaces below paper-thin
rafts or vegetation in pools. On the other hand,
thin rafts with gas bubbles imply rapid precipi-
tation under stagnant conditions in a pool envi-
ronment. Reeds are mainly an obstacle to water
flow. Root structures stabilize the sediments and
these plant materials become encrusted by
fine-grained calcium carbonates, which fill the
space (Guo & Riding, 1998). Furthermore,
moulds of reeds, twigs, leaves and other plant
structures hold on to the sediments because the
water flow is obstructed during precipitation
and afterwards they were covered by micritic
carbonate. Reeds or plant materials are most
probably responsible for the high porosity of the
deposits; their organic matter content is much
higher than in other travertine lithotypes. In
general reed, grass and other plants grow away
from the orifice of a hot spring, where the water
is cool or diluted by rain. Gastropods are present
at different parts of the travertine sequences
indicating a lake-margin depositional environ-
ment. Rounded pebbles - including well-
rounded grains of serpentinite, dunite and harz-
burjite — of a few centimetres in diameter in the
studied travertines most probably derived from
ephemeral flooding from nearby Neogene and
pre-Neogene basement rocks (Ozkul et al,
2002). Unconsolidated materials were altered by
exposure to rainwater, biological activities and
subareal desiccations associated with soil forma-
tion (Guo & Riding, 1998).

Kocabas depositional system model

The depositional model of the Kocabas traver-
tines is presented in Fig. 9 based on the infor-
mation obtained from sedimentological evidence
(for example, palaeosol, lamination, clasts, fauna

and flora contents), stable isotopic results and
dating. This model includes palaeoclimatic and
palaeovegetational evolution of Kocabas traver-
tines from MIS 6 to 4. The studied sections can
be correlated with one another based on this
model and indicate that in the studied area the
Kocabas travertines were deposited in the same
shallow lake environment. The gastropod levels
and intraclast breccia levels also support this
argument.

This model depicts the facies associations that
resulted from initial extensional tectonic activity
and faulting. Thermal water rich in dissolved
carbonate came to the surface and deposited
travertine on Neogene clastics such as sand-
stone, claystone and marl. Afterwards, the car-
bonate sedimentation spreads laterally to the
related pool subenvironments. Figure 9A shows
that travertine precipitation (Sites I, II, III and
IV) started between 170 ka and 130 ka (glacial
period) in one shallow pool environment.
Palaeovegetation, mostly composed of straws
and some herbs during the precipitation of
palaeosols, and wooded areas that consisted of,
for example Abies, Pinus, Quercus and Olea-
ceae, should have existed in the depositional
environment.

During the last interglacial period (130 to
80 ka) travertine precipitation continued and the
model presented in Fig. 9B corresponds to a
stagnant pool environment where Flat-Pool and
Marsh-Pool facies are prominent. The last model
(Fig. 9C) corresponds to a glacial period MIS 4
(80 to 70 ka) showing that the travertine precipi-
tation progressively moved to the north-west of
the study area due to travertine deposition ceas-
ing at Site-I and Site-II (Fig. 9C). This change
possibly implies that local tectonic forces
induced a spatial variation in the basin.

Palaeoclimatic implications

In general, travertine deposition can be correlated
with both warm and cold climatic conditions
(Pentecost, 1995; Frank et al., 2000; Horvatincic
et al., 2005; Uysal et al.,, 2009; Ozkul et al.,
2013). The U-Th dating of horizontally bedded
travertines of the Kocabas area show that the
travertines were deposited in MIS 5 represented
by a humid/warm period, as well as MIS 4 and
MIS 6 dry/cold periods (Shackleton et al., 2003).
The oxygen and carbon isotope records and
palynomorph content also largely coincide with
times of humid/warm and cold/dry climate
events. According to some earlier studies, vein
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Fig. 9. Schematic block diagrams illustrating the palaeoenvironmental evolution of the Kocabas (Gtirlek) area dur-
ing the Pleistocene. (A) The travertine precipitation in the lacustrine environment (including Site-I and Site-II sec-
tions) may have continued until MIS 5 (inter glacial period) according to the U/Th data. (B) Studied travertines
were deposited on the Flat-Pool and Marsh-Pool facies. (C) At the same time, travertine depositional pools may
have progressed to the south and continued until MIS 4 (glacial period).

travertines (cf. ‘vertically banded travertines’, Alt-
unel & Hancock, 1993a) were attributed to dry/
cold periods like MIS 2 and 4 (Uysal et al., 2009;
De Flippis et al., 2012). However, travertine pre-
cipitation in the region has been continuous dur-
ing warm and humid periods (for example, MIS
1, 3, 5 and 7) as well as cold and dry periods (for
example, MIS 2, 4 and 6), irrespective of the type
of travertine (Ozkul et al., 2013).

Pollen stratigraphy shows various vegetational
phases, which can be distinguished on the basis
of the AP-NAP (arboreal pollen and non-arbo-
real pollen) diagram. From 181 to 80 ka, several
phases were recognized at each site and are
described below.

According to the palynoflora of Site-I, which
starts at 169-3 + 4 ka (MIS 6; sample S1-1K) and
ends at 103-7 + 1 ka (MIS 5¢; samples S1-10K),
open vegetation was widespread throughout the
site during the cold period of MIS 6 stage
(Fig. 5). Abundance of the NAP percentage and
xerophytic plant (Oleaceae and Quercus ever-
green type) indicates drought in the cold
climatic condition of MIS 6 (Fig. 5D). In addi-
tion, the presence of Isoetes displays summer
dryness and wet winters (Botema & Sarpaki,
2003). Palaeosol deposition also coincides with
the cold period of MIS 6 and it demonstrates a
water level decrease possibly due to a wet win-
ter or due to tectonic activity (Fig. 5C).

The deposition of Site-II started at 181-2 +
7 ka (MIS 6; sample S2-1K) and ended 104-0 +
3 ka (MIS 5d; sample S2-10K; Fig. 6). Further-
more, Ozkul et al. (2013) obtained a date of
deposition of 128-7 £ 3 ka (MIS 5e) at the same
site (equivalent to samples S2-7-8K of this
study; Fig. 6). Based on palynological data from
this site, cooling at the end of MIS 6 stage is
demonstrated by the abundance of Pinaceae-
Abies during travertine deposition. The last pal-
ynoflora was taken from the upper part of Sec-
tion-II and it is characterized by a decrease in
Pinaceae and by a low percentage of the NAP
(Asteroideae—Tubuliflorea, Centaureae and Poa-
ceae). This floristic change could possibly indi-
cate palaeoclimatic change, although there was
probably no significant change in palaeotopogra-
phy. The observed NAPs in the terrestrial area
could be associated with the warm climatic con-

ditions at the end of MIS 5e. The L5, L6 and L1
lithotypes are observed at the end of the strati-
graphic section (MIS 5d; 104 ka) inferring
increasing water levels in the pool. This envi-
ronmental change in the lake could be related to
a cooling phase in the MIS 5d stage, as seen at
the top of Section-I at Site-I (Fig. 5).

According to the results of stable carbon and
oxygen isotope analyses of the travertines from
Site- III, in which 125-9 4+ 3 ka and 118-3 + 3 ka
(MIS 5) age data were obtained from the S3-12K
and S3-14K samples (Table 2), the §'°C and §'°0
values range between +1-6%, and +2-6%, (VPDB)
and between +21-19, and +24-3%, (VSMOW),
respectively (Table 2). There are three distinct
decreasing trends in the 5'°0 values, which can
indicate cooling (Fig. 7). Particularly low §'°0
values were obtained from the travertine samples
of the L1 and L2 lithotypes. Thus, palaeoclimate
was cool during the deposition of laminated
travertines. The L3 lithotype is indicative of a
warming period, and consists of increased §'°0
and §'°C values. In addition, this lithotype was
typically composed of rich straw flora and gastro-
pod fauna and thus represents shallow pool
environmental conditions caused by warming.

Radiometric age data of S4-15K and S4-39K
(136:7 + 4 ka and 85-5 + 5-8 ka, respectively)
show intensive precipitation of travertine during
MIS 6 to 4 (Fig. 8). Abundance of Pinus and
Abies species could indicate cold climatic con-
ditions; this interpretation at the end of MIS 5d
of Site-IV is consistent with global climatic data
(Adams et al., 1999; Klotza et al., 2003). The
3'°C values of the samples from S4-15K to S4-
43K decrease, and this decline could possibly
indicate wet climatic conditions during deposi-
tion, which would in turn explain the abun-
dance of the Pinaceae. The second palynoflora
defines the top of the stratigraphic section of
palaeosols within Site-IV and it is represented
only by grassland (for example, Asteroideae—
Tubuliflorea type, Chenopodiaceae and Poaceae)
species. Decrease in 8'°C values is supported by
the abundance of AP pollen. There are five dis-
tinct changes in the §'®0 values in the strati-
graphic Section-IV. The first change is seen in
the early phase of MIS 6 in Section-IV. In this
phase, a decrease in §'°0 values was observed,
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indicating a cooling climate. The second change
occurs at the upper part of MIS 6 and is repre-
sented by the increase in &'®0 values. This
increase in §'°0 values indicates a warming cli-
mate. Throughout the MIS 6 and MIS 5 period
the §'%0 values fluctuate, showing high values
at the boundary. Complete samples from MIS 5e
and MIS 5d phases could not be collected
because the lithology was not suitable (the abun-
dance of plant fragments) for isotopic study.
These phases are represented by the L6 sedi-
mentary lithotype. Although palaeoclimate
change was recorded in MIS 5e, cooling was
observed from MIS 5e to MIS 5c based on the
decreasing 3180 values. However, because of the
lack of suitable samples between MIS 5e and
MIS 5c¢, it is difficult to determine the precise
time of climate change. Cooling in the study
area could be matched to the global glacial per-
iod in MIS 5d (Shackleton et al., 2003). Deposi-
tion during the MIS 5b stage is not significant.
The MIS 5c¢ and MIS 5a phases are characterized
by fluctuations of the §'°0 values which could
be related to the palaeoclimatic changes during
MIS 5c to MIS 5a. The MIS 4 stage can be
located in the upper part of the stratigraphic
Section-IV, and during this stage both decreas-
ing and increasing §'®0 values are recorded.
This change could be explained by climatic fluc-
tuations during MIS 4.

In conclusion, the Kocabag travertines are a
trustworthy recorder of warm and cold climatic
intervals in a continental environment. Deposi-
tion during the MIS 5 phase was observed in all
sections, whereas deposition in MIS 4 is
recorded only in Section-IIl and Section-IV
(Figs 5 and 7). Tectonic and palaeoclimatic
effects may have had an important role in lake
level changes and subsequently may have caused
travertine deposition in Section-I and Section-II
to cease before the MIS 4 phase (Figs 6, 7 and
10). Palaeoclimatic conditions at the end of MIS
6, MIS 5e and MIS 5d phases can be discerned
and correlated based on the sedimentary facies
and §'°0 values of the travertines. The MIS 5e
period begins with warming and continues with
cooling in both sections. The MIS 6 stage is gen-
erally represented by grassland species and
straws in palaeosols of Section-I and Section-IL
Based on the palynological data of Section-II and
Section-1V, the lower part of the MIS 5 (MIS 5e
and MIS 5d) stage is represented by Pinaceae,
Quercus, Oleaceae and Abies (Fig. 10). Herba-
ceous plants were also found in this section,
although in lower numbers.

CONCLUSIONS

1 Based on field observations, the travertine
precipitation at Kocabas area can be classified
into eight lithotypes. These are laminated,
coated bubble, reed, paper-thin raft, intraclasts,
micritic travertine with gastropods, extra-forma-
tional pebbles and palaeosol layer (erosional
horizon), respectively.

2 The studied travertines were mainly precipi-
tated in a depressional depositional system,
which is composed of Flat-Pool and Marsh-Pool
facies.

3 Palynological analysis from palaeosol sedi-
ments shows the following. Site-I is characte-
rized by a high abundance of non-arboreal
species. The Asteraceae—-Asteroideae-Tubuliflorea
type and Asteraceae—Cichorioideae-Ligulifloreae
type of these species (and also other grassland
species) were recorded in high percentages in
the palynospectra. At Site-Il the most notable
plant belongs to Pinaceae (Pinus and Abies),
which is abundant in the palynospectra,
whereas grassland species (Asteroideae—Tubuli-
florea and Chenopodiaceae) are rare at this site.
Site-IIT was not suitable for palynological study,
and Site-IV was mostly represented by leaf fos-
sils, which may belong to Quercus. Site-IV also
contained abundant Pinaceae (Pinus and Abies),
Quercus and Oleaceae, as well as lower amounts
of Ericaceae, Asteroideae-Tubuliflorea type,
Phyllirea and Chenopodiaceae.

4 The §"°C and §'®0 values range between 1-1
to 2-6%, and —6-4 to —10-49%,, respectively, and
can be correlated with the warm and cold peri-
ods of the marine §'®0 record between Marine
Isotope Stage 6 and Marine Isotope Stage 4. Trav-
ertine deposition in the Kocabas area occurred
during Middle to Late Pleistocene time (i.e.
between 181 ka and 80 ka) according to the U/
Th dating and during a series of climate changes
including glacial and interglacial intervals.
These intervals can be referred to as warm Mar-
ine Isotope Stage 5 and cold Marine Isotope
Stage 6 and Marine Isotope Stage 4. According to
the radiometric dating, travertine precipitation
started in the Middle to Late Pleistocene corre-
sponding to the glacial and last interglacial peri-
ods in marine isotopic stages (MIS 6 and MIS 5).

5 Sedimentological analysis indicates that the
Kocabas travertines have been deposited in a
shallow lake-fill or pool environment in the
Middle to Late Pleistocene. Travertine precipita-
tion started in a lacustrine environment during
the Marine Isotope Stage 6 glacial period. Thick
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travertine deposits formed during the last inter-
glacial period Marine Isotope Stage 5. Travertine
precipitation ended ca 103 ka in Site-I and Site-
II, whereas precipitation at Site-III and Site-IV
continued to accumulate until ca 80 ka. Active
fault systems favoured the rise of deep waters
that were discharged at the surface as hot
springs and may have had an important role in
this movement.
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